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Abstract
Background  Extracorporeal membrane oxygenation (ECMO) is a vital technique for severe respiratory or heart failure 
patients. Bleeding and thrombotic events are common during ECMO and negatively impact patient outcomes. Unfractionated 
heparin is the primary anticoagulant, but its adverse effects limit its use, necessitating alternative anticoagulants.
Objective  Review available alternative anticoagulants for adult ECMO patients. Explore potential novel anticoagulants for future 
ECMO use. Aim to reduce complications (bleeding and thrombosis) and improve safety and efficacy for critically ill ECMO patients.
Methods  Comprehensive literature review of existing and emerging anticoagulants for ECMO.
Results  Identified a range of alternative anticoagulants beyond unfractionated heparin. Evaluated their potential utility in 
mitigating ECMO-related complications.
Conclusion  Diverse anticoagulant options are available and under investigation for ECMO. These alternatives may enhance 
patient safety and outcomes during ECMO support. Further research and clinical studies are warranted to determine their 
effectiveness and safety profiles.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is a mechan-
ical circulatory life support device used in critically ill 
patients with respiratory or circulatory failure [1]. In recent 
years, the use of ECMO has gradually increased, the 2019 
coronavirus disease (COVID-19) pandemic has drawn special 
attention to ECMO, and the role of ECMO has been more 
prominent than ever in the COVID-19 era [2, 3]. ECMO is 
widely used to treat adult patients with severe cardiorespira-
tory failure due to COVID-19 [4]. However, the occurrence 
of bleeding and thrombotic event (BTE) complications dur-
ing ECMO, which seriously affects the prognosis, urgently 
needs to be addressed. A national cohort study from France 

showed that the incidence of bleeding in ECMO-supported 
COVID-19 patients (29%) was high and strongly associated 
with in-hospital mortality [5]. In addition, a meta-analysis 
showed that the incidence of major bleeding events (includ-
ing major bleeding and intracranial hemorrhage) in ECMO-
supported COVID-19 patients was 47.3%, and the incidence 
of thrombotic events (including circuit thrombosis, ischemic 
stroke, and pulmonary embolism) was 35.9% [6]. Two other 
studies from the Extracorporeal Life Support (ELSO) Reg-
istry also reported high rates of bleeding and thrombosis in 
ECMO patients as the leading complications [7, 8].

Any anticoagulation strategy ideally should keep the bal-
ance between prevention of thrombosis and risk of bleeding. 
An appropriate anticoagulation strategy is essential to pre-
vent thrombosis and minimize the risk of bleeding.

Antithrombin (AT) is an endogenous inhibitor of vari-
ous coagulation factors [9]. UFH exerts its anticoagulant 
effect by interacting with AT. The combination of UFH and 
AT accelerates the formation of complexes between AT and 
thrombin, thereby inactivating thrombin, which in turn leads 
to the inactivation of various coagulation factors in the coag-
ulation cascade (Fig. 1) [10]. Unfractionated heparin (UFH) 
is still the anticoagulant of choice for ECMO because of its 
rapid onset of action, low price, and ease of neutralization 
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by protamine [11]. However, the use of heparin is subject to 
many limitations, including heparin-induced thrombocyto-
penia (HIT), heparin resistance, and the tendency of heparin 
to bind to various plasma proteins resulting in unpredictable 
anticoagulant responses [12]. Dose adjustment of heparin is 
largely dependent on anticoagulation monitoring, which is 
also controversial. Moreover, the need for AT supplementa-
tion during heparin infusion is also a challenge. A national 
multicenter retrospective study [13] from France showed 
that HIT caused by using heparin as an anticoagulant under 
VA-ECMO therapy in adults is a rare complication with a 
prevalence of approximately 0.36 and an associated mortal-
ity rate 33%. Although HIT is relatively rare, it can be a life-
threatening complication. Patients with the recent pandemic 
of COVID-19 infection often have hypercoagulable blood 
and are prone to heparin resistance [14, 15]. There is an 
urgent need for safe and effective heparin replacement anti-
coagulants in this population. Using alternative anticoagu-
lants during ECMO is necessary for serious adverse effects 
caused by heparin and in specific populations. This article 
describes the currently available alternative anticoagulants 
for use during ECMO support, including low molecular 
weight heparin (LMWHs), direct anticoagulants (DTIs), 
Factor Xa inhibitors, regional citrate, the broad-spectrum 
anticoagulant Nafamostat Mesilate (NM), antiplatelet 
agents, and some new target anticoagulants that may be used 
in the future.

LMWHs

Low molecular weight heparin (LMWHs) is a type of 
heparin prepared by depolymerization of UFH, and its 
molecular weight is only one-third of that of heparin [16]. 
LMWHs have fewer adverse effects, produce predictable 

anticoagulation, and are administered subcutaneously at 
a fixed dose without repeated continuous anticoagulation 
monitoring [17]. However, there is no evidence that the ben-
efits of LMWHs mentioned above are equally applicable in 
ECMO patients. LMWHs include enoxaparin, dalteparin, 
tinzaparin, and nadroparin. Compared with other LMWHs, 
enoxaparin’s excellent pharmacological and chemical prop-
erties, including longer elimination half-life, superior bio-
availability, and better anticoagulant effect, make it more 
widely used in clinical practice [17].

There are limited data on the use of enoxaparin in ECMO 
patients. One observational study suggests that the use of 
LMWHs for prophylactic anticoagulation in VV-ECMO 
patients is feasible [18]. A retrospective study that included 
102 patients on perioperative ECMO support for lung trans-
plantation showed no difference in serious bleeding events 
between the two groups when comparing enoxaparin and 
UFH for systemic anticoagulation. However, patients on 
enoxaparin had a lower risk of thromboembolic events 
[19]. Another study reported systemic standardized antico-
agulation with enoxaparin in 62 of 98 patients treated with 
ECMO for respiratory failure due to COVID-19 and heparin 
in the other 36 patients. The results showed that the prob-
ability of thromboembolic and bleeding events was less in 
the enoxaparin group than in the UFH group. It is suggested 
that subcutaneous enoxaparin may be a feasible anticoagula-
tion strategy for COVID-19 patients requiring ECMO sup-
port [20]. Alessandro et al. concluded, based on their own 
center’s experience, that the use of subcutaneous injection 
of enoxaparin three times daily, in conjunction with anti-
factor Xa (anti-Xa) monitoring in ECMO patients, is feasible 
and safe in the COVID-19 patient population requiring VV-
ECMO [21]. However, the half-life of enoxaparin is 4.5 h, 
and the dosage of three times a day is easy to accumulate in 
the body and increase the risk of bleeding. In addition, most 

Fig. 1   UFH exerts its effects 
through antithrombin. Direct 
FXa factor inhibitors can 
directly bind to factor Xa to 
inactivate it
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patients receiving ECMO therapy may have liver and kidney 
damage, and enoxaparin is easy to accumulate in patients 
with renal insufficiency, and additional monitoring may be 
required. The need for dose adjustment and the usefulness 
of anti-Xa monitoring in patients with renal insufficiency 
remain controversial [22]. The above limits the application 
of LMWHs on ECMO. Moreover, due to the relatively small 
sample size of studies using enoxaparin in ECMO and the 
single-center and retrospective design of the available stud-
ies, further prospective randomized controlled trials (RCT) 
are needed to determine its safety and efficacy during anti-
coagulation in ECMO.

DTIs

DTIs are a relatively new class of short-acting anticoagulants 
with predictable pharmacokinetics, do not bind other plasma 
proteins or cells, are unaffected by serum, produce a pre-
dictable anticoagulant response, and inhibit clot-bound and 
circulating thrombin, producing a more potent anticoagulant 
effect compared to heparin [23]. The synthetic DTIs arga-
troban, bivalirudin, and lepirudin have been administered 
to ECMO patients. Bivalirudin and argatroban are currently 
among the more studied DTIs during ECMO. One study 
reported the successful treatment of HIT in a 21-month-old 
child who received lepirudin anticoagulation after cardiac 
surgery and ECMO [24]. However, lepirudin was announced 
as no longer being produced in 2012.

Argatroban

Argatroban is a synthetic small-molecule drug derived 
from L-arginine that specifically blocks the active site of 
thrombin, thus acting independently of AT. Argatroban is 
a monovalent competitive inhibitor of thrombin [25]. Arga-
troban binds to the active catalytic site of thrombin as a 
non-covalent bond, forming a reversible complex (Fig. 2). 
Argatroban, as a first-line anticoagulant in HIT patients, is 
expected to be an alternative therapy to heparin anticoagula-
tion in ECMO-supported patients [26]. A case report reveals 
two cases of HIT during ECMO support with heparin as an 
anticoagulant in adults, immediate discontinuation of hepa-
rin to enable anticoagulation with argatroban successfully 
controlled the HIT, and the patients recovered well [27]. The 
study by Menk et al. showed that major and minor bleeding 
occurred between the two groups anticoagulated with arga-
troban or heparin in patients with acute respiratory distress 
syndrome (ARDS) receiving ECMO or pumpless extra-
corporeal lung assist (pECLA). The incidence of thrombo-
embolic events was generally low and similar. Argatroban 
appears to be a viable, effective, and safe anticoagulant in 
critically ill ARDS patients receiving extracorporeal lung 

support [28]. This report suggests that argatroban may be an 
alternative anticoagulant for pregnant women who develop 
HIT and AT-III deficiency during ECMO. A meta-analysis 
that included 337 ECMO patients anticoagulated with arga-
troban showed that the incidence of BTE complications in 
the argatroban group was similar to that of patients treated 
with regular heparin (UFH) [29]. In addition, studies have 
pointed out that in VV-ECMO patients without HIT, arga-
troban is not inferior to UFH in bleeding and thrombosis, 
and related complications are similar, but argatroban has less 
effect on thrombocytopenia during ECMO [30]. In patients 
requiring ECMO, argatroban appears to be a potential alter-
native anticoagulant to UFH. Argatroban has a short half-life 
(Table 1) and is less likely to accumulate but has a prolonged 
half-life in patients with hepatic impairment, requiring dose 
reduction in such patients [30].

Considering the previous experience, argatroban appears 
to be a safe and effective heparin replacement therapy dur-
ing ECMO support. However, further studies are needed to 
determine the efficacy and safety of argatroban relative to 
other available drugs.

Although the direct drug cost of argatroban is higher, it is 
comparable to UFH after considering HIT testing and trans-
fusion [27, 30]. And for patients with low AT levels, arga-
troban may be more cost-effective during ECMO treatment 
without increasing the risk of adverse events [31]. Arga-
troban is a parenteral direct thrombin inhibitor that requires 
close monitoring to ensure safety and efficacy. Furthermore, 
argatroban undergoes rapid hepatic metabolism, making its 
administration cautious in patients with impaired liver func-
tion [32]. Research has indicated that critically ill patients 
requiring Extracorporeal Life Support (ECLS) may neces-
sitate a reduction in argatroban dosage [33]. Once a severe 
bleeding event occurs, no specific reversal agent neutral-
izes it. An ongoing prospective randomized controlled trial 
of the safety and feasibility of argatroban in patients sup-
ported by ECMO has been registered on December 1, 2021, 

Fig. 2   Univalent argatroban bind competitively and reversibly to the 
active exosite
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and results from this trial are expected by the end of 2024 
(NCT05226442).

Bivalirudin

Bivalirudin is a synthetic peptide that, unlike heparin, 
directly inhibits thrombin activity by simultaneously bind-
ing to the active catalytic site of thrombin and the substrate 
recognition site (exosite 1). Bivalirudin reaches its peak 
blood concentration 2 min after sedation (Table 1) [34]. It 
has a short half-life of 45 min. Thrombin has three structural 
domains: an active site and two exosites. Exosite 1 acts as a 
binding region for substrates (e.g., fibrin), and exosite 2 is the 
binding region for heparin (Fig. 3) [35]. The Caridi-Scheible 
team used bivalirudin as an anticoagulant in all 32 runs of 

the VV-ECMO, but rarely had to change the ECMO circuit 
due to thrombosis; in contrast, the three patients with UFH 
in the ECMO circuit required at least one circuit change, and 
one of them died from a bleeding-related complication [36]. 
A case report reported that a patient on VV ECMO awaiting 
lung transplantation developed acute HIT and underwent suc-
cessful lung transplantation after 21 days of ECMO support 
with a switch to VA-ECMO and low-dose (target ACT of 
160-180S) bivalirudin anticoagulation. Based on the above 
experience, they concluded that bivalirudin is the first-line 
anticoagulant for patients undergoing lung transplantation 
who present with acute HIT using ECMO [37].

A meta-analysis including 9 retrospective studies showed 
that bivalirudin might provide a survival benefit and reduce 
thrombosis in adult patients treated with ECMO compared 
with heparin. However, there was no statistically signifi-
cant difference between the bivalirudin and heparin groups 
regarding events leading to significant bleeding [38]. And 
because of the inclusion of retrospective studies with a 
relatively low level of evidence, multicenter RCT studies 
are urgently needed to validate the efficacy and safety of 
bivalirudin as an anticoagulant for ECMO. Sanfilippo et al. 
based this meta-analysis positively and suggested several 
studies that the authors omitted to include [39]. However, 
including the three studies, the authors ignored does not 
affect the final result. Bivalirudin is promising as an alter-
native to plain heparin anticoagulation. Moreover, several 
meta-analyses published in recent years have also shown 
the safety and feasibility of bivalirudin instead of heparin, 
including reduced circuit thrombosis and in-hospital mor-
tality. At the same time, the results of these studies were 
not uniform as to whether they would reduce the risk of 
bleeding [40–47].

Table 1   Pharmacokinetics of enoxaparin, argatroban, fondaparinux, and danaparoid. Vd, volume of distribution; aPTT, activated partial throm-
boplastin time; ACT​, activated clotting time

Enoxaparin Argatroban Bivalirudin Fondaparinux Danaparoid

Class LMWHs DTI DTI Indirect factor Xa inhibitor Selective 
inhibitor of 
anti FXa

Vd 4–5 L 0.174 L/Kg 0.2 L/Kg 7–11 L 9.1 L
Half-life 3–6 h 45 min 25 min 17–21 h 18–24 h
Bioavailability 90–92% 100% 40–80% 100% 100%
Time to peak activity 3–5 h 3–4 h 2–4 min 2–3 h 2–5 h
Monitoring Xa aPTT, ACT​ aPTT, ACT​ No monitoring needed Xa
Elimination Mainly excreted by 

the kidneys
Excreted primarily in 

the feces (65%)
22% is eliminated via 

urine

Renal mechanisms 
(20%) and proteo-
lytic cleavage

Eliminated in urine mainly as 
unchanged drug

Renal

Clearance 0.74 L/h 5.1 L/kg/h 3.4 mL/min/kg 
(renal function 
affects clearance)

N/A 0.36 L/h

Administration route Subcutaneously Intravenous Intravenous Subcutaneously Subcutaneous

Fig. 3   Bivalent bivalirudin bind irreversibly to the active exosite and 
the fibrin-binding site (exosite 1) on thrombin
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According to published research and the experience of 
a few centers, bivalirudin is a promising anticoagulant for 
ECMO, especially in the setting of HIT and heparin resist-
ance. However, it is noteworthy that 20% of bivalirudin is 
eliminated via renal clearance, and its half-life is prolonged 
in patients with renal impairment. Consequently, dose 
adjustments are warranted for patients undergoing con-
current renal replacement therapy (CRRT) during ECMO 
support [36]. Therefore, the eventual use in anticoagulation 
practice for heparin replacement therapy in adult ECMO 
patients urgently requires large multicenter randomized con-
trolled trials in patients receiving ECMO support.

The use of other DTIs (dabigatran, lepirudin, and desir-
din) is limited by their potential for serious adverse effects 
and poor pharmacokinetic profile compared to the newer 
DTIs. Therefore, they are not usually used as anticoagulants 
during ECMO support.

Factor Xa inhibitors

FXa is located at the intersection of the coagulation cas-
cade pathways (Fig. 4) and plays an important role in the 
coagulation process. Therefore, inhibitors targeting FXa 
factor have excellent anticoagulant activity [48]. Direct 
factor Xa inhibitors have a direct inhibitory effect on fac-
tor Xa and are not dependent on AT. Such agents include 
rivaroxaban, edoxaban, and apixaban (usually adminis-
tered orally) and danaparoid. Danaparoid is a low molec-
ular weight heparin that exerts its antithrombotic effect 
mainly through AT-III-mediated inhibition of the Xa fac-
tor. One case reported the use of danaparoid for antico-
agulation management with ECMO support in a patient 
with respiratory failure due to pulmonary embolism with 

high suspicion of HIT, during which no excessive bleed-
ing or thrombosis of the circuit occurred [49]. The long 
half-life of danaparoid and the lack of an antidote limit its 
use in ECMO. However, its minimal effect on the fibrino-
lytic system and its low potential cause bleeding to make 
it attractive for ECMO anticoagulation. Another case 
describes a patient with COVID-19 receiving ECMO sup-
port who was diagnosed with HIT and was administered 
rivaroxaban for various reasons without access to alterna-
tive heparin drugs such as DTIs, no adverse effects such 
as thrombotic or bleeding events were observed, and the 
patient’s prognosis was favorable [50]. No other cases of 
direct factor Xa inhibitors being used during ECMO sup-
port exist. The paucity of enteral administration modalities 
and studies limits their use in ECMO.

Fondaparinux is an indirect factor Xa inhibitor. More data 
on using this class of anticoagulants on ECMO needs to be 
collected. One study reported a case of a patient who devel-
oped HIT during ECMO support after daily subcutaneous 
administration of fondaparinux without significant adverse 
effects [51].

Gastrointestinal dysfunction such as intestinal ischemia 
and impaired abdominal microcirculation are prone to 
occur during ECMO, which slows down the intestinal pas-
sage of FXa inhibitors, and the half-life of FXa inhibitors 
(Table 2) is longer, and they are prone to accumulation, 
thereby increasing bleeding risk [52, 53]. Andexanet Alfa, 
a novel antidote to the anticoagulation effects of Factor Xa 
inhibitors, was approved by the FDA in 2018 for the reversal 
of life-threatening and uncontrollable bleeding caused by 
apixaban and rivaroxaban [54, 55].

Factor Xa inhibitors have significant anticoagulant effects. 
Although reversal agents are available, they still need to be 
used with caution in patients at high bleeding risk.

Fig. 4   Mechanisms of throm-
bosis and therapeutic targets 
of the anticoagulant. The 
coagulation cascade includes 
intrinsic (FXII/XIIa/, FXI/XIa, 
FIX/FIXa, FX/Xa), extrinsic 
(TF, FVII/VIIa, and FX/Xa), 
and common pathways (FX/Xa, 
FII/IIa, and FXIII/XIIIa). The 
coagulation process supported 
by ECMO is mainly initiated 
through the intrinsic pathway 
(contact pathway) which is initi-
ated. TF indicates tissue factor; 
TXA2, thromboxane A2. The 
dashed arrows indicate the sites 
of action or inhibition of the 
drugs. Black arrows represent 
the factors going from their 
inactive to active states
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Nafamostat mesilate

Nafamostat Mesilate (NM) is a synthetic, low molecular ser-
ine protease inhibitor with a short half-life (5–8 min) metab-
olized in the liver and blood and excreted via the kidneys 
and intestines. NM produces adequate anticoagulation by 
inhibiting thrombin, fibrin, and factors Xa and XIIa and acts 
independently of AT as a spectral anticoagulant [56, 57]. 
NM is currently used for anticoagulation in ECMO patients 
[58, 59]. Dosage and monitoring of some anticoagulants are 
shown in Table 3.

The effect of NM on bleeding risk is controversial. Some 
studies have presented different conclusions. In a sizeable 
ECMO-supported animal model, NM anticoagulation was 

associated with fewer bleeding complications than UFH 
[60]. The results of Han et al. [61] also showed a lower rate 
of bleeding events with NM compared to heparin (p = 0.05), 
while Lim et al. [62] reported that bleeding complications 
were significantly higher in patients treated with NM com-
pared to those treated with heparin (p = 0.03), while throm-
boembolic events were comparable. In contrast, Lee et al. 
concluded that NM should be considered a safer method of 
local anticoagulation in VA-ECMO for patients at high risk 
of bleeding [63].

NM can be used as an alternative to UFH and combined 
with UFH. Hyperkalemia is a more common problem with 
NM anticoagulation, especially in patients with renal fail-
ure [64]. In addition, some reports suggest that NM causes 
severe allergic reactions, such as fatal allergic reactions and 
severe abdominal pain caused by allergy [65]. Although 
NM has no antidote, its unique pharmacological profile and 
very short half-life make it attractive in the ECMO popula-
tion. Moreover, it has been suggested that NM exhibits anti-
inflammatory properties during ECMO treatment [66]. NM 
also has antiviral activity with potential benefits for patients 
with moderate to severe COVID-19 [66]. Therefore, it is 
desirable for ECMO-supported COVID-19 patients.

Because the current use of NM as an anticoagulant in 
ECMO patients is based on retrospective studies and a few 
case reports, the quality of evidence could be better. There 
need to be more prospective trials to verify its efficacy and 

Table 2   Pharmacokinetics of rivaroxaban, edoxaban, apixaban, Nafamostat Mesilate, and cangrelor

Rivaroxaban Edoxaban Apixaban Nafamostat 
Mesilate

Cangrelor PGE1

Class Factor Xa 
inhibitor

Factor Xa 
inhibitor

Factor Xa inhibitor Synthetic serine 
protease 
inhibitor

P2Y12 receptor 
inhibitor

Antiplatelt agents

Vd 50 L  > 107 L 21 L N/A 3.9 L N/A
Half-life 5–9 h in adults

11–13 h in the 
elderly

10–14 h 8–15 h 5–8 min 3–6 min 5–10 min

Bioavailability 66% 62% 50% N/A Complete and 
immediate

98%

Time to peak 
activity

2–4 h 1–2 h 1–4 h 60–90 min 2 min N/A

Monitoring No monitoring 
needed

No monitoring 
needed

No monitoring needed aPTT N/A N/A

Elimination 2/3 renal excre-
tion

1/3 feces excre-
tion

1/2 biliary/
intestinal 
excretion

1/2 renal excre-
tion

1/3 biliary excretion
1/3 renal excretion

Two metabo-
lites of NM 
are renally 
excreted 
Nafamostat 
accumulates 
in the kidneys

58% was recov-
ered in urine

35% of was in 
feces

Primarily by the 
kidney

Clearance 10 L/h 22 L/h 3.3 L/h N//A 43.2 L/h 115 L/min
Administration 

route
Oral Oral Oral Intravenous Intravenous Intravenous

Table 3   Dosage and monitoring of some anticoagulants

Anticoagulants Dose range Monitoring

UFH First: 50–100 U/kg
Maintain: 10–60 U/kg/h

ACT: 180–220 S
APTT: 50–60 S
AntiXa: 0.2–0.3 IU/ml

LMWHs 0.8 mg/kg/d AntiXa: 0.6–0.8 IU/ml
Argatroban Maintain: 0.5–2 μg/kg/h APTT: 50–70 S
Bivalirudin Maintain: 0.03–0.05 mg/

kg/h
APTT: 50–60 S

NM Maintain: 20 mg/h ACT: 160–200 S
APTT: 50–70 S
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safety in ECMO, so it is impossible to conclusively state 
whether it improves bleeding and thrombotic complica-
tions in ECMO patients. A multicenter randomized con-
trolled clinical trial investigating the efficacy and safety of 
NM anticoagulation for VV-ECMO is under recruitment 
(NCT05555641).

Citrate

Topical citrate anticoagulation for hemodialysis was first 
introduced in 1961 [32]. It is an ideal alternative to heparin 
for patients at increased risk of bleeding. It can be effectively 
anticoagulated through the dialysis circuit without affect-
ing the patient’s systemic coagulation [32]. The primary 
mechanism of citrate anticoagulation is to prevent platelet 
activation and coagulation reaction through calcium ion 
chelation, inhibiting coagulation in both the intrinsic and 
extrinsic coagulation pathways [32].

Patients on ECMO often require continuous renal 
replacement therapy (CRRT), and CRRT circuits are usu-
ally not heparin-coated, increasing the risk of thrombotic 
events [67]. CRRT usually employs topical anticoagula-
tion with citrate [68]. A retrospective study indicated that, 
among patients undergoing CRRT during VV-ECMO, the 
addition of regional citrate anticoagulation (RCA) to the 
CRRT circuit (RCA + UFH group) resulted in decreased 
clotting propensity of the CRRT circuit and prolonged cir-
cuit lifespan compared to those receiving sole systemic 
heparin anticoagulation (UFH group). Furthermore, no 
complications associated with citrate anticoagulation were 
documented. This finding suggests that regional citrate 
anticoagulation, employed as an adjunctive anticoagula-
tion approach for the CRRT circuit during the course of 
ECMO, may potentially constitute a viable, secure, and 
efficacious technique [68]. Other studies have suggested 
that the additional immunomodulatory effects of RCA 
additional immunomodulatory effects may be more ben-
eficial than heparin in this regard [69]. However, citrate use 
in local ECMO anticoagulation therapy is limited by citrate 
clearance [31, 32]. The main problem with citrate is that 
due to the high blood flow, the amount of citrate theoreti-
cally needed for regional anticoagulation would overflow 
the organism. Moreover, rapid changes in blood flow as 
sometimes occurring on ECMO would make adaptation of 
citrate dose impossible. Citrate may be used as add on for 
regional anticoagulation in additional RRT, but NOT for 
the ECMO circuit itself. A clinical trial is ongoing evalu-
ating the safety and efficacy of using citrate as a regional 
anticoagulant in ECMO circuits in high-risk infants under 
1 year of age (NT00968565).

Antiplatelet agents

In recent years, researchers have continuously explored and 
optimized therapeutic strategies for hemostatic balance in 
the extracorporeal circuit. Inhibition of platelet aggregation 
has been proposed as an additional anticoagulant in addi-
tion to anticoagulation. The use of additional anticoagulants 
minimizes costs without increasing adverse effects.

Cangrelor

Cangrelor is an ATP analogue that inhibits ADP-induced 
platelet aggregation and is a platelet P2Y12 receptor inhibi-
tor [70]. It acts as an anticoagulant by reversibly inhibiting 
platelet action. Platelet function returns to normal within 
1 h, and its half-life is extremely short, ranging from 3 to 
6 min [71, 72]. It is rapidly depleted after discontinuation 
of infusion and does not require antidotes to reverse. Anti-
coagulation in ECMO supported patients who require dual 
antiplatelet therapy (DAPT) is challenging. Anticoagula-
tion with DAPT + mechanical circulatory support (MCS) 
may increase the risk of bleeding [73]. Data on cangrelor 
use on ECMO are limited, with only sporadic reports. A 
single-center retrospective study was designed to describe 
the outcomes associated with the use of cangrelor during 
VA-ECMO [73]. This study reported 10 bleeding events and 
1 deep vein thrombosis in 13 patients treated with cangrelor 
0.75 μg/kg/min who required ECMO support for concomi-
tant cardiogenic shock after percutaneous coronary interven-
tion (PCI).

Katz et al. reported on the experience with cangrelor in 
17 patients with cardiogenic shock requiring VA ECMO and 
Impella support after coronary stenting [74]. Nine patients 
were treated with VA-ECMO, and 5 were treated with VA-
ECMO combined with Impella. All patients received triple 
bolus therapy with aspirin, heparin, and cangrelor, and the 
results showed that bleeding events occurred in 6 of the 
9 patients, and no patients experienced thrombosis. They 
concluded that cangrelor below 0.75 μg/kg/min might be 
beneficial. Another single-center trial also reported that 
low-dose cangrelor combined with standard-strength biva-
lirudin anticoagulation was feasible for patients undergoing 
PCI during VA-ECMO-supported acute coronary syndrome 
(ACS)-associated cardiogenic shock(CS)/cardiac arrest 
(CA) [75].

Cangrelor has been used successfully to prevent thrombo-
sis in VA ECMO patients [76]. However, the risk of bleeding 
is higher with the recent use of cangrelor on ECMO, and 
low-dose cangrelor may be an effective anticoagulation strat-
egy. Therefore, the risk-to-benefit ratio should be thoroughly 
evaluated for ECMO therapy.
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Prostaglandin E1 (alprostadil; PGE1)

Prostaglandin E1 (PGE1) inhibits platelet aggregation, 
inhibits ADP-mediated platelet activation, and reduces 
inflammation [77–79]. Low-dose UFH and PGE1 anticoagu-
lation can increase the biocompatibility of in vitro systems 
and enhance the efficacy of artificial organs without increas-
ing the risk of adverse reactions [80]. A prospective RCT 
showed that PGE1 as add-on therapy to heparin is safe. They 
divided VV-ECMO patients into two groups, 24 in each 
group. One group of patients was anticoagulated with 5 ng/
kg/min PGE1 plus low-dose heparin, and the other group 
used heparin alone for standardized anticoagulation. Both 
groups included 24 patients. While not reducing the rate 
of daily packed red blood cell transfusions during ECMO 
support, the incidence of BTE was reduced, and circuit life 
was longer in VV-ECMO patients receiving PGE1 [80]. The 
results need to be verified by a larger sample size and a 
multi-center prospective trial.

Possible future use of anticoagulants

Developing anticoagulants with low bleeding risk has been 
challenging, but recent studies suggest that drugs targeting 
the contact system may be a good option (Fig. 4). Medica-
tions that target the coagulation factors of the contact system 
(intrinsic pathway), including XII, XI, and IX, may provide 
a safer anticoagulation modality.

FXII is critical in thrombosis but plays a minimal role in 
hemostasis, and inhibition of FXIIa reduces inflammation 
[81]. The humanized antibody 3F7 (anti-CD73 monoclo-
nal antibody), developed against FXII factors, selectively 
blocks the activation of FXIIa coagulation factors with 
high affinity within a certain range [82]. In a preclinical 
study, it was shown in an ECMO-supported rabbit model 
that infusion of 3F7 provided long-period thromboprotec-
tion as well as heparin and did not increase the duration of 
bleeding or blood loss at the site of injury compared with 
the heparin group [83]. A humanized FXII mouse model 
generated with human F12 gene (knock-in) mice showed 
that 3F7 reduced or avoided thrombosis in FXII mice with-
out affecting hemostasis [84]. Targeting factor XII provides 
safe anticoagulation.

FXIa is also a critical factor in thrombosis and plays a 
minor role in hemostasis. Drugs developed for FXIa have 
shown potent antithrombotic effects in animal studies with-
out an increased risk of bleeding [85]. Drugs developed 
for FXIa include Abelacimab, AB023, and Milvexian. 
Abelacimab, an FXIa factor inhibitor, is an anti-FXIa anti-
body that may not cause bleeding while resisting thrombo-
sis [86]. Abelacimab binds FXI with high affinity, thereby 

preventing its activation by XIIa [87]. It was safe and well 
tolerated in healthy subjects and patients with atrial fibril-
lation. Data from PK and PD support its use in clinical 
development [88]. Abelacimab is validated in a phase III 
study in patients with cancer-related thrombosis. A clini-
cal trial of milvexian, a small molecule FXIa inhibitor, 
demonstrated its safe tolerability and favorable pharma-
cokinetic profile suitable for further clinical development 
[89]. AB023 has also shown good safety tolerability in a 
small sample of phase II clinical trials in patients with end-
stage renal disease (ESED) receiving heparin-free chronic 
hemodialysis [90]. Ongoing or future phase 3 clinical tri-
als will help determine the rationale for FXIa inhibitors 
in patients at higher risk for bleeding or thrombosis. In 
the ECMO setting, FXIIa is the primary activator of FXIa 
[91]. Thromboprophylaxis in the ECMO circuit may be an 
indication for FXI(a) inhibitors.

One study designed a fusion protein Infestin-PN2KPI(IP) 
by linking the FXIIa inhibitor infestin 4 to the FXIa inhibitor 
PN2KPI. IP inhibits thrombosis without risk of bleeding and 
shows sound anticoagulant effects [92].

The research and development of drugs targeting the 
FIX(a) system has declined in recent years compared to 
drugs targeting FXII and FXI. FIX(a) is also crucial in 
coagulation. It contains the rate-limiting steps for thrombin 
generation and thrombosis, and the available findings sug-
gest that targeting the FIX(a) system to achieve safe antico-
agulation is also possible [93].

The findings suggest that coagulation factors targeting the 
contact pathway may provide safe and effective anticoagulation.

ECMO without anticoagulation

Ceasing continuous systemic anticoagulation during 
ECMO support may reduce the bleeding risks in high-risk 
populations with conditions such as trauma and dissemi-
nated intravascular coagulation (DIC). Currently, there is 
limited research concerning anticoagulation-free periods 
during ECMO. A meta-analysis encompassing 201 adult 
patients undergoing ECMO without continuous systemic 
anticoagulation revealed comparable circuit and patient 
thrombosis rates between those without continuous sys-
temic anticoagulation and those receiving such treatment. 
However, drawing conclusions about bleeding outcomes 
remains challenging [94]. Given significant heterogeneity 
among the included studies and inherent biases, and in the 
absence of robust large-scale prospective clinical inves-
tigations, omitting routine anticoagulation is not recom-
mended. Nonetheless, omission of anticoagulation might 
present an attractive option for certain high-risk bleeding 
patients undergoing ECMO.
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Summary and outlook

Bleeding and thrombotic events during ECMO support remain 
significant causes of poor patient prognosis. Although UFH 
remains the primary anticoagulant in ECMO therapy, there is an 
urgent need for alternative anticoagulants in this population with 
HIT and heparin resistance. Our article gives a more compre-
hensive overview of current or future drugs available for ECMO 
anticoagulation to provide safer and more effective anticoagula-
tion options for critically ill patients, thereby improving their 
prognosis. The drugs currently available for UFH replacement 
therapy for ECMO patients have limitations, all carry a risk 
of bleeding, and there are limited data on their use on ECMO. 
There is relatively more experience with using DTIs in ECMO, 
but whether they have better safety and efficacy than heparin 
remains to be demonstrated in large RCTs. Direct or indirect 
factor Xa inhibitors are also a new class of anticoagulants, and 
there are few studies on their use in the ECMO circuit, and much 
research is still needed. In order to improve the prognosis of crit-
ically ill patients supported by ECMO, the search for anticoagu-
lants with low bleeding risk is crucial. It is critical that further 
clinical research be conducted on alternative anticoagulants in 
adult patients in order for management to be maximized without 
placing the ECMO patients at unnecessary risk. Several novel 
target agents are undergoing relevant clinical trials due to their 
superior pharmacological properties. It should be noted that 
each anticoagulant and anticoagulation strategy that replaces 
standardized anticoagulation with heparin requires RCTs to 
determine their safety and efficacy for application in clinical 
practice. Expect more anticoagulants with increased efficacy 
while reducing side effects, appropriate antidotes, predictable 
pharmacokinetics, and superior pharmacological properties to 
complement and optimize anticoagulation strategies in antici-
pation of maximum improvement in patient clinical outcomes.
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