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The field of percutaneous mechanical circulatory sup-
port (pMCS) and by extension of critical care has evolved 
markedly over recent years. In particular, the use of extra-
corporeal membrane oxygenation (ECMO) of balloon 
pumps and more recently microaxial-flow pumps has 
become more reliable with steadily improving technol-
ogy and increasing experience, reflected in its improving 
results. Also, the possible duration of MCS support has 
greatly increased (from days to weeks) due to improved 
oxygenators and better medical management in dedi-
cated high-volume ECMO centres [1].

Mechanical complications of pMCS have decreased 
with introduction of centrifugal pumps, low-resistance 
membranes and modern coating surfaces. Neverthe-
less, complications are still frequent and often jeopard-
ize the patient’s outcome and survival. Critically ill pMCS 
patients often present with underlying renal and hepatic 
failure or sepsis, causing a pro-coagulant acute phase 
response [2]. Additionally, exposure of blood to the non-
biologic (negatively charged) artificial surfaces of pMCS 
circuits causes a complex activation of the coagulation 
system, next to platelet and leucocyte activation. This 
ultimately leads to a systemic inflammatory response syn-
drome with further disruption of the normal coagulation 
system. All these factors are contributory to both throm-
bosis (especially neurological complications and limb 
ischaemia) and bleeding. Not surprising, the reported 
rates of ECMO-associated venous thromboembolism 

(VTE) range from 18 to 85% [3]. Therefore, antithrom-
botic therapy is needed to maintain the patency of the 
extracorporeal circuit and reduce the risk of thrombo-
sis and consumption coagulopathy. On the other hand, 
minimizing the risk of haemorrhage is crucial, as bleed-
ing complications are not only devastating by them-
selves, but also necessitate prompt discontinuation of 
the anticoagulation therapy, further jeopardizing pMCS 
[4]. Up to 16% of venoarterial ECMO patients develop 
intracranial haemorrhage and nearly 60% of the ECMO 
population develops major bleeding. This can be associ-
ated with bad outcome, even if the patient survived the 
ECMO treatment [5]. Therefore, the precarious balance 
between bleeding and thrombotic complications forms 
a daily struggle for critical care physicians and strongly 
influences MCS-induced morbidity and mortality [6].

Mechanical circulatory support and (anti)
coagulation
Despite the rapid evolution of high-tech supportive ICU 
equipment, anticoagulation protocols worldwide are still 
based on unfractionated heparin (UFH), the oldest anti-
coagulant [7]. UFH has many advantages: it targets both 
the intrinsic and extrinsic system, has a short half-life, is 
easy to reverse by protamine, is not contra-indicated in 
renal failure (UFH is mainly excreted by the reticular–
endothelial systems) and is inexpensive. Therefore, most 
ECMO centres have ample UFH experience. Neverthe-
less, UFH-monitoring can be very challenging and the 
UFH dose–response effect is unpredictable due to the 
indirect effect on the coagulation cascade via antithrom-
bin (AT). Indeed, acquired AT deficiency is common 
in ICU patients due to either decreased production, 
increased losses or consumption by the pMCS. Although 
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routinely AT supplementation is common practice in 
many ECMO centres, evidence from prospective trials 
is lacking and retrospective data have associated AT use 
with an increase in both thrombotic and haemorrhagic 
ECMO complications [7, 8]. The activated partial throm-
boplastin time (aPTT) is an easily available test that is 
commonly used for UFH monitoring. Nevertheless, it 
may not provide an accurate measure of UFH antico-
agulant effect as a result of various confounding factors 
which are more marked in critically unwell patients (low 
fibrinogen, liver failure, inflammation). The anti-Xa assay 
is not as significantly affected by these confounding fac-
tors and has been proposed as a first-choice assay for 
monitoring UFH during pMCS, but may not be avail-
able in all centres [9]. The use of thromboelastography-
guided UFH monitoring as an attempt to additionally 
include platelet effects and fibrinolysis has been studied, 
but needs further validation [10]. Another major con-
cern during UFH therapy on ECMO is heparin-induced 
thrombocytopaenia (HIT). Although up to 70% of 
patients on cardiopulmonary bypass develop anti-PF4/

heparin-antibodies, only 4% had proven HIT. Similarly, 
the incidence of HIT on ECMO is much lower as previ-
ously assumed (reported as 0.36% in 5797 VA-ECMO 
patients) [11]. Therefore, the validation of HIT by func-
tional assays is strongly encouraged. Although direct 
thrombin inhibitors argatroban and bivalirudin are com-
monly used in patients with HIT (Table 1), only few cen-
tres use these anticoagulants in pMCS patients because 
of their renal and hepatic clearance, challenging monitor-
ing and high cost [12].

A crucial question remains how extracorporeal circuits 
activate our coagulation system: is it mainly driven by 
the intrinsic (contact activation) or extrinsic (tissue fac-
tor) coagulation pathway, via platelet activation or shear 
stress-induced acquired von Willebrand abnormalities, 
or a combination as summarized in Fig. 1? Therefore, fur-
ther unravelling the mechanism by which artificial sur-
faces activate the human coagulation system would allow 
us to design a pMCS-tailored antithrombotic strategy for 
this critically ill patient group, avoiding the devastating 
side effects of UFH.

Table 1  Various anticoagulation strategies in the setting of mechanical circulatory support

UFH unfractionated heparin, ELSO Extracorporeal Life Support Organization, ACT​ activated clotting time, aPTT activated partial thromboplastin time, MCS mechanical 
circulatory support, VV-ECMO venovenous extracorporeal membrane oxygenation, HIT heparin-induced thrombocytopaenia, PCI percutaneous coronary intervention, 
AMI acute myocardial infarction, NO nitric oxide, ICH intracranial haemorrhage, PMEA poly-2-methoxyethylacrylate, PPC phosphorylcholine

Agent/therapy Mechanism of action Monitoring Indications/remarks/comments

Heparin (UFH) [7] Factor II/FXa inhibition via antithrombin (ACT), aPTT
Anti-Xa

Standard of care in MCS-treated patients (ELSO 
recommended); challenging to monitor, 
dose–response variability, indirect effect via 
antithrombin

Low molecular weight heparin [17] FXa inhibition via antithrombin Anti-Xa Low anticoagulation VV-ECMO regimen; 
prophylactic dose. However, UFH is more 
preferable due to its shorter half-life

Bivalirudin [18] Direct thrombin inhibition aPTT Valuable alternative to UFH; mainly in HIT 
patients/UFH resistance. Cleaved by throm-
bin in stagnant blood; short half-life; 20% 
renal excretion; no comparative trials vs. UFH

Argatroban [19] Direct thrombin inhibition aPTT Valuable alternative to UFH; mainly in HIT 
patients/UFH resistance; Short half-life, no 
co-factors, hepatic metabolization, highly 
selective for thrombin; no comparative trials 
vs. UFH

Citrate [2] Ca2+-binding pH, calcium ratio Only data in animal models or in citrate-driven 
dialysis; high risk for citrate accumulation in 
ECMO since this would require high citrate 
volumes

Special cannula/oxygenator surfaces [20] 1. Biomimetic surfaces (UFH, NO) – Covalently heparin-bound circuits are mostly 
standard of care; others are still under devel-
opment

2. Biopassive surfaces (albumin, per-
fluorocarbon, PPC, PMEA)

3. Endothelialization of surfaces

No anticoagulation [17] – – Most evidence in literature for VV-ECMO with 
good results; indicated in patients with 
important haemorrhages (e.g. ICH); prophy-
lactic dose of UFH should be considered

Dual antiplatelet therapy [21] Platelet receptor inhibition None Additional therapy in patients with selected 
indications (recent PCI, AMI, stroke)
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The ideal ICU anticoagulant should be administered 
parenterally, is short-acting and/or readily reversible, 
has a predictable effect in critically ill patients includ-
ing those with (severe) renal function impairment, is 
easy to monitor and is of low-cost. Next to UFH, other 
antithrombotic strategies have previously been used in 
pMCS (Table  1). Anticoagulation in pMCS is mostly 
based on experience, rather than on evidence: prospec-
tive trials comparing UFH with other anticoagulants or 
(additional) anti-platelet therapies (e.g. acetylsalicylic 
acid, P2Y12-inhibitors or both) are lacking. Although 
pulmonary support strategies (venovenous ECMO) are 
generally run on prophylactic heparin levels whereas 
cardiac support (microaxial-flow pump, balloon pump, 
venoarterial ECMO) mostly on therapeutic levels, pro-
spective trials assessing these optimal UFH levels are 
again non-existent [4, 13, 14]. Therefore, we strongly 
emphasize the need for further research towards identi-
fying new anticoagulant molecules, tailored on the spe-
cific needs of an ICU patient and on the device itself. 
Also, we should move from a “one-size-fits-all” model 
to a more personalized approach (e.g. pharmacog-
enomic testing for clopidogrel versus newer antiplatelet 
agents) to substantially improve ICU patient care [15]. 
This would allow us to tackle an important hurdle in 
optimizing the safety and efficacy of pMCS therapy in 
critically ill patients.

The Holy Grail for patients on MCS is attenuat-
ing thrombosis without affecting haemostasis. Recent 
interest has focused on the contact pathway, par-
ticularly factor XII and XI, as potential new targets 
since both are strongly activated by highly negatively 
charged plastic surfaces. Experimental and clinical 
data illustrate the potential of FXII/XI inhibition to 
prevent thrombosis without increasing bleeding risk 
[16]. These findings identify FXII/FXI as interesting 
targets for the ICU population, but only if research 
and development for contact pathway-blocking agents 
would focus on intravenous molecules with short half-
life and non-complex, linear pharmacokinetics.
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Fig. 1  During extracorporeal membrane oxygenation therapy, blood is continuously exposed to foreign body material (plastic surfaces in tubing 
and especially in the oxygenator); this causes a complex process of thrombus formation and consumptive coagulopathy due to contact activation 
resulting in fibrin deposition, high shear stress and von Willebrand deposition and platelet deposition/activation. ECMO extracorporeal membrane 
oxygenation, vWB von Willebrand molecule, NET neutrophil-extracellular-traps, ADAMTS13 a disintegrin and metalloproteinase with a thrombospon-
din type 1 motif, member 13
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