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Abstract. During the coronavirus disease 2019 (COVID‑19) 
pandemic, some patients with severe COVID‑19 exhibited 
complications such as acute ischemic stroke (AIS), which 
was closely associated with a poor prognosis. These patients 
often had an abnormal coagulation, namely, elevated levels of 
D‑dimer and fibrinogen, and a low platelet count. Certain studies 
have suggested that COVID‑19 induces AIS by promoting 
hypercoagulability. Nevertheless, the exact mechanisms 
through which COVID‑19 leads to a hypercoagulable state in 
infected patients remain unclear. Understanding the underlying 
mechanisms of hypercoagulability is of utmost importance for 
the effective treatment of these patients. The present review 
aims to summarize the current status of research on COVID‑19, 
hypercoagulability and ischemic stroke. The present review 
also aimed to shed light into the underlying mechanisms 
through which COVID‑19 induces hypercoagulability, and 
to provide therapies for different mechanisms for the more 
effective treatment of patients with COVID‑19 with ischemic 
stroke and prevent AIS during the COVID‑19 pandemic.
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1. Introduction

Coronavirus disease 2019 (COVID‑19) is an illness 
resulting from the novel severe acute respiratory syndrome 
coronavirus 2 (SARS‑CoV‑2). COVID‑19 often begins with 
respiratory symptoms, such as cough, fever and fatigue, and 
develops into acute respiratory distress syndrome (ARDS) 
at the later stages of the disease. However, some patients 
also exhibit neurological symptoms, including headaches, 
dizziness, fatigue, a disruption of consciousness, insomnia, 
anosmia and ischemic stroke (1,2). Ischemic stroke secondary 
to severe COVID‑19 is common and fatal once it appears. 
Mao et al demonstrated that patients with severe COVID‑19 
were more likely to have complications with ischemic stroke 
and this was associated with higher mortality rates  (3). 
Research on the mechanisms through which SARS‑CoV‑2 
induces ischemic stroke has become a popular research topic. 
It has been demonstrated that SARS‑CoV‑2 leads to systemic 
hypercoagulability, namely, to elevated levels of D‑dimer 
and fibrinogen, as the inducing factor of ischemic stroke (4). 
Consequently, some researchers have postulated that COVID‑19 
induces ischemic stroke by promoting a hypercoagulable state 
in affected patients. However, the mechanisms through which 
COVID‑19 induces hypercoagulability remain unclear, and 
are crucial for the targeted therapy for ischemic stroke induced 
by COVID‑19. The present review summarizes the current 
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status of research on COVID‑19, hypercoagulability and 
ischemic stroke. Subsequently, the underlying mechanisms 
through which COVID‑19 induces hypercoagulability are 
summarized. Moreover, the present review provides therapies 
that target different mechanisms for different stages of 
SARS‑CoV‑2‑induced acute ischemic stroke (AIS) and for the 
prevention of AIS in patients with SARS‑CoV‑2 infection.

2. Hypercoagulability and thrombosis in patients with 
COVID‑19 

As the COVID‑19 pandemic progresses, there is increasing 
evidence to indicate that patients with COVID‑19 present 
hypercoagulability and hyperfibrinolysis, particularly those 
with severe COVID‑19; this mainly manifests as increased 
levels of D‑dimer and fibrinogen, a low platelet count, and a 
prolonged coagulation time (4). Studies have suggested that 
an increased level of D‑dimer in patients with COVID‑19 is 
closely associated with a poor prognosis and a high mortality 
rate  (5), and heparin anticoagulant therapy can effectively 
reduce the mortality rate of patients with COVID‑19 with 
a D‑dimer level >3.0 µg/ml  (6). In addition, the levels of 
Von Willebrand factor (VWF) and FXIII are considerably 
increased in patients with COVID‑19 (7). Although the level 
of plasminogen activator inhibitor 1 (PAI‑1) in patients with 
severe COVID‑19 has not yet been investigated, it has been 
found to be increased in patients with severe acute respira‑
tory syndrome; thus, an increased level of PAI‑1 would not 
be unanticipated (8). The coagulation indexes of patients with 
severe infection exhibit obvious changes compared with those 
of non‑severely infected patients (Table I).

A number of patients with COVID‑19 have developed 
venous and arterial thrombosis, which is often associated 
with high mortality rates. The autopsy analysis of 12 deceased 
patients at a research center in Germany revealed that 7 patients 
had venous thrombosis, and 4 had pulmonary embolism (9). A 
study from Tongji Hospital revealed 71.4% of non‑survivors 
had disseminated intravascular coagulation (DIC), while 
0.6% survivors had DIC (5). Xiong et al demonstrated that 
compared with those in patients with moderate COVID‑19, the 
D‑dimer and PT levels were significantly increased in patients 
with severe COVID‑19, suggesting that DIC was common in 
patients with severe COVID‑19 (10). A study on 388 patients 
demonstrated that 26 had thromboembolic events, including 16 
with venous thromboembolism, 10 with pulmonary embolism; 
in addition, 8 patients had with overt DIC, 9 with ischemic 
stroke and 4 with myocardial infarction in Italy (11). Further 
reports of thromboembolic events in patients with COVID‑19 
are presented in Table II.

3. COVID‑19 and acute ischemic stroke

AIS during the COVID‑19 outbreak remains a disabling and 
lethal disease that cannot be ignored. The main symptoms 
of COVID‑19 involve fever, cough, and other respiratory 
symptoms. However, it has been indicated that AIS can also 
be the primary symptom of COVID‑19, which is highly 
suggested to be induced by SARS‑CoV‑2 infection (12). As 
the COVID‑19 pandemic progresses, increasing numbers 
of research groups have focused on the association between 

COVID‑19 and AIS. Fara et al reported cases of AIS in the 
early stages of COVID‑19 (13). Mao et al demonstrated that 
18.7% of patients with COVID‑19 needed to be transferred to 
the ICU for treatment due to severe neurological symptoms, 
and 5.7% of patients with severe COVID‑19 had AIS  (3). 
Beyrouti et al analyzed patients with COVID‑19 with AIS 
and found that AIS occurred at 8‑24 days following the onset 
of COVID‑19 symptoms; an analysis of the laboratory tests 
revealed that lactate dehydrogenase, fibrinogen, D‑dimer, 
and C‑reactive protein levels were significantly increased in 
these patients (14). In addition, Li et al found the presence of 
SARS‑CoV‑2 in the cerebrospinal fluid of patients, suggesting 
that this type of virus can penetrate the blood‑brain barrier 
and damage brain tissue (15).

The pathogenesis of AIS includes thrombosis, 
artery‑to‑artery embolization and hypoperfusion. However, 
the pathogenesis of AIS secondary to COVID‑19 remains to 
be investigated. It has been demonstrated that patients with 
COVID‑19 with secondary AIS had an elevated National 
Institutes of Stroke Scale score at admission, an elevated 
D‑dimer level and a poor prognosis compared to those of 
non‑COVID‑19 patients with stroke, suggesting that blood 
coagulation plays an essential role in AIS secondary to 
COVID‑19 (16). Oxley et al reported cases of secondary AIS 
in young patients with COVID‑19 with elevated levels of 
D‑dimer and fibrinogen, and some of these patients did not 
have risk factors for stroke, suggesting that COVID‑19 induces 
AIS by promoting hypercoagulability (17). Nevertheless, the 
exact mechanisms through which COVID‑19 induces a hyper‑
coagulable state in patients remain unclear. The following 
sections focus on possible procoagulant mechanisms of 
COVID‑19. More importantly, therapies that target the specific 
mechanisms for the more effective treatment of patients with 
COVID‑19 with AIS are discussed.

4. Mechanisms of hypercoagulability in COVID‑19

Cytokines and hypercoagulability. Previous studies on 
patients with severe COVID‑19 have demonstrated elevated 
levels of pro‑inflammatory cytokines (IL‑1, IL‑2, IL‑6, IL‑8, 
IL‑10, IL‑17 and TNF‑α) (18,19). Elevated levels of cytokines 
cause inflammation and hypercoagulability in patients with 
COVID‑19, which may be ascribed to several reasons. First, 
cytokines interact with the coagulation system. Cytokines, 
such as IL‑1, IL‑6 and TNF‑α facilitate the release of tissue 
factor (TF), which activates the extrinsic coagulation pathway. 
Moreover, they promote the expression of PAI‑1, which results 
in the inhibition of the fibrinolysis system (Fig. 1) (20). Beyond 
that, the levels of TF pathway inhibitors and antithrombin are 
decreased in an inflammatory environment, which causes the 
activation of the coagulation system (21). It should be noted 
that the activation of thrombin can induce the overproduction 
of pro‑inflammatory cytokines through PAR‑1, while FXa 
can activate PAR‑1 and PAR‑2 to enhance the inflammatory 
response (22). Second, cytokines interact with NETs. Previous 
studies have indicated that cytokines promote NET forma‑
tion, which triggers the extrinsic and intrinsic coagulation 
pathways, resulting in thrombin generation. Correspondingly, 
NETs also promote the release of inflammatory cytokines to 
cause cytokine storms (23). Third, when promoted by IL‑1β, 
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Table I. Comparison of the coagulation indexes between patients with severe COVID‑19 and those with non‑severe infection. 

Author/(Refs.)	 No. of patients	 Severe infection	 Non‑severe infection	 P‑value

D‑dimer (ng/ml) levels				  

Han et al (4)	 94 (49 ordinary, 	 Severe: 19,110±35,480	 2,140±2,880	 P<0.01
	 35 severe, 10 critical)	C ritical: 20,040±32,390		
Tang et al (5)	 183 (21 non‑survivors, 	 2,120 (770‑5,270)	 610 (350‑1,290)	 P<0.001
	 162 survivors)			 
Fan et al (85)	 73 (47 non‑survivors, 	 1,510 (800‑7,180)	 520 (310‑1,120)	 P<0.001
	 26 survivors)			 
Zou et al (86)	 303 (35 severe, 277 mild)	 1,040 (730‑1,720)	 430 (310‑770)	 P<0.001
Tang et al (58)	 449 (134 non‑survivors,	 4,700 (1,420‑21,000)	 1,470 (780‑4,160)	 P<0.001
	 315 survivors)			 

Fibrinogen (g/l)				  

Fogarty et al (87)	 83 (50 ICU 33 no ICU)	 5.6 (4.4‑6.6)	 4.5 (3.7‑6.2)	 P=0.045
Han et al (4)	 94 (49 ordinary, 	 Severe: 4.76±1.7301	 5.10±1.16	 P<0.01
	 35 severe, 10 critical)	C ritical: 5.59±2.26		
Tang et al (5)	 183 (21 non‑survivors, 	 5.16 (3.74‑5.69)	 4.51 (3.65‑5.09)	 P=0.149
	 162 survivors)			 
Zou et al (86)	 303 (35 severe, 277 mild)	 4.74 (4.21‑5.84)	 4.33 (3.57‑5.73)	 P=0.038

Prothrombin time (sec)				  

Tang et al (5)	 183 (21 non‑survivors, 	 15.5 (14.4‑16.3)	 13.6 (13.0‑14.3)	 P<0.001
	 162 survivors)			 
Fan et al (85)	 73 (47 non‑survivors, 	 11.80 (10.9‑12.9)	 11.1 (10.25‑12.05)	 P=0.016
	 26 survivors)			 
Zou et al (86)	 303 (35 severe, 277 mild)	 13.8 (13.4‑14.8)	 13.4 (13.0‑13.8)	 P=0.003
Tang et al (58)	 449 (134 non‑survivors, 	 16.5±8.4	 14.6±2.1	 P<0.001
	 315 survivors)			 

Activated partial thromboplastin time (sec)				  

Tang et al (5)	 183 (21 non‑survivors, 	 44.8 (40.2‑51.0)	 41.2 (36.9‑44.0)	 P=0.096
	 162 survivors)			 
Zou et al (86)	 303 (35 severe, 277 mild)	 43.2 (41.0‑49.7)	 39.2 (36.3‑42.4)	 P<0.001
Huang et al (88)	 41 (13 ICU, 28 no ICU)	 26.2 (22.5‑33.9)	 27.7 (24.8‑34.1)	 P=0.57
Wu et al (89)	 201 (117 no ARDS, 	 26 (22.55‑35)	 29.75 (25.55‑32.85)	 P=0.130
	 84 ARDS)			 
	 84 (40 ARDS alive, 	 24.10 (22.55‑8.35)	 29.60 (24‑35.75)	 P=0.040
	 44 ARDS died)			 

Platelet count (x109 per l)				  

Fan et al (85)	 73 (47 non‑survivors, 	 168 (136‑221)	 204 (149‑268)	 P=0.054
	 26 survivors)			 
Tang et al (58)	 449 (134 non‑survivors, 	 178±92	 231±99	 P<0.001
	 315 survivors)			 
Huang et al (88)	 41 (13 ICU, 28 no ICU)	 196 (165‑263)	 149 (131‑263)	 P=0.45
Wu et al (89)	 201 (117 no ARDS, 	 187 (124.50‑252.50)	 178 (140‑239.50)	 P=0.73
	 84 ARDS)			 
	 84 (40 ARDS alive, 	 162 (110.5‑231)	 204 (137.25‑262.75)	 P=0.1
	 44 ARDS died)			 
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IL‑8 and TNF‑α, blood cells (erythrocytes, leukocytes, and 
lymphocytes) expose phosphatidylserine (PS) to their outer 
membrane, which leads to a hypercoagulable state (24). In 
summary, it is inferred that the elevated levels of cytokines 
in COVID‑19 patients and the subsequent activation of the 
coagulation system leads to AIS.

Endothelial cell injury and hypercoagulability. Varga et al 
found viral particles in endothelial cells of renal tissue, 
intestinal tissue, and lung tissue of patients with COVID‑19, 
suggesting that SARS‑CoV‑2 invades endothelial cells in 
multiple tissues and organs  (25). Similarly, Leisman et al 

found that SARS‑CoV‑2 can invade endothelial cells through 
the angiotensin‑converting enzyme 2 (ACE2) receptor, leading 
to tissue damage and cytokine disruption (26). Additionally, 
cytokine storms of COVID‑19 can also damage endothelial 
cells. Endothelial cells express TF and PS under the 
stimulation of cytokines or NETs (27). The former initiates the 
extrinsic pathway of coagulation, while the latter can provide a 
catalytic surface for coagulation factors and promote intrinsic 
and extrinsic FXa and thrombin production. In addition, 
damaged endothelial cells can express VWF, which interacts 
with platelets to promote thrombosis. Damaged endothelial 
cells also release PAI‑1, which inhibits the fibrinolytic 

Table I. Continued. 

Author/(Refs.)	 No. of patients	 Severe infection	 Non‑severe infection	 P‑value

Fibrinogen degradation products (mg/l)				  

Han et al (4)	 94 (49 ordinary, 	 Severe: 60.01±108.98	 7.92±11.38	 P<0.01
	 35 severe, 10 critical)	C ritical: 69.15±129.19		
Tang et al (5)	 183 (21 non‑survivors, 	 7.6 (4.0‑23.4)	 4.0 (4.0‑4.3)	 P<0.001
	 162 survivors)			 
Zou et al (86)	 303 (26 severe, 277 mild)	 2.61 (1.44‑4.48)	 0.99 (0.52‑1.98)	 P<0.001

ICU, intensive care unit; ARDS, acute respiratory distress syndrome.

Table II. Thromboembolic events in patients with COVID‑19.

Author/(Refs.)	 Patients	 Thromboembolic events	 Other findings

Cui et al (90)	 81	 VTE (25%)	 Elevated D‑dimer was a good index to recognize VTE.
Stoneham et al (91)	 274	  VTE (7.7%)	 Levels of D‑dimer were higher in patients with VTE than those
			   without VTE.
Helms et al (7)	 150	 PE (16.7%)	C ompared with non‑COVID‑19 ARDS patients, patients with 
			C   OVID‑19 ARDS were more prone to PE.
Léonard‑Lorant	 106	 PE (30%)	D ‑dimer levels >2,660 (ng/ml) indicated PE. The sensitivity was
et al (92)			   100% and the specificity was 67%. 
Llitjos et al (93)	 26	 VTE (69%), PE (23%)	C OVID‑19 patients treated with therapeutic anticoagulation were
			   more prone to VTE and PE.
Tang et al (5)	 183	D IC (8.7%)	 71.4% of non‑survivors combined with DIC while 0.6% of
			   survivors combined with DIC.
Mao et al (3)	 214	 AIS (5.7%)	 Patients with Severe COVID‑19 were more likely to have
			   neurologic manifestations, such as acute cerebrovascular diseases.
Beyrouti et al (14)	 6	 AIS	 AIS occurred 8‑24 days after the symptom onset of COVID‑19.
Poillon et al (94)	 2	C VT	 Some COVID‑19 patients exhibit neurological complications 
			   including CVT.
Klok et al (60)	 184	 VTE (27%), AIS (3.7%)	 PT >3 sec or APTT >5 sec were independent predictors of 
			   thromboembolic events.
Lodigiani et al (11)	 362	 VTE (4.4%), PE (2.7%) 	 Half of thromboembolic events were diagnosed within 24 h 
		  AIS (2.5%), ACS/MI (1.1%)	 after hospitalization.

VTE, venous thromboembolism; PE, pulmonary embolism; DIC, disseminated intravascular coagulation; AIS, acute ischemic stroke; 
CVT, cerebral venous thrombosis; ACS, acute coronary syndrome; MI, myocardial infarction; PT, prothrombin time; APTT, activated partial 
thromboplastin time.
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system and results in thrombosis. Previous studies (28,29) 
have demonstrated that damaged endothelial cells are 
closely related to AIS. More importantly, brain neurons, 
endothelial cells and vascular smooth muscle cells express 
the ACE2 receptor, which enables SARS‑CoV‑2 to cross the 
blood‑brain barrier, leading to damage of the central nervous 
system (28,29). In summary, SARS‑CoV‑2 may cause damage 
to brain endothelial cells and induce local hypercoagulability 
to promote cerebral thrombosis.

Platelet activation and hypercoagulability. The majority of 
patients with severe COVID‑19 have abnormal laboratory data, 
including low platelet and lymphocyte counts and increased 
levels of neutrophils, D‑dimer and C‑reactive protein (30). 
Among these, a low platelet count has attracted increasing 
attention. Xu et al hypothesized that there were 3 main reasons 
for platelet reduction: First, viruses may cause decreased 
platelet synthesis; second, viruses may lead to increased platelet 
destruction; and third, viruses may contribute to thrombosis, 
which results in platelet consumption (31). Although platelet 
counts are reduced in patients with COVID‑19, platelets 
are actually activated as reduced platelets are used to form 
microthrombi, which may adhere to the endothelium of blood 
vessels damaged by the virus (32). Thus, it is reasonable to 
believe that activated platelets promote hypercoagulability. On 
the one hand, activated platelets release microparticles (MPs), 
VWF and PAI to promote coagulation  (27), and promote 
the generation of NETs that participate in the formation of 

hypercoagulability  (33). Moreover, platelet activation is a 
prominent feature of AIS. Therefore, platelet activation in 
patients with COVID‑19 may promote hypercoagulability and 
induce AIS.

Neutrophil extracellular traps and hypercoagulability. 
Under inflammatory conditions, neutrophils catch bacteria 
by extruding neutrophil extracellular traps (NETs), which are 
composed of DNA, histones and other active proteins (34). 
However, NETs are associated with hypercoagulable states 
of disease and even promote thrombosis (Fig. 1) (35). Patients 
with COVID‑19 are in a state of inflammation, which is 
advantageous for the generation of NETs. Some patients 
with COVID‑19 already have elevated neutrophil counts (14). 
Moreover, the inflammatory response triggered by exces‑
sive NET formation is directly related to the destruction of 
surrounding tissues and microthrombosis and plays an impor‑
tant role in organ damage. The above 3 points have been proven 
to be essential causes of multiorgan failure in patients with 
severe COVID‑19 (36). Zuo et al found that the plasma levels 
of cell free DNA (cf‑DNA), myeloperoxidase (MPO)‑DNA 
and citrullinated histone H3 (CitH3) were significantly 
elevated in patients with COVID‑19, thereby confirming the 
presence of NETs in these patients (37). Their study also found 
that plasma cf‑DNA levels were positively associated with 
plasma D‑dimer levels, suggesting that NETs were associated 
with hypercoagulability in patients (37). Previous research 
has demonstrated the presence of NETs in thrombi and the 

Figure 1. HIFs, cytokines, NETs, phosphatidylserine and the complement system promote coagulation. HIF‑1, cytokines, C5a, MAC and NETs increase 
the expression of tissue factor, which activates extrinsic blood coagulation, while HIF‑1, HIF‑2, cytokines and C5a promote the expression of PAI‑1, which 
impairs fibrinolysis. Cell membrane phosphatidylserine can provide a catalytic surface for coagulation factors, promoting intrinsic and extrinsic FXa and 
thrombin production. NETs promote XIIa, intrinsic FXa, and thrombin production. HIF‑1, hypoxia inducible factor ‑1; HIF‑2, hypoxia inducible factor ‑2; 
PS, phosphatidylserine; PAI‑1, plasminogen activator inhibitor 1; tPA, tissue plasminogen activator; NETs, neutrophil extracellular traps; MAC, membrane 
attack complex.
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peripheral blood of patients with AIS, and the NET content in 
peripheral blood is associated with the hypercoagulability of 
patients with AIS (33). Based on the above‑mentioned studies, 
it can be hypothesized that NETs in patients with COVID‑19 
lead to a hypercoagulable state that induces AIS (Fig. 2).

MPs and hypercoagulability. MPs are vesicles (100‑1,000 nm) 
in diameter derived from the shedding of the cellular membrane 
of activated or apoptotic cells. Circulating MPs are produced 
by a variety of cells, such as erythrocytes, granulocytes, 
monocytes, platelets, and endothelial cells  (38). In recent 
years, studies have found that MPs induce hypercoagulability 
in a number of diseases, such as sepsis, stroke and nephrotic 
syndrome (39,40). The expression of phosphatidylserine (PS) 
is the underlying cause of MP‑induced coagulation. Cell 
membrane PS can provide a catalytic surface for coagulation 
factors, promoting intrinsic and extrinsic FXa and thrombin 
production (Fig. 1) (41). In addition, Wang et al found that 
neutrophil extracellular trap‑MP complexes can promote the 
intrinsic pathway of coagulation in a sepsis mouse model; 
they subsequently found that neutrophil extracellular trap‑MP 
complexes can trigger inflammation by mediating neutrophil 
aggregation through HMGB1‑TLR2/TLR4 signaling (42,43). 
Damaged endothelial cells and epithelial cells are also found 
to release MPs in a number of respiratory diseases, such as 

chronic obstructive pulmonary disease, asthma, pulmonary 
fibrosis and pulmonary hypertension (44). However, whether 
MPs play roles in COVID‑19 has not yet been determined. 
Previous research has indicated that the systemic inflammatory 
response syndrome leads to the activation or apoptosis of 
blood cells throughout the body, resulting in the production 
of MPs (45). Systemic inflammatory response syndrome is the 
main cause of multiple organ failure in patients with severe 
COVID‑19 (19). Therefore, there is reason to believe that MPs 
play a procoagulant role in patients with severe COVID‑19.

Complement activation and hypercoagulability. The 
complement system plays a major role in regulating the 
immune system to protect against viruses. However, 
inadequate complement activation may also cause a systemic 
inflammatory response that leads to tissue damage. In addition, 
complement activation is also associated with coagulation and 
microthrombosis (Fig. 1). Complement activation contributes 
to membrane attack complex formation, which drives 
neutrophil activation and endothelial damage (46). Cugno et al 
demonstrated that the plasma levels of C5a and sC5b‑9 were 
significantly higher in patients with COVID‑19 compared with 
healthy subjects, suggesting the activation of the complement 
system in patients with COVID‑19 (47). Magro et al suggested 
that complement system activation was associated with 

Figure 2. NETs contribute to SARS‑CoV‑2‑induced acute ischemic stroke by activating endothelial cells and platelets. SARS‑CoV‑2 enters blood vessels 
through the ACE2 receptor on cerebrovascular endothelial cells. The virus activates neutrophils to release NETs through a cytokine storm derived from 
activated macrophages. NETs initiate thrombosis by activating endothelial cells and platelets. NETs, neutrophil extracellular traps; SARS‑CoV‑2, severe acute 
respiratory syndrome coronavirus 2.
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thrombosis in patients with severe COVID‑19 (48). Complement 
activation may be caused by the following 2 mechanisms (49): 
i)  The antigen‑antibody complexes formed by antibodies 
combined with viral antigens initiate complement activation; 
and ii) viral invasion results in damage to endothelial cells, 
which leads to the activation of the complement system. 
Strategies targeting the complement system have been exert 
protective effects against brain ischemia‑reperfusion injury, 
indirectly reflecting that complement activation plays an 
important role in the development of AIS (50). Therefore, it 
is feasible to believe that the activation of the complement 
system in COVID‑19 contributes to hypercoagulability, which 
induces AIS.

Hypoxia and hypercoagulability. ARDS, the most common 
symptom of patients with severe COVID‑19, contributes 
to hypoxia in the entire body, playing an essential role in 
regulating thrombosis by triggering a number of molecular 
signaling pathways (51). Platelets are more likely to be acti‑
vated in low oxygen environments (52). Moreover, hypoxia 
prompts the generation of hypoxia inducible factor (HIF)‑1 and 
HIF‑2, leading to the activation of the coagulation system and 
impairment of the fibrinolysis system. More precisely, HIF‑1α 
increases the expression of TF, which activates extrinsic blood 
coagulation, while HIF‑1 and HIF‑2 promote the expression 
of PAI‑1, which impairs fibrinolysis (Fig. 1) (53). Additionally, 
HIF‑1α induces the formation of NETs (54). NET formation 
released by activated neutrophils promotes a hypercoagulable 
state in the circulation.

Antiphospholipid antibody and hypercoagulability. It 
has previously been reported that bacteria or viruses can 
induce antiphospholipid antibodies. A recent article in 
the New England Journal of Medicine demonstrated that 
antiphospholipid antibody in patients with COVID‑19 was 
associated with hypercoagulability and the onset of AIS (55). 
Although only 3  patients were discussed in that article, 
sufficient attention should be paid. Subsequently, Beyrouti et al 
also found that patients with COVID‑19 with AIS had positive 
antiphospholipid antibodies, which were suspected to be 
related to the onset of stroke (14). It has been demonstrated that 
antiphospholipid antibodies initiate coagulation by activating 
the TF signaling pathway (56). It has also been proven that 
positive antiphospholipid antibodies are a risk factor for 
AIS (57). Therefore, it is considered that the antiphospholipid 
antibody in COVID‑19 activates the coagulation system and 
contributes to the onset of AIS. However, there are no drugs 
that target antiphospholipid antibodies in COVID‑19. Further 
research into this matter is required in the future.

5. Antithrombotic therapy for COVID‑19

Traditional antithrombotic therapy for COVID‑19 with 
coagulopathy. Currently, traditional antithrombotic treat‑
ments for COVID‑19 with coagulopathy include anticoagulant 
therapy and thrombolytic therapy. Heparin, an anticoagulant 
and anti‑inflammatory drug, has been used in the treatment 
of the hypercoagulable state of COVID‑19. Tang et al demon‑
strated that COVID‑19‑induced mortality was reduced by 
heparin treatment (58). Compared with heparin, low molecular 

weight heparin (LMWH) has a long half‑life, is associated 
with less bleeding and there is no need for routine coagula‑
tion monitoring. Oudkerk et al suggested that patients with 
COVID‑19 should be treated with prophylactic LMWH as 
soon as they are admitted to the hospital  (59). Klok  et  al 
found that despite the prevention of systemic thrombosis with 
a low dose of LMWH, a number of patients with COVID‑19 
still developed thrombotic events; therefore, a high dose of 
LMWH was recommended for anticoagulation in patients with 
COVID‑19 admitted to the ICU (60). However, has not been 
determined which dose of LMWH should be used and this 
remains controversial. A previous study found that 31.6% of 
subjects supported an intermediate dose for moderate or severe 
COVID‑19, while 5.2% of subjects supported a therapeutic 
dose, and the rest supported a prophylactic dose (61). New oral 
anticoagulants were also recommended during the COVID‑19 
pandemic due to their safety, convenience, and strong antico‑
agulant effects (62). SARS‑CoV‑2 infection not only activates 
the coagulation system but also inhibits the fibrinolytic system. 
Tissue plasminogen activator (tPA), a thrombolytic drug for 
AIS, has been reported to be effective for COVID‑19 patients 
complicated with ARDS (63). However, the risk of bleeding 
should also be evaluated. In addition, chloroquine, which has 
been widely used in the treatment of COVID‑19, can also play 
an antithrombotic role by inhibiting NETs and interfering with 
platelet aggregation (64). Statins can prevent the virus from 
infecting cells and inhibit the inflammatory response and coag‑
ulation activation, so they could be used to treat thrombosis 
in patients with COVID‑19 (65). Further information on the 
antithrombotic therapy of COVID‑19 is presented in Table III. 
In addition, some recommendations for antithrombotic therapy 
are presented in Table IV. Although anticoagulant therapy and 
thrombolytic therapy have been shown to be effective, a number 
of patients with COVID‑19 develop thrombotic complications. 
Therefore, it is necessary to explore novel methods of anti‑
thrombotic therapy. Below, antithrombotic therapy targeting 
different mechanisms for coagulation is discussed.

Targeted therapy against cytokines. Considering the crucial role 
of cytokines in leading to tissue damage and a hypercoagulable 
state, targeting cytokines in patients with COVID‑19 has become 
an inevitable trend. It has been proven that IL‑6 initiates the 
inflammatory response in patients with COVID‑19. Tocilizumab, 
sarilumab and siltuximab, as inhibitors of IL‑6 and its receptor, 
have been approved by the Food and Drug Administration for 
the treatment of rheumatic and lymphoproliferative diseases. 
Importantly, tocilizumab has been approved for the treatment 
of patients with COVID‑19 with elevated levels of IL‑6 (66,67). 
IL‑17, which acts upstream of IL‑1β, IL‑6 and TNF‑α, should 
attract increasing attention. Secukinumab, ixekizumab and 
brodalumab, as inhibitors of IL‑17 and its receptor, have been 
shown to be effective in the treatment of psoriasis (18); however, 
their effects on COVID‑19 need to be further investigated.

Therapy for the protection of endothelial cells. Preventing 
viruses from entering cells has become a novel method for 
the treatment of COVID‑19. Human recombinant soluble 
angiotensin‑converting enzyme 2 (hrsACE2), currently being 
studied, can competitively bind to viruses to inhibit viruses 
from being able to invade into cells (68). Fortunately, hrsACE2 
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has been approved for the treatment of ARDS  (68‑70). 
Given the damage exerted by cytokines to endothelial cells, 
anti‑inflammatory treatment such as with tocilizumab may 
also protect endothelial cells (18,66). Additionally, colchicine, 
azithromycin and famotidine have also been proven to reduce 
endothelial injury (71). 

Targeted therapy against platelets. Previous studies have 
demonstrated that aspirin is effective in patients with pneumonia, 
particularly in those with severe pneumonia complicated by 
ARDS or sepsis (72). In animal experiments, the combination of 
clopidogrel and oseltamivir has been shown to effectively inhibit 
the inflammatory response induced by influenza pneumonia and 
can thus improve the survival rate of mice (73). Furthermore, 
aspirin and clopidogrel can efficiently prevent the occurrence of 
cardiovascular and cerebrovascular diseases.

Targeted therapy against NETs. The targeting of NETs for the 
treatment of inflammatory diseases and thrombotic diseases 
has improved. Thus, there is reason to believe that therapies 
that target NETs are of vital importance for COVID‑19 treat‑
ment. Currently, there are 3 main mechanisms against NETs: 
The inhibition of NET formation, the direct degradation of 
NETs and the inhibition of upstream regulatory molecules 
of NETs. The histone inhibitor, activated protein C and the 
neutrophil elastase inhibitor, sivelestat, have been shown to 
reduce hypercoagulability in AIS by inhibiting the generation 
of NETs (33). BWA3, an anti‑histone H4 antibody, can effec‑
tively reduce infarct size in t‑MACO mice (74). Recombinant 
DNase I (dornase alfa) can directly degrade NETs in the 
airway of patients with cystic fibrosis, relieving patient symp‑
toms (75). In addition, recombinant DNase I has been shown 
to improve the efficiency of tPA thrombolysis in vitro (76) and 

reduced hypercoagulability in patients with AIS (33). IL‑1β 
and HMGB1 have been reported to mediate the generation 
of NETs in various diseases. Targeting IL‑1β or HMGB1 can 
inhibit the generation of NETs, thereby improving multiorgan 
functions (77,78). 

Targeted therapy against MPs. Lactadherin can inhibit 
the expression of PS on MPs both in vivo and in vitro and 
has been shown to effectively prevent hypercoagulability in 
disease (39,40). Tiotropium is a muscarinic antagonist that 
inhibits the release of MPs from bronchial epithelial and endo‑
thelial cells, thereby reducing the risk of acute exacerbations 
of chronic obstructive pulmonary disease (79). Pirfenidone 
has been proven effective for the treatment of idiopathic 
fibrosis by inhibiting the p38‑mediated formation of proco‑
agulant MPs (80). However, whether lactadherin, tiotropium 
and pirfenidone can be used in the treatment of patients with 
severe COVID‑19 warrants further investigation.

Targeted therapy against complement activation. The inhibi‑
tion of the complement system may be an underlying treatment 
for patients with severe COVID‑19 with coagulopathy. In a 
virus‑infected mouse model, the inhibition of C3 or C5 was 
shown to reduce the inflammatory response by attenuating the 
release of cytokines (81). The C5 inhibitor eculizumab may 
treat COVID‑19 by hampering the amplification of the comple‑
ment cascade (47). The C3 inhibitor, AMY‑101, which can 
effectively inhibit the production of C3a and C5a and inhibit 
the release of IL‑6, is currently undergoing clinical trials for 
the treatment of periodontal disease (NCT03694444) (82). 

Targeted therapy against hypoxia. Mechanical ventilation is a 
key treatment for patients with severe COVID‑19 with ARDS. 

Table III. Antithrombotic therapy for COVID‑19.

Author/(Refs.)	 Drug	 No. of patients	 Main findings

Paranjpe et al (95)	 ‑	 2,733	C ompared with patients who did not receive AC, patients treated 
			   with AC had lower mortality and longer survival time.
Paranjpe et al (95)	 ‑	 395	C ompared with patients who only receive mechanical ventilation, 
			   patients treated with both mechanical ventilation and AC had 
			   lower mortality and longer survival time.
Tang et al (58)	 LMWH	 449	 There was a lower mortality in COVID‑19 patients with D‑dimer
			   >3 µg/ml treated with heparin than those who did not receive
			   heparin.
Wang et al (63)	 tPA	 3	 P/F ratio was significantly improved in COVID‑19 patients with
			   ARDS after administration of tPA.
White et al (96)	 LMWH	 69	 Evidence of heparin resistance exists in severe COVID‑19 patients,
	 heparin		  which might lead to anticoagulation treatment failure.
Arachchillage et al (97)	 Argatroban	 10	 Argatroban can be used to treat COVID‑19 patients with thrombosis
			   who have heparin resistance due to reduced antithrombin levels.
Ranucci et al (98)	 LMWH	 16	 Fibrinogen and d‑dimer were significantly decreased in patients
			   treated with low molecular weight heparin.

AC, systemic anticoagulation; LMWH, low molecular weight heparin; tPA, tissue plasminogen activator; P/F ratio, PaO2/FiO2 ratio; ‘‑’ indicates 
data are not available.
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Figure 3. Antithrombotic strategies for different stages of COVID‑19‑associated acute ischemic stroke. SARS‑CoV‑2, severe acute respiratory syndrome 
coronavirus 2; NETs, neutrophil extracellular traps; MPs, microparticles; CRP, C‑reactive protein; Fib, fibrinogen; ARDS, acute respiratory distress syndrome; 
SO2, oxygen saturation of hemoglobin; LMWH, low molecular weight heparin; tPA, tissue plasminogen activator; HrsACE2, human recombinant soluble 
angiotensin‑converting enzyme 2.

Table IV. Recommendations for antithrombotic therapy.

Author/(Refs.)	 Recommendation for anticoagulant therapy

Thachil et al (99)	 ISTH: Patients admitted to hospital for COVID‑19 have no contraindications (hemorrhage or platelet
	 count <25x109/l) should receive prophylactic LMWH.
Sardu et al (71)	 In absence of contraindications, enoxaparin 40 mg/day is recommended for all patients; enoxaparin 
	 1 mg/kg every 12 h is recommended for those with D‑dimer levels >3 µg/ml.
Connors and	 For obese patients, UFH 7m500 units 3 times a day or 40 mg enoxaparin twice a day are recommended.
Levy (100)	 Given the short half‑life and strong ability to be administered parenterally, LMWH or UFH should be
	 administered to critically ill patients instead of giving direct oral anticoagulants.
Klok et al (60)	 The prophylactic dose of enoxaparin should be increased from 40 mg daily to 80 mg twice a day for 
	C OVID‑19 patients admitted to the ICU.
Thachil et al (101)	 Oral anticoagulants should be used with caution in patients with kidney function deficiency and those
	 taking anti‑retroviral drugs.
Oudkerk et al (59)	 For patients with D‑dimer levels <1,000 (ng/ml), prophylactic anticoagulation is recommended. 
	 For patients with D‑dimer >1,000 (ng/ml) and D‑dimer levels increase progressively, therapeutic 
	 anticoagulation is recommended.
Bikdeli et al (102)	 All hospitalized COVID‑19 patients should be evaluated the risk of VTE. In absence of contraindications,
	 all patients should receive prophylactic anticoagulation. 
	 All discharged patients should be evaluated the risk of VTE. Patients at risk of VTE should be given
	 prophylactic anticoagulation for 45 days unless thereis a risk of bleeding. 
	 The interaction between antithrombotic drugs and routine COVID‑19 drugs should be considered.
	 The hepatic and renal function, and certain complications, such as DIC and hemorrhage, should be taken
	 into account when undergoing antithrombotic therapy.

ISTH, International Society on Thrombosis and Hemostasis; LMWH, low molecular weight heparin; UFH, unfractionated heparin; 
DIC, disseminated intravascular coagulation.
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Hyperbaric oxygen therapy has been shown to improve neuro‑
logical function in patients with stroke (83). Extracorporeal 
membrane oxygenation has been used in the treatment of 
COVID‑19‑related ARDS  (84). However, whether oxygen 
therapy or extracorporeal membrane oxygenation is effective 
for COVID‑19 patients with AIS needs to be studied further.

Antithrombotic strategies for dif ferent stages of 
SARS‑CoV‑2‑induced AIS. SARS‑CoV‑2‑induced AIS encom‑
passes 3 main stages: An early stage that involves controllable 
levels of cytokines with mild symptoms, a middle stage that 
is characterized by the activation of the coagulation system 
and occurrence of AIS, and an advanced stage that involves 
the progression to massive cerebral infarction. The present 
review summarized the pathophysiology, symptoms and labo‑
ratory tests at different stages of SARS‑CoV‑2‑induced AIS. 
More importantly, antithrombotic strategies are suggested for 
different stages of SARS‑CoV‑2‑induced AIS (Fig. 3).

6. Prevention of acute ischemic stroke

Various methods are proposed for the prevention of AIS 
according to the different states of patients with SARS‑CoV‑2 
infection (Table V).

7. Conclusions and future perspectives

Although various components, including cytokines, damaged 
endothelial cells, activated platelets, NETs, MPs, the activated 

complement system, hypoxia and the antiphospholipid 
antibody, are believed to activate the coagulation system 
during the development of COVID‑19, it is considered that 
cytokines play a predominant role in COVID‑19‑associated 
hypercoagulability. The invasion of SARS‑CoV‑2 activates 
the immune system and produces a large number of cytokines. 
Cytokines and the invasion of SARS‑CoV‑2 result in the 
injury of endothelial cells, which then leads to the generation 
of NETs, the release of MPs, the activation of platelets and the 
activation of the complement system. Given that brain tissue 
is highly sensitive to hypoxia, hypoxia plays an essential role 
in COVID‑19‑associated stroke. Hypoxia can not only lead 
to brain interstitial edema but also activate the coagulation 
system.

Antithrombotic therapy is often overlooked in the 
treatment of COVID‑19. Antithrombotic therapy can not only 
treat thrombosis in COVID‑19 but can also increase the blood 
oxygen saturation level in patients with COVID‑19. However, 
traditional antithrombotic therapy fails to treat COVID‑19 with 
coagulopathy. A more comprehensive antithrombotic therapy 
targeting different mechanisms should be given to COVID‑19 
patients who develop thrombosis, such as stroke. We believe 
that traditional antithrombotic therapy plus anti‑inflammatory 
therapy should be used as the basis of comprehensive 
antithrombotic therapy.

The present review focused on the mechanisms that lead 
to the hypercoagulable state in patients with COVID‑19 
and the association between AIS and these mechanisms. A 
more comprehensive treatment method was also provided to 

Table V. Methods for the prevention of acute ischemic stroke.

Population in question	C urrent recommendation	 Potential drugs for research

General population without	 Regular physical activity, consumption of sufficient	 None
risk of COVID‑19	 water/liquids, low‑fat diet, low‑salt diet	
Asymptomatic patients	 No prophylaxis, regular physical activity, consumption	D OACs, aspirin, clopidogrel
screened positive for	 of sufficient water/liquids, low‑fat diet, low‑salt diet	
SARS‑CoV‑2
COVID‑19 patients being	 Individual risk assessment for AIS, regular physical	D OACs, aspirin, clopidogrel
managed at the outpatient	 activity, consumption of sufficient water/liquids, 	
clinic	 low‑fat diet, low‑salt diet	
COVID‑19 patients	 Prophylactic LMWH if not contraindicated, 	D OACs, aspirin, clopidogrel, 
admitted to hospital in	 consumption of sufficient water/liquids, 	 Tpa, tocilizumab, dornase alfa, 
non‑ICU setting	 low‑fat diet, low‑salt diet	 pirfenidone, tiotropium, colchicine, 
		  eculizumab, HrsACE2
Severe COVID‑19	 Prophylactic LMWH if not contraindicated	 Tpa, tocilizumab, dornase alfa, 
patients requiring ICU		  pirfenidone, tiotropium, colchicine, 
		  eculizumab, HrsACE2
Discharged COVID‑19	 Individual risk assessment for AIS, prophylactic	D OACs, aspirin, clopidogrel
patients	 anticoagulation for 45 days if not contraindicated, 	
	 regular physical activity, consumption of sufficient	
	 water/liquids, low‑fat diet, low‑salt diet	

SARS‑CoV‑2, acute respiratory syndrome coronavirus 2; DOAC, direct oral anticoagulant; AIS, acute ischemic stroke; LMWH, low molecular 
weight heparin; Tpa, tissue plasminogen activator; ICU, intensive care unit; HrsACE2, human recombinant soluble angiotensin‑converting 
enzyme 2.
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complement traditional antithrombotic therapy. In addition, 
methods for the prevention of AIS were discussed. Since 
patients with severe COVID‑19 are prone to complications 
with AIS, antithrombotic therapy should be given in the early 
stages of COVID‑19 to prevent the occurrence of AIS.
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