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Abstract
Purpose of Review  COVID-19 has rapidly evolved into a global pandemic infecting over two hundred and forty-four million 
individuals to date. In addition to the respiratory sequelae and systemic infection that ensues, an alarming number of micro 
and macrovascular thrombotic complications have been observed. This review examines the current understanding of COVID-
19-associated thrombotic complications, potential mechanisms, and pathobiological basis for thromboses development.
Recent Findings  The endothelium plays a major role in the process due to direct and indirect injury. The immune system also 
contributes to a pro-thrombotic environment with immune cell dysregulation leading to excessive formation of cytokines, also 
called cytokine storm, and an eventual promotion of a hypercoagulable environment, known as immunothrombosis. Addi-
tionally, neutrophils play an important role by forming neutrophil extracellular traps, which are shown to be pro-thrombotic 
and further enhanced in COVID-19 patients. A disruption of the fibrinolysis system has also been observed.
Summary  Multiple pathways likely contribute synergistically to form a pro-thrombotic milieu. A better understanding of 
these factors and the complex interplay between them will lead to the improvement of diagnostic and therapeutic interventions.
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Introduction

COVID-19 is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) and infection ensues with vari-
able presentation from asymptomatic carriage or mild upper 
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respiratory symptoms to severe symptoms with pneumonia, 
sepsis, multiple system organ failure, and death [1]. In addi-
tion, with time, a broad range of extra-pulmonary sequelae 
have become apparent. An alarming number of thrombotic 
complications have been observed, despite standard chem-
oprophylaxis [2–4]. The current incidence of thrombotic 
complications ranges from seven to greater than 40%, with 
much higher estimates observed with severe disease and 
for patients requiring ICU admission [5–7]. Coagulation 
panels demonstrate worsened derangement with increased 
disease severity [2, 8]. Deep venous thrombosis (DVT) and 
pulmonary emboli (PE) are the most commonly reported 
thrombotic events that are associated with SARS-CoV-2 
infection [3, 9, 10]. Additionally, arterial thrombosis, splenic 
and cerebral venous thrombosis [11], mesenteric ischemia 
[12], stroke [13], acro-ischemia [14], kidney microthrombi 
[15], renal replacement and extracorporeal membrane oxy-
genation (ECMO) circuitry clotting [16] among others are 
reported. These collective observations brought recognition 
to the need for early clinical suspicion for thrombosis with 
timely diagnostics and treatment, and the consideration of 
interval screening tests [17]. Prophylactic and therapeutic 
anticoagulation dosage and duration, with consideration for 
disease severity, remains an area of clinical uncertainty and 
active investigation [18, 19]. Many of the anti-coagulation 
studies in COVID-19 focus on outcomes of respiratory fail-
ure and acute lung injury which are hypothesized to occur, 
at least in part, due to microvascular thrombosis. Ultimately, 
we need to better understand the pathobiology of coagulopa-
thy and thrombosis associated with COVID-19 to optimize 
our management.

Hospitalized patients are at heightened risk for VTE due 
to multifactorial insults on Virchow’s triad of hypercoagula-
bility, endothelial damage, and immobility [20]. Intuitively, 
VTE rates are increased in critically ill patients with exac-
erbation of all these factors. The regular use of mechanical 
and chemical prophylaxis significantly reduced the inci-
dence of VTE [21], yet the rates in COVID-19 patients far 
exceed what would be expected in comparatively similar 
risk patients [3, 21, 22]. This observation led to the myriad 
of evolving investigations to delineate the mechanisms of 
inflammation and molecular biology that contribute to the 
disproportionately high rate of thrombosis with COVID-19.

In addition to the high incidence of macrovascular VTE, 
multiple studies have reported a unique pattern of micro-
vascular pulmonary vasculopathy, which some have termed 
pulmonary intravascular coagulation or dysregulated immu-
nothrombosis, distinct on histopathologic assessment from 
other pulmonary infections [2, 23]. Nicolai and colleagues 
[23] conducted a histopathologic analysis of autopsy cases 
and reported immunothrombosis in multiple body systems 
consisting of neutrophils associated with platelets and fibrin 
deposition causing tissue damage, microvascular occlusion, 

and hypoxia. Another autopsy study compared the lungs of 
patients deceased from COVID-19 and those of influenza A 
[24]. COVID-19 patients demonstrated unique disruption 
of cell membranes, intracellular virus with severe endothe-
lial injury, microvascular occlusion, and neovascularization 
[24].

Patients exhibit multiple biochemical derangements com-
monly observed in acute inflammation and several that are 
consistent with a hypercoagulable state. D-dimer, a fibrin 
degradation product, is most consistently elevated. It is an 
early but nonspecific abnormality observed in imbalanced 
coagulation pathways; it is elevated with microvascular or 
macrovascular thrombosis and a surrogate for thrombus 
burden with marked elevations associated with mortality 
in COVID-19 patients [25]. Interestingly, elevated D-dimer 
is also associated with bleeding complications, making the 
use of D-dimer as a predictor of thrombosis somewhat con-
founded [26]. Elevations are also reported in acute phase 
reactants fibrinogen, C-reactive protein, ferritin, factor VIII, 
and Von Willebrand factor. Some report a mild thrombo-
cytopenia [23, 27]. Consumptive coagulopathy consistent 
with disseminated intravascular coagulation (DIC) has been 
described in severe late stages of disease, marked by pro-
longed prothrombin time, activated partial thromboplastin 
time, thrombocytopenia, and hyperfibrinolysis [8].

Coagulopathy associated with inflammation and viral 
infections was previously observed; however, the inci-
dence with COVID-19 is striking and differs in proposed 
mechanisms from prior infectious agents [25]. This nar-
rative review will delve into the theories underlying these 
unique observations and attempt to provide one coherent 
picture for the pathobiological basis of coagulopathy in 
COVID-19. However, one must be cognizant that our grasp 
of these mechanisms is rapidly evolving with the constant 
influx of data and publications. It is noteworthy that during 
this review we observed the retraction of several articles 
which suggests the need for refinement in the balance of 
peer-review processing with the need for critical and time-
sensitive knowledge dissemination [28]. This pandemic may 
have ushered in a new era of the peer-review process through 
the rise of open-access and pre-print articles in efforts to 
achieve early access to recommendations given the rising 
case number and mortalities. Thus, it is important to stay 
appraised of the literature and to validate new findings.

Literature Search

We reviewed articles retrieved from PubMed and Medline 
with the terms “COVID-19,” “SARS CoV-2,” “coagulopa-
thy,” and “thrombus” entered as keywords for our search. 
We included scientific publications from 1 December 2019 
to October 24th, 2021. Articles were screened by their titles 
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and abstract for inclusion. Reference lists of relevant studies 
were also screened to identify pertinent publications.

Proposed Mechanisms of Hypercoagulability 
in COVID‑19

Multiple pathways lead to the creation of a favorable milieu 
for hypercoagulability in patients with COVID-19. These 
pathways include direct and indirect injury to the endothe-
lium, a dysregulation in the immune response, and a disrup-
tion of the fibrinolytic pathway. These factors will be looked 
at individually; however, it is important to note that it is 
likely that these factors work synergistically as well.

Endotheliopathy

It is believed that an inciting point of coagulopathy asso-
ciated with COVID-19 occurs via either direct or indirect 
damage of the endothelium by viral infection of endothelial 
cells and systemic inflammation [24, 29]. Damage to the 
endothelial cells exposes the subendothelial matrix, rich in 
collagen and tissue factor, thereby initiating the coagulation 
cascade [30] (Fig. 1). Endotheliopathy results in disruption 
of the glycocalyx with increased endothelial cell perme-
ability which is implicated in fluid overload, coagulopathy, 
inflammation, and multiple system organ failure as well as 
platelet and neutrophil recruitment and thrombus formation 
[30–32].

Elevated levels of circulating biomarkers due to endo-
theliopathy were observed in hospitalized patients and 
those admitted to the ICU [33, 34]. These biomarkers 
included Von Willebrand factor (vWF), plasminogen acti-
vator inhibitor 1 (PAI-1), angiopoietin 2, follistatin, soluble 

thrombomodulin, and syndecan-1 [33–36]. It is well estab-
lished that the extrinsic pathway of coagulation is activated 
with endothelial activation or damage with tissue factor 
expression [37], tipping the balance towards thrombo-
sis. Endothelial damage may occur via direct or indirect 
pathways.

Direct Endothelial Damage

Evidence of endothelial entry by virions, via the ACE-2 
receptor, is demonstrated by the presence of viral inclu-
sion bodies within the endothelium [29]. This entry may 
lead to the direct activation and subsequent release of Von 
Willebrand factor from their Weibel-Palade bodies, prompt-
ing platelet binding and microthrombosis if not cleaved by 
ADAMTS13 [38]. Consistent with this proposed mecha-
nism, COVID-19 patients often have significantly elevated 
vWF levels as reported in multiple studies, with several 
demonstrating a correlation of vWF with disease sever-
ity, thromboembolic events, and mortality [16, 27, 38]. 
SARS-CoV-2 can also directly induce vascular endothelii-
tis as shown by the aggregation of inflammatory leukocytes 
around the vascular endothelial cells [29].

Environmental Stress on Endothelium

SARS-CoV-2 infection leads to an increase in oxidative 
stress in endothelial cells causing them to become dysfunc-
tional [39]. Reactive oxygen species stimulate the expres-
sion of tissue factor which prompts the activation of the 
extrinsic coagulation pathway and can inactivate protein C, 
an anticoagulant which functions to maintain the coagula-
tion cascade in homeostatic balance [39]. Oxidative stress 
also leads to the formation of oxidized phospholipids which 

Fig. 1   Schematic representa-
tion of the multiple pathways 
that lead to the activation of 
coagulation and thrombosis. 
Direct and indirect mecha-
nisms of endothelial damage 
contribute to a disruption in 
the endothelium that would 
initiate the coagulation cascade. 
The inflammation caused by 
COVID-19, which leads to 
a cytokine storm, is also an 
important contributor. Other 
mechanisms are not shown 
in the figure above, including 
the role that fibrinolysis and 
antiphospholipid antibodies 
play. Created with BioRender
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promotes the activation of monocyte-derived macrophages 
which may contribute to a cytokine storm, as well as mem-
brane tissue factor expression, both of which predispose the 
patient to a heightened risk of thrombus formation. Oxida-
tive phospholipids are also capable of inducing the expres-
sion of transcription factors that activate endothelial cells 
and lead to recruitment and binding of activated monocytes 
and neutrophils, as seen in other disease processes and con-
tribute to a procoagulant milieu [40].

The hypoxia suffered by patients with moderate to severe 
COVID-19 infection also contributes to coagulopathy. 
Hypoxia-inducible transcription factors (HIF) are generated 
as a vascular compensatory response to decreased oxygen 
tension and, amidst the HIF targets, are pro-thrombotic fac-
tors including plasminogen activator inhibitor and others 
that regulate the pathway such as early growth response 1 
(EGR1). Hypoxia also causes an upregulation of pro-inflam-
matory cytokines tumor necrosis factor α (TNF-α) and inter-
leukin 1 (IL-1) which are indirectly linked to thrombosis 
[41].

Platelet Role in Endotheliopathy

Recent evidence points towards a role for platelets in endo-
theliopathy. Barrett et al. [42] demonstrated the presence of 
two main RNA transcripts, S100A8 and S100A9, expressed 
in platelets from COVID-19 patients that lead to the release 
of myeloid-related protein (MRP) 8/14. This was shown 
to activate endothelial cells and promote an inflammatory 
hypercoagulable phenotype.

Immunomodulatory Effects of COVID‑19

Immunomodulation plays an integral role in the perturba-
tion of coagulation homeostasis. The intricate relationship 
between the coagulation pathway and the immune system 
has been described and imbalances may lead to immuno-
thrombosis [23, 43]. This is a process involving the innate 
immune system, clotting factors, and platelets that function 
to fight and trap pathogens but also results in inflammation, 
tissue injury, fibrin deposition, vessel occlusion, and hypoxia 
[23]. Multiple key players contribute to a pro-inflammatory 
environment which in turn incites a hypercoagulable state 
and thrombosis: neutrophil and platelet recruitment, mac-
rophage activation, complement activation, and T cell modu-
lation (Fig. 1). Taken together, these processes enhance the 
production of cytokines and may, in certain patients, lead 
to a cytokine storm [44]. The aforementioned immune pro-
cesses independently contribute to hypercoagulability as will 
be elaborated, but it is important to note that they are likely 
to function synergistically to favor thrombosis as well.

Cytokine Storm

Several studies report elevations in a specific profile of 
cytokines associated with severe disease, ICU admission, 
and adverse outcomes. In a study published early during the 
pandemic, Huang et al. [45] observed higher serum levels 
of interleukin (IL)-2, IL-6 IL-7, IL-10, granulocyte colony 
stimulating factor (G-CSF), interferon (IFN)-γ, inducible 
protein 10 (IP-10), monocyte chemoattractant protein 1 
(MCP-1), macrophage inflammatory protein 1A (MIP-1A), 
and TNF-α in patients admitted to the ICU as compared 
to non-ICU patients. In a prospective cohort study, eleva-
tions in 14 cytokines were observed with a subset includ-
ing IP-10, MCP-3, and IL-1RA specifically associated with 
disease progression and correlated with the PaO2/FiO2 ratio 
and a high Murray score. This score is utilized in the evalu-
ation of acute respiratory distress syndrome (ARDS) and is 
helpful for patient selection for extracorporeal membrane 
oxygenation [46]. Many others demonstrated an increase in 
pro-inflammatory cytokines which often peak 4 to 6 days 
after disease onset and correlate with progressive disease 
severity and need for intensive care [47, 48]. This hyperac-
tive inflammatory response potentiates a vicious cycle of 
unchecked inflammation and excessive cytokine release 
creating the so termed cytokine storm with dysregulation 
of the immune response which may preclude effective viral 
clearance and predispose to hypercoagulability [49, 50].

It is important to note the modulatory role of pro-inflam-
matory cytokines in the coagulation pathway. IL-2 has been 
shown to stimulate endothelial PAI-1 release in vitro offer-
ing a potential mechanism of fibrinolysis inhibition [49, 
50]. Others report potential for hypercoagulation through 
impairment of endothelial cells [50, 51]. IL-2 also pro-
motes the differentiation of T cells which produce IFN-γ 
which is itself implicated in several procoagulant mecha-
nisms. IFN-γ promotes thrombus formation by increasing 
platelet adhesion and activation of monocytic cells [50, 52], 
which in turn increases the expression of tissue factor [50, 
53]. It also mediates monocyte recruitment to blood ves-
sels leading to vascular endothelial and smooth muscle cell 
dysfunction [50, 54]. Additionally, IFN-γ contributes to the 
formation of pro-thrombotic neutrophil extracellular traps 
(NETs) and leads to downregulation of vascular endothe-
lial growth factor (VEGF) and matrix metalloproteinase 9 
(MMP-9) expression in macrophages which impedes throm-
bus resolution; both pathways are implicated in pro-throm-
botic states [50]. IL-6 increases tissue factor expression in 
endothelial cells and monocytes. Animal data also suggests 
a modulation of circulating clotting factors with increased 
fibrinogen and vWF following increases in IL-6. There is 
consensus that IL-6 may lead to endothelial dysfunction 
associated with hypercoagulability [50, 55, 56]. A postulated 
mechanism is through upregulation of the NF-κB signaling 
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pathway with apoptosis of endothelial cells [30]. TNF-α, a 
pro-inflammatory cytokine, promotes thrombosis through 
activation of the complement system, through the produc-
tion of tissue factor, and disruption of protein C receptor and 
thrombomodulin [57, 58].

Neutrophils and Platelets

Neutrophils are fundamental to the development of immu-
nothrombosis. To combat infection, neutrophils release leu-
kotrienes, reactive oxygen species, and along with activated 
platelets, form NETs that are induced by cytokines. NETs 
are extracellular web-like structures composed of nuclear 
chromatin, associated proteins, and bactericidal enzymes 
such as elastase and myeloperoxidase (MPO) [59]. These 
structures also propagate inflammation in COVID-19 and 
are implicated in microvascular thrombosis which is a hall-
mark characteristic of severe infection, hypercoagulability, 
and multiple system organ failure [23, 60]. NETs facilitate 
adhesion and activation of platelets, capture red blood cells, 
and may drive arterial, venous, and microvascular throm-
bosis [61]. Prior work demonstrated higher NET levels in 
hospitalized COVID-19 patients as compared to healthy 
controls [62] as well as elevated levels in patients with 
COVID-19 and concomitant thrombosis [63]. Markers of 
NETs include cell-free DNA, MPO-DNA complexes, and 
citrullinated histone H3. Cell-free DNA is shown to acti-
vate the coagulation pathway [64] and oxidant enzymes and 
histones are cytotoxic, contribute to the pro-inflammatory 
milieu and to vessel wall injury [60]. Gould et  al. [64] 
showed that dismantling of the NET scaffold could increase 
histone-mediated, platelet-dependent thrombin generation. 
Neutrophils are also capable of releasing NETs that express 
tissue factor when activated by inflammatory mediators 
leading to a direct activation of the extrinsic pathway of 
coagulation [65]. It is also postulated that some patients pos-
sess pathogenic host factors that allow the virus to evade the 
innate immune response leading to an impairment in NETs 
and circulating DNA function. This results in chronic NET 
auto-stimulation and potentially to the previously described 
cytokine storm and prothrombotic state [61]. The relation-
ship between high circulating NETs and thrombus formation 
is under further study in septicemia models wherein intra-
vascular NETs form occlusive microthrombi contributing to 
multiple organ injury [66].

Prior work also suggests a correlation between the 
severity of illness and the degree of neutrophil response 
and subsequent risk of thrombosis. In a case–control study, 
Zuo et al. [63] demonstrated that patients in severe res-
piratory failure requiring intubation had the greatest NET 
elevation. Others observed a correlation between NET 
level and D-dimer, increasing speculation of the interplay 
between neutrophils, platelets, and endothelial cells in the 

model of thromboinflammation [63, 64, 67]. COVID-19 
patients with thrombotic events are shown to have elevated 
NETs, D-dimer, and peak activated platelet count as com-
pared to those without evidence of thrombosis [63].

An analysis of autopsies from fatal cases of severe 
COVID-19 demonstrated an alteration in neutrophil 
phenotype as detected by flow cytometry to favor acti-
vated neutrophils, defined as neutrophils with markers for 
CD11b, CD62L, CD63, and CD15, particularly in severe 
cases that required mechanical ventilation [23]. Quantita-
tive and qualitative changes in neutrophils and platelets 
correlated with disease severity and demonstrated upregu-
lation of activated platelets and platelet-neutrophil aggre-
gates leading to NET formation and fibrin deposition. 
This work highlights the link between dysregulated plate-
lets, neutrophil activation, and NETosis with subsequent 
microvascular occlusion. Histopathologic analysis showed 
microvascular thromboses in cardiac, pulmonary, and renal 
vasculature of patients with antemortem myocardial insult, 
respiratory and renal failure. These findings, importantly, 
were absent in healthy control tissue. The authors also 
note that even in the absence of macrovascular thrombosis, 
fibrin and D-dimer is elevated in severe disease which may 
be a result of profound microvascular immunothrombosis 
underpinning the multiple system organ failure in critical 
patients [23].

Platelets are an important component of coagulation 
and are substantially impacted by the immune system dys-
regulation that contributes to immunothrombosis. Throm-
bocytopenia has been observed in COVID-19; however, 
increased levels of activation and structural abnormalities 
contribute to increased thrombogenicity. As discussed, 
activated platelets trigger the deployment of NETs [61]. 
They also function to recruit and assist with diapedesis of 
leukocytes [68, 69], the secretion of complement [70], and 
demonstrate increased neutrophil aggregation. Increased 
mean platelet volume (enhanced fibrinogen binding) as 
well as greater tissue factor expression has been shown 
[25, 71]. Each of these functions contributes to inflamma-
tion and, via direct and indirect mechanisms, potentiates 
a procoagulant state.

Zhang et  al. [72] studied platelets from COVID-19 
patients and monitored ACE2 expression. They found that 
SARS-CoV-2 virus and the spike protein directly enhances 
platelet activation and aggregation, granule secretion, and 
platelet spreading on fibrinogen and collagen. Markers of 
platelet activation such as P-selectin and soluble CD40L are 
increased in COVID-19 despite normal or mildly reduced 
platelet count [33, 73]. In addition, the mitogen-associated 
protein kinase (MAPK) pathway and thromboxane produc-
tion are upregulated proving to be important mediators 
of the virus on platelet activation as compared to control 
patients [74].
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Monocytes and Macrophages

Monocytes and macrophages also play an important role in 
excessive inflammation of COVID-19. Although the num-
ber of monocytes was unchanged across healthy controls 
and COVID-19 patients [75], phenotypic alterations in mac-
rophages were observed and accentuated in ICU patients. 
These cells were larger and portrayed markers specific to 
polarized macrophages such as CD80 for M1 proinflam-
matory macrophages and CD206 for M2 anti-inflamma-
tory macrophages [75]. These monocytes demonstrate an 
increased proclivity to bind platelets in a complex that may 
induce immunothrombosis [2]. Furthermore, the expression 
levels of M1 specific cytokines IL-6 and TNF-α were higher 
in SARS-CoV-2 infection [2, 75]. Although a difference in 
expression levels of M2 specific cytokine IL-10 was seen 
between patients and controls, it was not statistically sig-
nificant. These findings suggest that peripheral monocytes 
and differentiated macrophages of COVID-19 patients play 
a key role in hyper-stimulatory cytokine release [75]. Mono-
cytes are further activated by chemo-attractants secreted by 
alveolar cells and macrophages after direct viral infection 
[40]. Natural killer cells and T cells [76] also promote the 
recruitment of monocytes through the production of GM-
CSF, TNF-α and IFN-γ among other cytokines [40, 77].

These inflammatory cells are also shown to induce gene 
expression for proteins such as fibrinogen, serine protease 
inhibitors, tissue factor, prothrombin, prothrombinase, and 
factor X, in in vitro models [48, 78]. Monocytes can also 
be induced to express tissue factor via TNF-α [48]; all of 
which may contribute to imbalances in the coagulation 
cascade favoring thrombosis. Other proposed mechanisms 
of macrophage-mediated hypercoagulability include mac-
rophage-derived reactive oxygen species which inactivates 
endothelial nitrous oxide and potentiates endothelial dys-
function. Proteins such as macrophage stimulating protein 
1 (MST1) also contribute to endothelial cell death, and both 
mechanisms may thereby incite a pro-thrombotic state [30].

Complement Cascade

The complement system acts directly and indirectly to 
promote thrombosis and multiple studies reveal a highly 
activated complement cascade across multiple COVID-19 
patient tissues upon biopsy and autopsy [79, 80]. Comple-
ment assists in the recruitment and activation of leukocytes 
leading to the amplification of proinflammatory cytokines 
[48]. It also induces microvascular injury and immuno-
thrombosis through terminal components of complement 
activation such as C5b-9, C4d, and mannose-binding lectin 
associated serine protease (MASP) [48]. Mannose-binding 
lectin has been strongly correlated with increased D-dimer 
levels [81]. C5a can induce the expression of tissue factor 

on endothelial cells and neutrophils setting off the extrin-
sic clotting pathway. It is also shown to upregulate PAI-1, 
thereby inhibiting fibrinolysis [82]. Previous animal sep-
sis model studies were used to study the interface between 
complement and coagulation. Results showed a decrease in 
inflammation-induced coagulopathy with inhibition of com-
plement pathways [48, 83].

T Cell Dysregulation

There is dysregulation in the T cell response to COVID-19 
that leads to ineffective viral clearance and to over activa-
tion of the inflammatory response. In a retrospective study, 
Wan et al. [84] showed that COVID-19 patients with severe 
disease have a lower level of CD4 + and CD8 + T cells. This 
potentially contributes to ineffective viral clearance. Zhou 
et al. [77] demonstrated increased activation of CD4 + and 
CD8 + T cells present in infected as compared to healthy 
controls. The authors also show COVID-19 patients secreted 
greater pro-inflammatory cytokines and that aberrant Th1 
and Th17 responses play a role in perpetrating hyperstimu-
lation of the immune system, cytokine storm, endothelial 
damage, and coagulopathy [85, 86]. Diao et al. [87] demon-
strated that prolonged infection leads to T cell exhaustion, 
measured by the expression of PD-1 and Tim-3 on cell sur-
faces, and therefore a decrease in function of T cells.

Impairment of Fibrinolysis

It is believed that fibrinolysis impairment also contributes to 
hypercoagulability [70]. Multiple reports show an increase 
in PAI-1 in COVID-19, especially ICU patients. This 
diminishes fibrin degradation associated with physiologic 
thrombus resolution [33]. Endothelial cells are the primary 
source of production of PAI-1, and endotheliopathy is well 
established in COVID-19, implicating this aberrancy as a 
likely contributory mechanism in the coagulation cascade 
imbalances [33, 70]. In a single-center cohort of 40 ICU 
patients admitted for COVID-19, Kruse et al. [88] studied 
fibrinolysis with viscoelastic rotational thromboelastometry 
(ROTEM). They found that patients with COVID-19, espe-
cially those that suffered a thromboembolic event, demon-
strated hypofibrinolysis [88].

Antiphospholipid Antibodies

Several reports have documented the presence of antiphos-
pholipid antibodies in critically ill COVID-19 patients. This 
phenomenon was previously observed with other viruses in 
which antibody titers were generally found to be transient; 
however, some patients developed the clinical antiphospho-
lipid antibody syndrome [25, 89, 90]. In one small study 
of COVID-19, 91% of patients with prolonged aPTT were 
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found to have lupus anticoagulant compared to 26% of a his-
torical control with elevated aPTT but no COVID-19 [91]. 
In another study, all patients with symptomatic thrombotic 
events had positive antiphospholipid antibodies [92]. It is 
noteworthy that both studies were derived from small sample 
sizes which indicates the need for ongoing investigation.

Zuo et al. [93] looked at different types of antiphospho-
lipid antibodies in a cohort of 172 hospitalized patients with 
COVID-19 and found that 52% of the patients tested positive 
for at least one type of antibody. The majority of positive 
serum samples were associated with 3 types of autoantibod-
ies: aPS/PT IgG, aCL IgM, and aPS/PT IgM. The presence 
of these autoantibodies was correlated with multiple clinical 
parameters such as D-dimer, fraction of inspired oxygen, 
platelet counts, and absolute neutrophil counts as well as 
markers for neutrophil activation such as calprotectin and 
markers for NET formation such as myeloperoxidase—DNA 
complexes. The relationship between NET formation and 
the autoantibodies was further investigated by adding puri-
fied IgG fraction from the serum of COVID-19 patients to 
neutrophils isolated from healthy individuals resulting in 
an increase in the release of NETs. The group also investi-
gated the potential role of these IgG fractions isolated from 
COVID-19 patient serum in the acceleration of thrombosis 
through a mice thrombosis model. A statistically significant 
increase in thrombus extension and accretion as well as 
circulating NET remnants was observed after injecting the 
mice with the IgG fractions, leading to the hypothesis that 
the IgG fractions are able to accelerate thrombosis in vivo 
[93].

An Update in Clinical Trials

In an attempt to find a solution for the increase in thrombotic 
events, multiple groups have published findings from clinical 
trials evaluating patients with COVID-19. Randomized con-
trolled trials done in the outpatient setting on patients with 
symptomatic COVID-19 infection did not show a reduction 
in rate of a composite clinical outcome (which includes all-
cause mortality, symptomatic venous or arterial thrombo-
embolism, myocardial infarction, stroke, or hospitalization 
for cardiovascular or pulmonary causes) when treated with 
aspirin or apixaban compared to placebo [94]. Studies done 
on moderately ill patients with COVID-19 admitted to hos-
pital wards showed a decrease in the odds of death at 28 days 
with therapeutic heparin in comparison with prophylactic 
heparin [95]. This study showed no difference in their pri-
mary outcome, a composite of death, invasive mechanical 
ventilation, non-invasive mechanical ventilation, or admis-
sion to ICU [95]. In a randomized controlled trial evaluating 
hospitalized but non-critically ill COVID-19 patients, those 
treated with therapeutic dose of heparin were shown to have 

an increased probability of survival to hospital discharge 
as well as a decreased probability of using organ support 
machinery compared to patients receiving usual care throm-
boprophylaxis [96]. High-risk hospitalized patients with 
COVID-19 seemed to have a decreased risk for major throm-
boembolism and death when treated with therapeutic dose of 
low molecular weight heparin as compared to institutional 
standard heparin thromboprophylaxis. Other trials looked at 
critically ill patients with severe COVID-19. One of those 
studies showed no significant difference in their primary 
outcomes of venous or arterial thrombosis, treatment with 
ECMO, or mortality within 30 days when comparing inter-
mediate dose vs standard dose prophylactic anticoagulation 
with enoxaparin [97]. The REMAP-CAP, ACTIV-4a, and 
ATT​ACC​ investigators also looked at critically ill patients 
with severe COVID-19. In their study, therapeutic dose of 
anticoagulation with heparin compared to usual care phar-
macologic thromboprophylaxis did not result in an increase 
in survival to hospital discharge or a decrease in reliance on 
organ support [98].

Conclusions

Our understanding of the pathobiology of thrombotic com-
plications of COVID-19 is evolving rapidly. Micro and mac-
rovascular thrombosis drives outcomes in COVID-19 and 
microvascular thrombosis contributes to multiple system 
organ failure and mortality. A firm grasp of the biological 
underpinnings of this disease and the thrombotic compli-
cations sets the basis for clinical trials that evaluate new 
therapeutic interventions to reduce the burden of thrombosis 
due to COVID-19. Those include, but are not limited to, the 
use of immune modulators and the evaluation of threshold 
and dosing for prophylactic, intermediate, or full-dose anti-
coagulation. Our review highlights the important underly-
ing basis for the COVID-19 hypercoagulable milieu while 
also emphasizing that it is not just macrovascular thrombosis 
that impacts patient outcomes, but microvascular. Although 
some mechanisms are incompletely elucidated, the hyper-
coagulable milieu of SARS-CoV-2 infection is certain. A 
combination of the processes discussed herein contribute 
but are likely not limited to a loss of endothelial integrity, 
dysregulated immune cell responses, and a pro-coagulant 
tipping of the balance of the coagulation-fibrinolytic path-
ways. We acknowledge limitations to this review, primarily 
that the data is changing rapidly particularly in regard to 
potential therapeutics that follow our evolving understanding 
of mechanistic targets.
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