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Abstract: Coronavirus disease 2019 (COVID-19) is characterized by a coagulation dysfunction which
has different underlying mechanisms and factors. Patients with severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV-2) infection have an increased risk for thromboembolic and bleeding
complications. Incidences are high, and mainly consist of venous thromboembolism (VTE), which
significantly contributes to morbidity and mortality in affected patients. Thromboprophylaxis is
recommended in all hospitalized COVID-19 patients. Therapeutic doses of antithrombotic agents are
only beneficial in noncritically ill patients, and usual care thromboprophylaxis is sufficient in critically
ill patients at the ICU. Regarding screening for VTE, high quality evidence is warranted to investigate
the significance of asymptomatic DVT in the ICU setting and its influence on PE and mortality.
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1. Introduction

In the early months of 2020, studies from Wuhan (China) analyzed the first hospitalized
COVID-19 patients and discovered abnormally elevated coagulation parameters, especially
d-dimer and fibrin degradation product (FDP) [1-4]. Cui et al. reported high frequencies of
VTE with 25% in COVID-19 patients with severe pneumonia [5]. Even though bleeding is
less common than thrombosis, it may occur, especially with the use of anticoagulation [6].
These early reports demonstrated that SARS-CoV-2 affects coagulation. Great caution in
the management of patients is necessary, because COVID-19 related thromboembolism
(TE) is associated with higher risk of death [7]. Guidelines already recommended the use
of low molecular weight heparin (LMWH) for hospitalized COVID-19 patients in March
2020 [8]. This decision was based on a retrospective study by Tang et al., who reported that
LMWH as thromboprophylaxis improves survival in patients with high d-dimer levels
or sepsis-induced coagulopathy (SIC) scores [9]. Meanwhile, all worldwide guidelines
recommend the use of anticoagulants in hospitalized patients, especially with LMWH [10].
However, randomized clinical trials on optimal antithrombotic regimens for out- and
inpatients with COVID-19 are still in progress [11].

2. Prevalence

The prevalence of TE and bleeding varies depending on disease severity, intensive
care unit (ICU) admission, and the use of extracorporeal life support (ECLS). ECLS is
used as a rescue therapy in selected patients if conventional therapies such as mechanical
ventilation (MV) are not successful [12]. However, ECLS increases the risk for both TE and
bleeding due to contact activation of the coagulation cascade, thrombin generation, and
fibrin deposition on artificial surfaces [13,14]. Therefore, we divided this paragraph into
three subsections to describe COVID-19-related TE and bleeding of patients who are (1)
hospitalized, (2) admitted to ICU, and (3) receiving ECLS. Numbers were provided from
meta-analyses [15-19] and retrospective studies [12,20-22].
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2.1. Hospitalized Patients

Regarding all hospitalized patients, the overall prevalence of venous thromboem-
bolism (VTE) was 10-14.7% [15,18]. VTE included pulmonary embolism (PE) in 0-7.8%,
and deep vein thrombosis (DVT) of the leg in 1-11.2% of the patients. Arterial thromboem-
bolism (ATE) occurred less frequent than VTE and was found in 2-4% of the patients. ATE
included myocardial infarction or acute coronary syndrome in 1.1%, and ischemic stroke in
1.4-1.6% of the patients [19]. Bleeding events occurred in 7.8% of the patients, from which
0.4-3.9% were classified as major bleeding [16,22,23].

2.2. Hospitalized Patients Admitted to the ICU

Complications were more frequent in patients who were admitted to the ICU. The
prevalence of VTE was 23.2-28%, with PE in 3-13.5% and DVT in 15-21.1% of the pa-
tients [15]. The frequency of ATE was 3-12%, which included myocardial infarction or
acute coronary syndrome in 8%, and ischemic stroke in 3% of the patients [17]. Bleeding
events occurred in 4.4-11% of the patients [16,22].

2.3. Hospitalized Patients Receiving ECLS

In patients who receive ECLS, prevalence of TE varies between 11% and 41% [20,21].
PE occurred in 3-29%, ATE in 4-6%, ischemic stroke in 0.7%, and mechanical thrombotic
events (in ECLS components) in 14% of the patients [12,20,21]. Prevalence of bleeding
(including minor events) was 54-59%. Bleeding locations were in the upper respiratory
tract in 47%, cannulation-related in 14-29%, pericardial tamponade in 12%, central nervous
system in 6-10%, and gastrointestinal in 4-6% of the patients.

3. Mechanisms

SARS-CoV-2 is a large, enveloped, positive-stranded RNA virus that contains spike-
like projections of glycoproteins on the surface [24]. The latter surface proteins can at-
tach to epithelial cells lining the lungs, arteries, heart, kidney, and intestines [25]. As of
this moment, the interplay between overactive immune and coagulation systems starts,
and together they promote thrombosis, bleeding, and abnormal coagulation parameters.
Therefore, COVID-19 patients present abnormalities in all factors of the Virchow’s triad
(Figure 1).

3.1. Angiotensin-Converting Enzyme 2 Receptor Binding

The angiotensin-converting enzyme 2 (ACE-2) receptor is a transmembrane protein
which lies on endothelial cells, macrophages and other cell types [26]. The glycosylated
spike proteins of SARS-CoV-2 have a receptor binding domain (RBD) which binds to ACE-2
receptors and enables host cell entry. The affinity of RBDs in SARS-CoV-2 is 10-20-fold
higher than in the previous SARS-CoV [6]. Type 2 pneumocytes are known as a major in-
fection site; however, this entry mechanism has also been described in glomerular capillary
loops, small intestine capillaries, and myocardiocytes [27]. The intracellular SARS-CoV-2
infection causes direct endothelial injury which has been reported in postmortem histo-
logical lung analyses [27,28]. Furthermore, there is infection of surrounding pericytes
and perivascular cells in capillaries and venules throughout the body. They are directly
connected to endothelial cells via gap junctions and regulate multiple physiological path-
ways [29]. One of these signal pathways is the upregulation of pro-coagulatory substances
when inflammation occurs. Humans are characterized by an abundant expression of ACE-2
receptors and, therefore, have high vulnerability for viral entry and resultant vascular
injury and local inflammation [6].

ACE-2 is classified as an aminopeptidase which plays an important role in the renin-
angiotensin system (RAS) and converts angiotensin 2 into angiotensin (1-7). Angiotensin 2
can bind to the angiotensin type 1 receptor (AT1R) which triggers vasoconstriction, hyper-
trophy;, fibrosis, proliferation, inflammation, and oxidative stress [30]. On the other hand,
angiotensin-(1-7) binds to the MAS receptor and exerts actions, such as vasodilation, vascu-
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lar protection, anti-fibrosis, anti-proliferation, and anti-inflammation. SARS-CoV-2 causes
a downregulation of ACE-2 and thereby increases the damaging effects of angiotensin 2.
Moreover, higher expression of ACE2 in patients with cardiovascular diseases has been
associated with more respiratory symptoms in SARS-CoV-2 infections [31].

Platelet abnormalities Neutrophil
Extracellular
Traps
Cytokine storm P
Hypoxia

Anticoagulants

Host cell
damage
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- Thrombosis
- Bleeding
- Abnormal coagulation parameters

Figure 1. Mechanisms of coagulation abnormalities in COVID-19 patients.

3.2. Regulated Cell Death

Death of host cells can be caused by several different mechanisms; however, it was
observed that SARS-CoV induces apoptosis through modulating the “Akt” or “Protein
kinase B” survival pathway [32]. This includes a highly inflammatory form of regulated cell
death, known as pyroptosis, that occurs mostly on infection with intracellular pathogens.
This process starts with the SARS-CoV E protein that induces calcium leakage to the cytosol
from the Golgi storage, and with the open reading frame 3a that induces potassium efflux
from the cytosol to extracellular spaces [33]. This imbalance of ionic concentrations and
other direct stimulation pathways are activating the NLR family pyrin domain containing
3 inflammasome. Inflammasome activation causes the formation of gasdermin-D pores on
cell membranes that enable interleukin secretion and the influx of water and, as a result,
cell swelling and rupturing. Furthermore, open reading frame 3a of SARS-CoV-2 can
induce direct apoptosis [33]. Regulated apoptosis, especially pyroptosis, can be found in
any cell type and is the start of an intense inflammatory response that may become sys-
temic because of releasing multiple proinflammatory cytokines, such as interleukin-1b and
interleukin-18 [27]. Autopsy findings of COVID-19-infected lungs showed diffuse alveolar
injury with the presence of intracellular virus and damaged cell membranes [28]. The
histologic analysis revealed widespread thrombosis with microangiopathy. The authors re-
ported that patients with COVID-19 had significantly more alveolar capillary microthrombi
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than patients with influenza. Furthermore, COVID-19 patients had significantly more
pulmonary intussusceptive angiogenesis than patients with influenza.

3.3. Cytokine Storm

After entering (endothelial) cells and causing direct damage, SARS-CoV-2 shedding
induces an inflammatory response. This includes the release of proinflammatory cytokines
such as interleukin 1f (IL-1p), IL-2, IL-6, tumor necrosis factor (TNF), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) [34]. This process, also referred to as the
cytokine storm, can become excessive and lead to upregulation of procoagulants such as
tissue factor (TF), von Willebrand factor (vWEF), P-selectin, factor VIII (FVIII), and fibrinogen.
At the same time, it induces downregulation of anticoagulants such as endothelial protein
C receptor (EPCR) and thrombomodulin (TM), modulation of fibrinolysis by increased
expression of type 1 plasminogen activator inhibitor, and leukocyte recruitment.

In this way, the intense local inflammatory reaction develops into a systemic inflam-
matory response with dysregulation of coagulation [34]. Cytokine storm presents itself
by common symptoms such as fever, fatigue, anorexia, headache, rash, diarrhea, myal-
gia, and neuropsychiatric findings [35]. However, it can induce complications such as
disseminated intravascular coagulation (DIC), hypoxemia, hypotension, acute respira-
tory distress syndrome (ARDS), and death. Symptoms and complications can be due to
direct tissue damage, physiological changes, or may result from immune-cell-mediated re-
sponses [35]. Studies reported that higher IL6 levels are strongly associated with COVID-19
severity and mortality [36,37]. Furthermore, COVID-19-associated cytokine storm influ-
ences coagulation parameters such as CRP and d-dimer, and the risk for thromboembolic
complications [35].

3.4. Neutrophil Extracellular Traps

Immune cells or leukocytes play an important role in cytokine production and other
immune mechanisms. Patients with COVID-19 are characterized by high levels of circu-
lating neutrophils, monocytes, and dendritic cells [38]. Neutrophils are of special interest;
they are recruited early to infected cells and kill all kinds of pathogens by an oxidative
burst and phagocytosis [39]. Together with various other pathways, neutrophils promote
the formation of neutrophil extracellular traps (NET). NETs are small DNA structures that
facilitate inflammation by enclosing pathogens. However, NETs can initiate platelet activa-
tion through toll-like receptors on various immune cells and thereby activate the receptor
integrin «lIbB3, which promotes platelet aggregation, granule release, phosphatidylserine
exposure, coagulation factor activation, and thrombin generation. This results in excessive
inflammatory reactions, damage to surrounding tissue, and thrombosis [40]. In an autopsy
case series of COVID-19 patients, microvascular thrombi containing NETs were found in
the lungs, kidneys, and heart tissues [41]. Nicolai et al. reported that excessive platelet
and neutrophil activation of COVID-19 patients indicates severe illness and was higher
in comparison to non-COVID-19 patients with pneumonia [41]. Regarding thrombosis,
increased levels of neutrophil activation and NET formation in hospitalized COVID-19
patients are associated with higher risk of thrombotic complications [42].

3.5. Platelet Abnormalities

Platelets or thrombocytes can bind to different microbes, including viral pathogens.
This interaction of pathogens and platelets triggers granule release, with further platelet
activation, promotion of platelet-leukocyte interactions, and tissue infiltration, which is
necessary for pathogen clearance [6]. In the majority of COVID-19 patients with mild or
moderate symptoms, the platelet count is normal or slightly increased [43]. However, in
COVID-19 patients who are critically ill, platelet count may be decreased and disseminated
intravascular coagulation (DIC) can be found [1]. Thrombocytopenia can occur due to three
different reasons. 1: The primary platelet production can be decreased because of cytokines
that damage progenitor cells in the bone marrow or directly infected hematopoietic and



] 2021, 4

480

bone marrow stromal cells. 2: Platelet destruction can be increased due to formation
of autoantibodies and immune complexes which result in clearance of platelets by the
immune system. 3: Finally, circulating platelets can decrease because of an enhanced
platelet consumption. This consumption is caused by lung injury which increases platelet
activation, aggregation, and wrapping into microthrombi.

3.6. Hypoxia and Immobility

Decreased oxygen pressure is present in patients with severe COVID-19 and can
transform into severe hypoxic and/or hypercapnic respiratory failure. The ventilation to
perfusion (V/Q) ratio is disturbed by capillary hyperperfusion and microvascular throm-
bosis, resulting in dead space in the lung with reduced pulmonary capillary flow [44].
Hypoxia can promote thrombosis by means of increasing blood viscosity and hypoxia-
inducible factors (HIFs) which interact with multiple pro-thrombotic and inflammatory tar-
gets [45]. Immobilization plays an important role in hospitalized, especially ICU-admitted,
COVID-19 patients as it is known to be an important risk factor for thrombosis, particularly
VTE [46]. With regard to VTE, muscular and diaphragm dysfunction decreases venous
blood flow in the legs and causes hypoxic activation of coagulation [47].

3.7. Anticoagulants

The increased bleeding risk of hospitalized COVID-19 patients is mostly associated
with the use of anticoagulants. Unfractionated heparin (UFH) activates the enzyme in-
hibitor antithrombin III (AT) which then inactivates thrombin, factor Xa, and other pro-
teases. LMWHEs also bind to AT and accelerate the inhibition of factor Xa. However, unlike
AT activated by heparin, AT activated by LMWH cannot inhibit thrombin (factor Ila), but
can only inhibit clotting factor Xa. Eventually, both anticoagulants reduce the conversion
of soluble fibrinogen into insoluble threads of fibrin and, therefore, decrease thrombosis
formation.

4. Screening

Routine screening may help to detect DVT and prevent the occurrence of PE, however,
it may increase incidental findings, exposure of healthcare professionals, and costs. Early
studies reported that systematic screening for DVT was not associated with a higher
diagnosis of VTE or a reduced diagnosis of PE [48]. Clinically guided screening remains
the recommended approach, which is performed in suspected cases with clinical signs such
as localized tenderness, pitting oedema, swelling in lower extremities, or central venous
catheter dysfunction. Furthermore, guidelines suggest a low threshold for evaluation of
thromboembolic disease in patients with rapid deterioration of pulmonary, cardiac, or
neurological function, or of sudden, localized loss of peripheral perfusion [49]. Additionally,
the presence of risk factors can be used for clinical decision-making. Li et al. reported that
age, liver dysfunction, and atrial fibrillation were independent risk factors for systemic
TE [50].

A main reason for the current guidelines is that observational studies or clinical trials
with a direct comparison of patients with and without routine screening do not exist [49].
However, Boonyawat et al. reported significantly higher incidences of DVT in studies that
performed compression ultrasound screening protocols than studies that did not perform
routine screening, especially in patients residing in the ICU [18]. However, even though
routine screening might increase the detection of DVT, the impact on development of PE or
mortality is still unknown.

5. Laboratory Testing

The use of laboratory parameters for clinical decisions in COVID-19 patients remains
challenging. Demelo-Rodriguez et al. reported that d-dimer levels above 1570 ng/mL
were associated with asymptomatic DVT and higher cut-off levels for d-dimer might be
necessary for the diagnosis of DVT in COVID-19 patients [51]. Zhan et al. investigated the
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diagnostic value of d-dimer in a meta-analysis with 2158 patients and found that d-dimer
can diagnose COVID-19-related VTE with high sensitivity (90%), low specificity (60%), and
acceptable accuracy (AUC 85%) [52]. Elevated d-dimer and fibrinogen levels are a common
finding in all hospitalized COVID-19 patients [3] and, therefore, specificity of d-dimer
testing for DVT or PE is low. Currently, guidelines recommend either for or against using
coagulation parameters to guide management decisions [49].

6. Thromboprophylaxis

Prophylactic doses of anticoagulation for VTE have an important role in COVID-19
management as they are associated with lower mortality, however, indications for thrombo-
prophylaxis depend on hospitalization and potential contraindications [53]. Furthermore,
patients who are receiving anticoagulant or antiplatelet therapies for underlying conditions
should continue these medications if they receive the diagnosis of COVID-19 [49].

6.1. Indication

Current guidelines recommend the use of thromboprophylaxis in hospitalized adults
(<18 years) with COVID-19 if no contraindications (active bleeding or platelet count < 25 x
109/L) are present [49]. If pharmacological thromboprophylaxis is contraindicated, me-
chanical VTE prophylaxis such as intermittent pneumatic compression should be applied
in immobilized patients [54].

Thromboprophylaxis for quarantined patients with less severe COVID-19 but po-
tential comorbidities, or for patients without COVID-19 who are less active because of
quarantine, is not certain. The ongoing ETHIC trial and OVID study are investigating
whether prophylactic-dose enoxaparin improves survival and reduces unplanned hospital-
izations in ambulatory patients aged 50 or older [11]. As long as results of these RCTs are
unknown, the current guidelines recommend that pharmacological prophylaxis should
be reserved for those patients at highest risk, including those with limited mobility and
history of prior VTE or active malignancy, and quarantined patients with mild symptoms
should be advised to stay active at home.

Patients under ECMO therapy receive full-dose anticoagulation (mostly UFH) as a
standard procedure and should not be administered with additional thromboprophylaxis.
Guidelines of the Extracorporeal Life Support Organization (ELSO) suggest following the
existing recommendations of non-COVID-19 patients, but target anticoagulation at the
higher end of normal ECMO parameters [55].

6.2. Type and Dosing

LMWHSs or UFH may be the preferred anticoagulants in hospitalized critically ill
patients because of its shorter half-life, ability to be given intravenously or subcutaneously,
and fewer known drug-drug interactions compared with other (oral) anticoagulants.
However, in patients without risk for drug interactions, the use of direct oral anticoagulants
(DOACS) can be considered [56].

The appropriate dosing of therapeutic anticoagulation with heparin was unclear
during the first year of the pandemic. The recently published studies of the ATTACC mul-
tiplatform trial investigated whether therapeutic-dose anticoagulation improved outcomes
for patients hospitalized with COVID-19 [57]. The intervention group of this randomized
clinical trial was compared with a control group who received usual care thrombopro-
phylaxis doses according to local practice. The results differ according to the severity
of COVID-19 disease. In noncritically ill patients with COVID-19, therapeutic-dose anti-
coagulation with heparin showed increased survival to hospital discharge and reduced
use of cardiovascular or respiratory organ support as compared with usual-care throm-
boprophylaxis [58]. However, in critically ill patients with COVID-19, therapeutic-dose
anticoagulation with heparin did not improve survival or the need for organ support [59].
A separate randomized trial reported that intermediate-dose heparin also was not ben-
eficial in critically ill COVID-19 patients [60]. A possible reason behind these findings
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could be that higher anticoagulation strategies cannot influence inflammation, thrombosis,
and organ injury in patients who already suffer from advanced disease [61]. In summary,
high-quality evidence showed that therapeutic doses of anticoagulation should be used in
noncritically ill patients (admitted to the hospital but not requiring ICU-level care or organ
support). If patients are critically ill at hospital admission, it is appropriate to administer
usual care thromboprophylaxis according to local practices.

The therapeutic-dose anticoagulation (of the intervention group) included the LMWH
enoxaparin (1.5 mg/kg subcutaneous once daily or 1 mg/kg subcutaneous twice daily),
tinzaparin (175 anti-Xa IU/kg subcutaneous once daily), dalteparin (200 IU/kg subcuta-
neous once daily or 100 IU/kg subcutaneous twice a day), or intravenous infusion of UFH
(according to total body weight and pragmatically adjusted according to local institutional
policy to achieve an activated partial thromboplastin time (aPTT) of 1.5-2.5x the reference
value). Additionally, the appropriate dosing of prophylaxis should be adjusted on the
basis of comorbidities, bleeding complications, severe thrombocytopenia (platelet count
<50 x 109/L or <25 x 109/L), or comorbidities (e.g., impaired renal function). Of note,
thromboprophylaxis should be held only if the platelet count is <25 x 109/L or fibrinogen
level is <0.5 g /L.

6.3. Extended Prophylaxis

Due to lack of high-quality evidence, extended VTE prophylaxis after hospital dis-
charge is not recommended in the current guidelines [49]. However, the ongoing ACTIV-
4c and MICHELLE trials are designed to compare the effectiveness and safety of an-
tithrombotic therapy with no antithrombotic therapy after hospitalization in COVID-19
patients [11]. Antithrombotic agents for the two intervention groups of these trials include
apixaban and rivaroxaban, respectively [11].

For certain high VTE risk patients without COVID-19, post-discharge prophylaxis
has already been shown to be beneficial. The Food and Drug Administration approved
the use of rivaroxaban 10 mg daily for 31 to 39 days in these patients [62]. High risk
for VTE was identified with the Modified International Medical Prevention Registry on
Venous Thromboembolism (IMPROVE) risk score >4, or the Modified IMPROVE VTE
risk score >2 and D-dimer level >2 times the upper limit of normal [62]. Nevertheless,
consideration of individual risk factors for VTE, including reduced mobility, bleeding risks,
and feasibility, is necessary.

6.4. Pregnancy

VTE prophylaxis can reasonably be considered for pregnant women hospitalized
with COVID-19, particularly for those who suffer from severe disease. If there are no
contraindications to use, prophylactic heparin or low molecular weight heparin in critically
ill or mechanically ventilated pregnant patients is recommended [49]. VTE prophylaxis
after hospital discharge is not recommended for pregnant patients.

7. Conclusions

Thromboembolism and bleeding complications are common in COVID-19 patients and
its frequency increases according to disease severity, ICU admission, and the use of invasive
therapies. Different mechanisms involved in over-regulation of immune and coagulation
system are identified. Complications are associated with increased mortality; therefore,
evidential anticoagulation and screening protocols are warranted. Antithrombotic agents
seem to be reasonable in all hospitalized patients without contraindication. Recent high-
quality evidence showed that higher (therapeutic) doses of antithrombotic agents are only
beneficial in noncritically ill patients who were primarily admitted to the general ward,
and usual care thromboprophylaxis is sufficient in critically ill patients at the ICU and
under ECMO therapy. Ongoing trials will determine the influence of antithrombotic agents
on outcomes of non-hospitalized or discharged patients. Regarding screening for VTE,
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high quality evidence is warranted to investigate the significance of asymptomatic DVT in
the ICU setting and its influence on PE and mortality.
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