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ABSTRACT

Severe coronavirus disease 2019 (COVID-19) is characterized by an increased risk of thromboembolic events, a
leading cause for adverse outcomes in patients afflicted by the more serious manifestation of the disease. These
thromboembolic complications expressed as sepsis-induced coagulopathy, disseminated intravascular coagula-
tion, venous and arterial thromboembolism, pulmonary embolism, microthrombosis, and thrombotic micro-
angiopathy have been observed to affect different organs such as the lungs, heart, kidneys, and brain. Endothelial
injury and dysfunction have been identified as the critical pathway towards thrombogenesis, and contributions of
other mechanisms such as hypercoagulability, cytokine storm, neutrophils have been studied. However, the
contribution of hemodynamic pathways towards thrombosis in severe COVID-19 cases has not been investigated.
From the classical theory of Virchow's triad to the contemporary studies on the effect of shear enhanced platelet
activation, it is well established that hemodynamics plays a role in the initiation and growth of thrombosis. This
article reviews recent studies on COVID-19 related thrombotic events and offers hypotheses on how hemody-
namics may be responsible for some of the adverse outcomes observed in severe COVID-19 cases. While
thrombogenesis through endothelial injury and the effects of hypercoagulability on thrombosis are briefly
addressed, the crux of the discussion is focused on hemodynamic factors such as stasis, turbulent flow, and non-
physiological shear stress and their effects on thrombosis. In addition, hemodynamics-dependent venous, arte-
rial, and microvascular thrombosis in COVID-19 cases is discussed. We also propose further investigation of
diagnostic and therapeutic options that address the hemodynamics aspects of COVID-19 thrombus formation to
assess their potential in patient care.

1. Introduction

In patients with severe manifestations of COVID-19, a hypercoagu-
lable state with widespread thrombosis and fibrinolysis has been

The novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), responsible for the ongoing global COVID-19 pandemic, enters
and infects the human body through the lungs. SARS-CoV-2 uses the
angiotensin-converting enzyme 2 (ACE2) to facilitate entry into cells,
and ACE2 is present widely on lung type II alveolar cells and endothelial
cells throughout the body [1,2]. Most patients experience mild or no
symptoms; however, thromboembolic complications and respiratory
failure are associated with severe disease manifestations [3]. Both
arterial and venous thromboembolism is common in patients with se-
vere COVID-19, and thrombosis has been observed in the lungs, heart,
kidneys, and brain [4,5]. Thrombosis in the vasculature arises from
endothelial injury leading to excessive inflammation, platelet activation,
and stasis [6]. These manifestations can be classified as an affliction of
the endothelium, which serves as one unifying hypothesis in under-
standing COVID-19 [7,8].
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observed, along with high levels of D-dimer, von Willebrand factor
(vWF), and factor VIII [9,10]. Other biological markers associated with
thrombosis in COVID-19 cases include prothrombin time, platelet count,
ADAMTS13, Interleukin 6 (IL-6), fibrinogen, and antiphospholipid an-
tibodies [9,11]. These markers have been monitored to help understand
the severity of the associated thrombosis [11]. Increased coagulopathy
appears unrelated to intrinsic viral activity but a combination of un-
derlying comorbidities, hospitalization, and resultant thrombo-
inflammation [11]. The hyperinflammatory state has been associated
with elevated levels of markers such as interleukins, interferons, tumor
necrosis factors, chemokines, and several other mediators — termed the
“cytokine storm,” which have been linked to the severity of the disease
[12]. While the cytokine storm is a concerning issue in the development
of the severe COVID-19 disease, it is not the sole cause of thromboem-
bolic events as indicated by relatively normal levels of IL-6 in some

Received 26 August 2021; Received in revised form 24 January 2022; Accepted 18 February 2022

Available online 23 February 2022
0049-3848/© 2022 Elsevier Ltd. All rights reserved.


mailto:ssastry@wlgore.com
www.sciencedirect.com/science/journal/00493848
https://www.elsevier.com/locate/thromres
https://doi.org/10.1016/j.thromres.2022.02.016
https://doi.org/10.1016/j.thromres.2022.02.016
https://doi.org/10.1016/j.thromres.2022.02.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.thromres.2022.02.016&domain=pdf

S. Sastry et al.

severe COVID-19 cases [13], and by the outcome of clinical trials
involving therapies targeting IL-6 in COVID-19 patients [14]. Case
studies show severe COVID-19 is also associated with a significant in-
crease in neutrophils and neutrophil extracellular traps (NETs)
embedded within the microthrombi. Even though elevated levels of
neutrophils and NETs have been associated with a higher risk of
thrombotic events, their overall role in COVID-19-associated thrombosis
remains unclear [15,16].

Understanding the thrombotic manifestations of COVID-19 is critical
not only to grasp the underlying pathophysiology of the disease but also
for improved patient treatment outcomes. We propose that SARS-CoV-2,
upon triggering an endothelial response, simultaneously activates mul-
tiple parallel reactive pathways, many of which have a positive feedback
loop on each other, disrupting hemostasis, ultimately leading to the
runaway thrombotic events characteristic of severe COVID-19. While
significant attention focused on endothelial injury and its associated
biological pathways leading to thrombosis in severe COVID-19;
comparatively little attention has been given to all the direct and indi-
rect hemodynamic factors and their contributions [17-19]. In this
article, we take a closer look at the contribution of hemodynamics to
understand the underpinnings of the factors leading to a varied throm-
bosis response in severe COVID-19 cases.

2. Overview of the pathophysiology of thrombosis

Initiation and growth of thrombus is a complex phenomenon
depending on an evolving host of biological and mechanical factors that
heavily influence its biochemical makeup and the thrombotic reaction
pathways. The classic interpretation of Virchow's triad purports that the
pathophysiologic mechanisms leading to thrombosis are dependent on
the interplay between hypercoagulability, endothelial injury and
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dysfunction, and abnormal blood flow or non-physiological hemody-
namics [20]. These interconnected pathways are complex, involve many
multiscale interactions — from the molecular to macroscopic scales and
have a significant effect on each other in tilting the balance of hemo-
stasis beyond recovery (Fig. 1). Hemodynamics, or blood flow in the
vasculature, is one of the factors that dictates the rate of thrombosis by
delivering and disseminating reactive components. Flow-dependent
factors such as increased shear conditions activate platelets and in-
crease their propensity to bind to vWF. Alternatively, red blood cells and
platelets can aggregate with each other or with endothelial cells under
low shear conditions, causing blockages and increasing the local blood
viscosity [21]. While other effects such as endothelial injury and
inflammation, cytokine storm, NETs, platelet dysfunction, and disrup-
tion of prostacyclin and nitric oxide (NO) have a direct influence on
thrombosis, these pathways also have an indirect effect on the hemo-
dynamics which ultimately increases the propensity for thrombosis.
Fig. 1 illustrates the complex interactions between the different factors.
These direct and indirect parameters affecting hemodynamics related
thrombosis are further described in the succeeding sections.

2.1. Endothelial injury

Healthy vascular endothelium exposed to normal physiological shear
stresses serves as a non-thrombogenic surface with properties that
maintain hemostasis [21]. Vascular endothelium, while providing an
essential interface between blood and tissue, furnishes a surface that, in
physiological conditions, maintains blood in a liquid state under pro-
longed contact and controls vasomotion, inflammation, oxidative stress,
vascular permeability, and structure [7]. SARS-CoV-2 enters host cells
by binding to ACE2 receptors expressed on endothelial cells, found
across multiple organs [22]. Infection of endothelial cells by SARS-CoV-
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2 leads to accumulation of inflammatory cells and eventually to endo-
thelial and inflammatory cell death [22]. SARS-CoV-2 caused endothe-
liitis also leads to the release of large quantities of vVWF from endothelial
cells [23,24]. vWF, a glycoprotein found in blood plasma, megakaryo-
cytes, and subendothelial connective tissue, performs two essential
functions in hemostasis; it mediates the adhesion of platelets to sub-
endothelial connective tissue, and it binds blood clotting factor VIII
[25,26]. High vWF levels reflect endothelial damage or dysfunction,
enhance the aggregation of platelets at the injury site, and over-activate
the coagulation cascade to initiate thrombosis [27]. High vIWWF levels
have also been a predictor in patients with ischemic heart disease, pe-
ripheral vascular disease, and inflammatory vascular disease [28-30].
Patients with such comorbidities are at high risk of contracting the se-
vere form of COVID-19. The effect of endothelial injury on hemody-
namics is multi-fold. Vasoconstriction and inflammation lead to
reduction in vessel lumen size and cause increased resistance to flow and
causes higher velocities through the blood vessel. In alveolar capillaries,
vasoconstriction may have a significant impact, leading to massive
capillary congestion, diffuse microthrombi, and organ damage (Fig. 2).
In smaller arteries, there is a reduction of the vessel lumen due to blood
clot formation and vasoconstriction, leading to higher velocity and
higher shear rate. The effect of increased shear rate on thrombosis is
described in subsequent sections. Endothelial injury can also lead to
creation of recirculation/stagnation zones which alter normal hemo-
dynamics and are associated with platelet deposition. In a study of 10
COVID-19 patients using functional respiratory imaging, impaired gas
exchange in the lungs was observed. This phenomenon was attributed to
redistribution of blood away from the small pulmonary vessels due to
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increased vascular resistance due to either vasoconstriction of distal
pulmonary arteries or presence of microthrombi or both [31,32].

2.2. Hypercoagulability

In severe COVID-19, a hypercoagulable state arises due to systemic
extrapulmonary hyper inflammation and hypercytokinemia. Specif-
ically, cytokine storm has been linked to greater thrombin generation,
platelet activation, and platelet aggregation which leads to disruption in
hemostasis or altered hemodynamics [33]. Cytokines also promote NET
formation, which triggers the extrinsic and intrinsic coagulation path-
ways, resulting in thrombin generation. Conversely, NETs promote the
release of inflammatory cytokines [34]. In these cases, increases in
cellular or plasma components, such as fibrinogen, vWF, cytokines, and
immunoglobulin have a twofold effect on hemodynamics related
thrombosis. It leads to increased plasma viscosity [10,35] and an
increased propensity for thrombosis due to higher levels of pro-
thrombotic factors in the bloodstream. In smaller veins and capillaries,
higher viscosity leads to lower velocities and lower shear rates. Non-
physiological low values of shear influence platelets agglutination.
Physiologically in smaller blood vessels, especially capillaries and
microcapillaries, red blood cells drift towards the center of the vessel,
while along the wall, the plasma layer is enriched with platelets [36].
This decrease in hematocrit level (Fahrzeus effect) and decrease in
apparent blood viscosity (Féhraeus-Lindqvist effect) as blood flows from
a larger vessel to a smaller vessel is critical for blood flow in the
microcirculation [37]. Hyperviscosity disrupts the Fahraeus-Lindqvist
effect and could result in the formation of in-situ capillary thrombosis.
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Fig. 2. Schematics of hemodynamics parameters in a blood vessel for possible thrombus formation in COVID-19 patients. A) SARS-CoV-2 binds to ACE2 receptors
causing endothelial cell injury which initiates various thrombotic pathways to form a blood clot under different environments. Endothelial cell injury exposes tissue
factor, vVWF, collagen, and other thrombotic factors into the bloodstream which initiate both the intrinsic and extrinsic pathways of the coagulation cascade.
Furthermore, the vessel lumen reduces due to injury-induced vasoconstriction. In small vessels and capillaries, such as alveolar capillaries, vasoconstriction may have
a significant impact, leading to massive capillary congestion, diffuse microthrombi, and organ damage. B) In smaller arteries, there is a reduction of the vessel lumen
due to blood clot formation and vasoconstriction, leading to higher velocity and higher shear rate. Increased shear rate induces morphological changes of vWF,
activating platelets and increasing thrombus formation. Downstream the thrombus, recirculation/stagnation zones are likely to present themselves, and these areas
are associated with platelets deposition. C) Increase in plasma viscosity is observed in COVID-19 patients, which in smaller veins and capillaries leads to lower
velocities and lower shear rates. Non-physiological low values of shear influence platelets agglutination.
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Hyperviscosity in microcirculation can also impair the delivery of oxy-
gen and nutrients to the tissues [38]. In a study of 15 severe COVID-19
patients, it is observed that all patients had high values for plasma vis-
cosity ranging from 1.9-4.2 cP (normal range 1.4-1.8 cP) [39].

2.3. Hemodynamics

Post endothelial injury, multiple thrombotic pathways are activated.
These pathways depend on hemodynamics and create positive feedback
loops that perpetuate thrombosis formation (Fig. 1). Hemodynamic
factors affecting thrombosis can be broadly classified into three inter-
dependent categories: stasis, turbulent flow, and non-physiological
shear stress. In the vasculature, shear stress — the frictional force
generated by blood flow, is proportional to the velocity gradient
perpendicular to the flow direction and viscosity of blood and is given
by:

T =iy (€]
where 7 is the shear stress, y is viscosity, and y is the velocity gradient or
shear rate. Blood viscosity, i.e., its resistance to flow, depends on he-
matocrit, plasma viscosity as a function of its components, red cell
deformation under high shear rates, and red cell aggregation under low
shear rates [40]. Shear rate, and consequently shear stress, is maximum
at the vessel wall and minimum at the center of the vessel.

2.3.1. Stasis

Blood stasis, commonly understood as a reduction in linear velocity
of blood, arises from primarily three factors: physical activity or lack
thereof, changes in intrinsic blood properties (viscosity), and obstruc-
tion of the flow path. Of these, the widely attributed hemodynamic
factor leading to thrombosis in severe COVID-19 cases is blood stasis due
to prolonged patient immobilization [41]. While instances of deep vein
thrombosis (DVT) can be linked to extended periods of bed rest, this by
itself does not explain the totality of hemodynamic contribution to other
types of thrombosis seen in COVID-19 patients.

With hyperviscosity, the resistance to blood flow increases sharply,
compromising flow through the microcirculatory system. Hypervis-
cosity slows the blood transit time through the microcirculation, with
possible adhesion of red blood cells and ultra-large vVWF multimers to
the endothelium, which can initiate stasis [42].

Obstruction of the flow path may occur through a couple of different
mechanisms. SARS-CoV-2 initiated endothelial injury leads to inflam-
mation and may result in vasoconstriction. Vasoconstriction reduces the
blood flow at the injury site and is more pronounced in small vessels and
capillaries, such as alveolar capillaries; the site of diffuse alveolar
damage and massive capillary congestion accompanied by micro-
thrombi in severe COVID-19 cases [43]. Another mechanism of flow
path obstruction is due to thrombus build-up in the vasculature (Fig. 2),
causing flow stasis downstream of the thrombus. Flow path obstruction
also increases resistance to blood flow.

2.3.2. Turbulent flow

Vessel injury and activation of blood constituents due to turbulence
can contribute to thrombosis. Turbulence-induced thrombosis is pri-
marily initiated due to shear effects on blood and vasculature. The blood
flow path can be significantly altered due to endothelial injury-triggered
vasoconstriction or due to the build-up of localized thrombus (Fig. 2).
Turbulence can lead to the formation of local recirculation or stagnation
regions, which have been associated with platelet deposition. In one
study with several COVID-19 patients, emergency ultrasound found
chaotic or turbulent flow in the deep venous system [44]. The ultra-
sound findings indicate the possibility of the vessel's partial occlusion,
leading to turbulence and recirculation zones downstream of the
blockage.

In severe COVID-19 patients, the probability that turbulent blood
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flow occurs in the microcirculation due to partial occlusion caused by
microthrombi is low, given the small length scales in capillaries. In
capillaries, it is more likely that any reduction in flow path leads to rapid
occlusion due to the failure of red blood cells to pass through. Turbu-
lence is far more likely in larger vessels where partial occlusions cause
increases in blood velocities and shear rates (Fig. 2B).

2.3.3. Shear stress

Non-physiological low wall shear stress and oscillatory wall shear
stress found in localized regions of stasis or turbulence promote endo-
thelial proliferation, morphological variations, vasoconstriction, coag-
ulation, and platelet agglutination [45,46]. Adversely,
physiological high wall shear stress damages the endothelium [47],
causing exocytosis of vVWF, which anchors to the vessel wall binding and
retaining platelets [48]. Platelets then quickly activate, causing platelet
aggregation, and the activated platelets can also promote activation of
the clotting factors. The aggregates grow to a size that can either no
longer be tethered to the endothelial cells by vWF against the force of
blood flow and are released into the circulation or, if the blood flow
force is insufficient to dislodge them, their growth leads to eventual
blockage of the vessel [42]. Physiological wall shear stress influences
vascular endothelial cells through activation of cell signaling cascades.
This subsequently results in the acute release of vasodilators, key reg-
ulators of homeostasis, and antithrombotic factors, such as nitric oxide
and prostacyclin [49,50]. Nitric oxide is also an important inhibitor of
platelet aggregation and leukocyte migration. Endothelial dysfunction
suppresses endothelial nitric oxide synthase with an accompanying
decrease in nitric oxide production in severe COVID-19 patients [51].
Deficiency in nitric oxide is thought to contribute to hypertension and
thrombus formation [52].

In addition to shear stress acting on the endothelium, it also acts on
blood and its constituents. Non-physiological shear stress levels induce
VWF structural transition from a globular state to an extended chain
conformation, initiating platelet adhesion [53,54]. Plasma vWF adheres
to the exposed collagen ensnaring circulating platelets. The captured
platelets are exposed to longer durations of high shear rates, causing
activation, promoting further release of vVWF, and increased platelet
capture. As the thrombus grows, it increasingly occludes the vessel and
further increases shear rate and shear stress [55]. It is well established
that higher shear stresses lead to greater platelet aggregation under the
presence of VWF [56,57]. In patients with COVID-19, drastically
increased levels of vVWF have been observed [58,59], leading to the
hypothesis that vWF along with high shear stress are significant con-
tributors to disease pathogenesis and clinical prothrombotic manifes-
tations of COVID-19-associated coagulopathy.

non-

2.4. Venous and microvascular thrombosis

Severe COVID-19 is associated with venous thromboembolic events
(VTE), including pulmonary embolism (PE), DVT, and cerebral venous
sinus thrombosis (cVST), but the actual prevalence and characteristics of
VTE are still unclear. There is significant variability in the occurrence
rate of VTE reported in different studies (from 0.7 to 57%) due to dif-
ferences in disease severity and frequency of diagnostic imaging studies
performed [60-63]. The rate of VTE in COVID-19 patients is high be-
sides anticoagulant prophylaxis, much higher than the occurrence of
VTE in non-COVID patients receiving thromboprophylaxis [62]. DVT is
not present in all patients showing PE, leading to the hypothesis that the
high rate of PE in severe COVID-19 patients is due to in situ thrombosis.
Autopsy studies show that thrombotic lesions were more prevalent in
the peripheral pulmonary arteries [63], and nine times more alveolar-
capillary microthrombi were found in COVID-19 than influenza pa-
tients [64], It is increasingly reported that COVID-19 may be a risk factor
for ¢VST - an uncommon form of stroke that happens when a blood clot
forms in the brain's venous sinuses. cVST is reported in COVID-19 pa-
tients who fall outside the typical demographic of cVST patients and
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show signs of a generalized vaso-occlusive crisis. cVST is generally
associated with both infection and pro-coagulopathy state [65]. It seems
that patients without severe respiratory or systemic symptoms may still
suffer from comorbidities associated with viral hyperviscosity and
capillary occlusion [66], Microvascular thrombosis is also observed in
autopsy results of microvessels of organs such as lung, heart, kidney, and
liver leading to multi-organ failure [4].

We propose that the flow-related mechanisms involved in VTE are
different at different sites of the venous vasculature. Doppler sono-
graphic studies have shown that quantitatively slow venous flow in the
lower extremities is associated with a mildly increased rate of subse-
quent DVT development [67]. We hypothesize that in larger peripheral
veins, hyperviscosity induced by SARS-CoV-2 leads to lower flow
velocity-induced stasis and abnormal lower values of viscous shear
stress, leading to coagulation with the subsequent formation of DVT.

A different mechanism leads to thrombosis and occlusion in the
pulmonary capillaries, the cerebral venous sinus, and microvascular
thrombosis observed in the vasculature of multiple organs. COVID-19
patients with acute respiratory distress syndrome exhibit modified
microcirculation characterized by an increased number of small vessels
with slower or stopped blood flow [68]. Here, endothelial injury acti-
vates the immune response and coagulation cascade leading to increased
blood viscosity due to increased cellular or plasma components, such as
fibrinogen, vVWF, cytokines, and immunoglobulin. Increased viscosity
disrupts the Féhreeus-Lindqvist effect, which is crucial in maintaining
perfusion through the microvessels. Impeded flow throughout the
microvasculature leads to greater interaction between the released
prothrombotic factors resulting in in-situ thrombosis in the capillaries/
microvessels.

2.5. Arterial thrombosis

Pathogenesis of arterial thrombosis (AT) usually involves completely
occlusive build-up or rupture of an atherosclerotic plaque in areas of
disturbed flow. They can be fatal due to sudden obstruction of micro-
circulation, leading to stroke or cardiac death. However, AT is associ-
ated in severe COVID-19 cases even in the absence of atherosclerosis or
plaque rapture [69-71]; COVID-19 instigated excessive endothelial
activation has been linked to AT in regions such as the aorta, renal, and
peripheral arteries [72]. Literature review suggests AT occurs in about
2.2% to 8.8% of seriously affected COVID-19 patients [35], with
thrombosis observed in the superior mesenteric artery (8%), coronary
arteries (5% to 9%), great vessels (aorta, common iliac, common ca-
rotids, and brachiocephalic artery; 14% to 19%), cerebral arteries (18%
to 24%) and limb arteries (24% to 39%) [35,73]. Despite the relatively
low incidence of AT in COVID-19 patients, the mortality rate in these
patients is as high as 20%, mainly due to end-organ injury [35].

We hypothesize that the hemodynamic factor associated with AT in
COVID-19 patients is the non-physiological values of shear stress. In the
arteries, including the aorta, supra-aortic trunks, coronary, and cerebral
arteries, hyperviscosity induced by COVID-19 leads to non-physiological
high wall shear stresses (Eq. (1)), disrupting the endothelial homeosta-
sis, leading to greater platelet activation and subsequent aggregation to
vWEF. In addition, localized currents produced by the impact of built-up
coagulation components can make the flow turbulent (Fig. 2B). This
altered hemodynamics can speedup thrombosis, collectively with a hy-
percoagulable blood state and other factors already present due to
COVID-19, such as high inflammatory response, increased blood vis-
cosity, and large presence of vVWF due to endothelial damage [35,74,75].

2.6. Diagnosis and treatment options

Diagnosis of abnormal levels of hemodynamic factors in COVID-19
can be difficult. Specifically, measurement of high shear areas or flow
disruptions can be challenging as the thrombosis is disseminated
throughout the vasculature. Imaging techniques such as compression
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ultrasound, echocardiography, Computed Tomography (CT), and Mag-
netic Resonance Imaging are used if manifestation or suspicions of
thrombus are present [76,77] and can provide information on localized
hemodynamic disruptions. Studies that included pulmonary CT angi-
ography for all the patients showed a higher rate of PE presence [63]
indicating that the actual incidence of PE is underestimated. Indirectly,
measurement of parameters such as blood viscosity and vWF have been
used to understand whether there is an impact on hemodynamics
[24,78,79]. It has also been shown that low brachial artery flow-
mediated dilation, a marker of endothelial dysfunction, predicts an
unfavorable in-hospital prognosis in COVID-19 patients [80,81].

Directly targeting hemodynamics pathways that influence COVID-19
thrombosis is extremely challenging, but some efforts have been made in
this direction for potential treatment. Due to the varied thrombotic
events caused by COVID-19, anticoagulation and antiplatelet drugs have
been widely explored to treat COVID-19 patients for maintaining blood
viscosity within safer levels. Different pharmacological approaches that
dysregulate the coagulation cascade at different stages have been
investigated, such as heparin, aspirin, clopidogrel, and tissue plasmin-
ogen activator [15]. Thromboembolic complications widespread in
COVID-19 patients are often present despite anticoagulant and anti-
platelet therapies, and the appropriate dosage of these therapies during
the different stages of the disease is still under study [9]. COVID-19
triggers multiple pathways that lead to thrombus formation in
different parts of the vasculature. For this reason, other therapeutic
options have been proposed in conjunction with anticoagulation, such as
targeting VWF/ADAMTS13 homeostasis by using recombinant
ADAMTS13 [82]. Blood hyperviscosity is detrimental for thrombus
formation in the microcirculation. Therapeutic plasma exchange (TPE)
is a promising treatment tested to combat this mechanism and decrease
blood viscosity; large trials are needed to establish whether TPE is a
viable treatment option for COVID-19 patients [78]. As discussed pre-
viously, physiological values of wall shear stress are fundamental to
activate NO production by endothelial cells. NO has been previously
shown to inhibit SARS-CoV-1 replication [83,84], and may contribute to
vasodilation and mitigate thrombogenesis [51]. Case studies suggest
possible benefits in COVID-19, and phase 2 clinical trials with inhaled
NO in COVID-19 are ongoing [1]. We believe that further exploration
and research of alternative therapies that target hemodynamics related
to thrombus formation in COVID-19 patients is needed.

3. Conclusion

Complications arising from severe COVID-19, particularly throm-
boembolic incidents, lead to fatal consequences in patients. There is a
significant interplay between endothelial injury, hypercoagulability,
and hemodynamic pathways leading to thromboembolic events. Based
on the available literature, we hypothesize how different hemodynamic
parameters could compound the observed complications in severe
COVID-19 patients through various mechanisms such as hypercoagula-
bility state, stasis, turbulent flow, and shear mediated platelet activation
and aggregation. While some diagnostic and treatment options are
available, further research is necessary to understand the underlying
pathophysiology of COVID-19 and its ramifications in disease progres-
sion, including its impact on systemic hemodynamics.
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