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Abstract 

Introduction 

Extracorporeal membrane oxygenation (ECMO) is a supportive therapy for severe cardiac or 

respiratory failure associated with high rates of bleeding and thrombosis. Their development 

is associated with increased rates of mortality. Haemostatic and inflammatory changes are 

recognised to occur in patients with critical illness and because of the extracorporeal circuit. 

This thesis aims to assess bleeding and thrombosis during ECMO in more detail and assess 

specific temporal changes in haemostatic parameters. 

Methods and materials 

Three components were looked at in this thesis: 1) a single-centre registry review of patients 

receiving veno-venous ECMO for the development of bleeding and thrombosis and outcomes 

associated with the use of blood products transfusions, 2) haemostatic changes in an ex vivo 

circuit of ECMO, and 3) haemostatic changes in patients during veno-venous ECMO, focusing 

on thrombin generation, fibrinolysis and circulating histones. 

Consent was obtained from patients receiving ECMO or nominated consultees with local 

ethics approval. For the ex vivo circuit, blood samples (whole blood with 3.2% trisodium 

citrate) were collected over a 24-hour period and compared to time-matched control 

samples. For patient samples, blood samples were taken at multiple time points prior to, 

during and after ECMO and correlated with bleeding and thrombotic events. ELISA-based 

techniques were used for thrombin generation markers, fibrinolytic assays and histone levels. 

Results 

A cohort of 365 patients with influenza, COVID-19 and bacterial pneumonia requiring ECMO 

were reviewed. Key findings demonstrated the underlying disease aetiology affected rates of 
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thrombosis, particularly COVID-19 infection. Small volume intracranial haemorrhage (ICH) 

and small volume pulmonary artery filling defects were seen frequently at initiation of ECMO. 

Increased mortality was seen in those who had progression of ICH and non-intracranial major 

haemorrhage as opposed to thrombotic events. 

In reviewing blood transfusion-associated outcomes, patients receiving a ‘restrictive’ red cell 

transfusion approach (haemoglobin target 80-90g/L) had similar survival outcomes to those 

with a ‘liberal approach (100-120g/L). Other blood product transfusions had high usage with 

major bleeding and an increased mortality rate was seen with platelet transfusions. 

In the ex vivo circuit model, the key changes were an increase in plasminogen activator 

inhibitor-1 (PAI-1) and decrease in tissue plasminogen activator (tPA) after 24-hours. There 

was no increase in thrombin generation markers over 24 hours. However, circulating H3 

histone levels were significantly increased because of the circuit. 

In patients requiring ECMO, there were haemostatic changes in keeping with a reactive profile 

were seen prior to initiation. An early increase in thrombin generation was seen during ECMO 

followed by a subsequent increase in fibrinolysis. Both decreased following decannulation 

from ECMO. Low thrombin-activatable fibrinolysis inhibitor (TAFI) and elevated PAI-1 levels 

were seen in bleeding events. 

Conclusions 

The development of thrombosis and bleeding have temporal changes in patients during 

ECMO and this is reflected by changes in thrombin generation and fibrinolytic activation 

markers. Additionally, retrospective registry data suggests that more ‘liberal’ blood 

transfusion approaches may not necessarily improve survival outcomes and transfusion 

triggers during ECMO need to be investigated further.  
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Chapter 1 – Introduction 

1.1 Overview of Haemostasis, Anticoagulants and Fibrinolysis 

Haemostasis is the physiological mechanism to maintaining blood flow in the vasculature in a 

fluid state and ensuring vessel closure at a time of damage. There are multiple components 

to this system that occur at different time points. After a triggering event, typically injury to a 

vessel wall, there is vasoconstriction and formation of a platelet plug (primary haemostasis) 

followed by activation of coagulation factors leading to fibrin clot formation (secondary 

haemostasis). Subsequently, clot break down (fibrinolysis) occurs. 

The mechanisms of haemostasis are closely related and interdependent. Haemostasis 

ensures that clot formation occurs at the site of vessel injury and blood flow is maintained in 

the rest of the circulation. When the balance between the procoagulant and anticoagulant 

mechanisms are disturbed, pathological clot formation (thrombosis) or excessive bleeding 

(haemorrhage) can occur. 

1.1.1 The Blood Vessel and Endothelial Function 

The blood vessel has developed to be in an ‘inactive’ state when intact ensuring that the clot 

formation does not happen inappropriately. There are three layers of vessel walls: the intima, 

media and adventitia. It is the intimal surface that comes in to contact with blood and is 

comprised on a monolayer of endothelial cells. Beneath this, the media is composed of 

smooth muscle, elastic fibres and connective tissues, of which the exposure of the latter is 

the main activator to haemostasis. The adventitia comprises of collagen and fibroblasts 

providing a flexible structure to the vessel. 
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The endothelium regulates various components of haemostasis depending upon vessel injury 

and other circulating stimuli by releasing various activators and inhibitors of haemostasis. In 

the non-active intact state, the endothelium acts a physical barrier between blood and 

thrombogenic substances in the subendothelial surface and releases various inhibitory 

molecules. These include tissue factor pathway inhibitor (TFPI), thrombomodulin, endothelial 

protein C receptor (EPCR), heparan sulphate and nitrous oxide1. 

When exposed to stimulatory molecules such as interleukin (IL)-1, tumour necrosis factor 

(TNF) and thrombin as a result of viral and bacterial infection or other inflammatory 

conditions, the endothelium becomes activated1,2. It produces leucocyte adhesion molecules 

such as e-selectin, Vascular Adhesion Molecules (VCAM-1), Intracellular Adhesion Molecules 

(ICAM)-1 to allow the localisation of cells such as neutrophils to the endothelial surfaces. It 

also becomes prothrombotic by reducing the production of nitrous oxide, prostacyclins and 

secretion of thrombomodulin and heparans. 

1.1.2 Primary Haemostasis 

Primary haemostasis is the process by which a platelet plug is formed at the site of vessel 

injury. The key components to this process are endothelial cells, platelets, von Willebrand 

factor (vWF) and collagen. This process can be considered in three stages: platelet adhesion, 

platelet activation and platelet plug formation. In the intact state, the endothelium acts as a 

barrier between circulating platelets in the blood, which are in close contact with its surface 

due to axial flow, and the subendothelial matrix, which consists of various proteins such 

collagen, laminin and fibronectin. 

When a vessel is damaged, the barrier of the endothelium is lost. As a result, platelets can 

bind directly to the matrix or indirectly by vWF as part of platelet adhesion. Platelets can bind 



 

28 
 

directly to collagen by the glycoprotein (GP)-VI on their surface forming an immediate 

monolayer although this is insufficient to stop bleeding. vWF is a large multimeric protein that 

is released from the Weibel-Palade bodies in endothelial cells and ɑ-granules in platelets. 

When released into blood, the circulating vWF multimers are coiled and do not bind to 

platelets in this state. vWF can bind to collagen that is exposed following vessel injury. Under 

shear stresses, vWF multimers unfurl exposing large numbers of A1 domains. These domains 

bind to the GPIIb/IIIa surface protein complex on platelets providing a ‘capturing’ mechanism 

for them at the site of vessel injury. A disintegrin and metalloproteinase with a 

thrombospondin 1 motif-13 (ADAMTS 13) can cleave vWF multimers to ensure the vWF chain 

length is not excessive. 

Platelet activation then occurs following adhesion to the subendothelial matrix leading to 

structural changes and degranulation. Activated platelets change from a discoid shape to 

elongated cells with extensions to increase their surface area, known as pseudopods. Outside-

in signalling subsequently occurs via various intracellular pathway leading to changes in 

platelet membrane structure and composition, granule release and further inside-out 

signalling. When activated, platelets express phosphatidylserine on their extracellular surface 

providing a suitable surface for procoagulant factor binding when they are no longer in 

contact with the site of vascular injury – a process known as flip-flop. 

Platelets contain preformed granules that are released into the circulation upon activation. 

ɑ-granules contain vWF, coagulation factors (fibrinogen, factors (F)V and FXIII), fibrinogen and 

adhesion molecules such as P-selectin, which can bind platelets securely to the endothelium 

and leucocytes by its ligand, PSGL-1. Dense granules are rich in ADP, ATP, calcium and 

serotonin, which act as agonists to other platelets in the circulation causing their activation 
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thereby propagating primary haemostasis. Platelet dense granules also release 

polyphosphate (PolyP). PolyP can activate several procoagulant factors of the intrinsic 

pathway. This pathway is increasingly felt to play a role in thrombosis particularly in 

inflammation and the innate immune system3.  

Platelets once activated at the site of vessel injury can then link together to form a platelet 

plug. This occurs using the GPIIb/IIIa receptor on platelets which binds to fibrinogen acting a 

cross-link between platelets. The process of primary haemostasis is sufficient to stop bleeding 

in small vessels typically in mucosal surfaces, however it is insufficient in larger vessels or 

more extensive injury. As a result, secondary haemostasis is required. 

1.1.3 Secondary Haemostasis 

Secondary haemostasis is the formation of an insoluble, cross linked fibrin plug mediated by 

coagulation factors in particular, thrombin. The cell-based model of haemostasis first 

described by Hoffman consists of three phases: initiation, amplification and propagation 

(Figure 1)4.  

Tissue factor (TF) is the principal initiator of secondary haemostasis. It is normally present in 

the subendothelial matrix after being secreted into this space by the endothelium. This 

process is upregulated when the endothelium is activated, such as during inflammation. TF is 

exposed to blood following vascular injury. Further TF is also produced from activated 

monocytes5,6. Circulating activated Factor VIIa (FVIIa), a serine protease, is present in low 

levels and binds to TF. The subsequent TF-FVIIa complex can bind to both Factor IX (FIX) and 

Factor X (FX) causing their activation. Activated FX (FXa) activates FV and cleaves prothrombin 

to thrombin. This results in the generation of small amount of thrombin. The thrombin 
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generated in this initiation phase in subsequently able to activate FV, FVIII and FXI leading to 

the amplification phase. 

The amplification phase occurs through a positive feedback mechanism from the initial 

thrombin generation largely on the phospholipid surface of platelets. FXIa activates FIX to 

form Factor IXa. This then forms the tenase complex with co-factors calcium and FVIIIa acting 

as the main activator of Factor X to FXa. 

Propagation occurs when the now increasing levels of FXa bind to FVa and calcium to form 

the prothrombinase complex, which catalyses large amounts of prothrombin to thrombin 

known as a ‘thrombin burst’. Thrombin subsequently cleaves fibrinogen to form fibrin. The 

fibrin monomers polymerise to allow a scaffold for clot formation. 

Thrombin also has other roles in haemostasis. It activates platelets via the protease activated 

receptors 1 and 4 (PAR1 and PAR4) causing the release of FV from alpha granules. It activates 

FV and FVIII to FVa and FVIIIa to further contribute to the amplification phase. It also activates 

FXIII to FXIIIa, which crosslinks fibrin multimer allowing multi-linked fibrin chains to form. 

These entrap red blood cells and platelets in the developing clot structure. 

 

 

 

  

Figure 1: The Cell-Based Theory of Coagulation (Bold lines denote amplification phase) 
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The ‘Waterfall’ model of coagulation, which preceded the cell-based model, consists of the 

intrinsic (FXI and FXII, prekalikrein, high molecular weight kininogen) and extrinsic pathway 

(TF and FVII) activating the common pathway (FX with co-factor, FV) leading to subsequent 

thrombin generation7. The factors involved in the intrinsic pathway are activated in the 

presence of artificial substances, such as glass and kaolin, but are not felt to play a role in 

haemostasis under normal physiological condition. Increasingly, there is evidence that the 

intrinsic pathway may play a role in some forms of thrombotic diseases and are a link between 

the innate immune system, the complement system and coagulation3,8,9. The extrinsic, 

intrinsic and common pathways reflect the routine coagulation assays available in clinical 

care: the prothrombin time (PT), activated partial thromboplastin time (aPTT) and thrombin 

time (TT) respectively in additional to functional fibrinogen assays such as Clauss fibrinogen. 

Prolonged clotting times can indicate deficiencies of the procoagulant factors and can be used 

for therapeutic anticoagulant monitoring. 

1.1.4 Natural Anticoagulants 

To control and localise thrombin generation, several proteins can inhibit the activity of 

procoagulant factors. TFPI is released by activated endothelial cells. It is largely bound to the 

endothelium although about 20% circulates in plasma bound to lipoproteins. TFPI inhibits FXa 

in two ways – it inactivates FXa directly or inhibits the TF-FVIIa complex by forming a TF-FVIIa-

FXa-TFPI complex10. 

Antithrombin is a circulating serine protease produced by the liver. It inactivates several 

serine proteases: FIXa, FXa, FXIa, FXIIa and thrombin. Heparan sulphate, a glycosaminoglycan 

secreted from endothelial cells, binds to the heparin-binding site on antithrombin causing a 

quaternary structural change. This leads to a change in the reactive site causing an increased 
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inhibitory effect of 2000-4000 times to thrombin and 500-1000 times to FXa11. Synthetic 

heparin molecules provide anticoagulant activity in a similar mechanism to heparans. 

Thrombomodulin is a transmembrane protein found on endothelial cells. It acts a cofactor for 

thrombin leading to the activation of protein C. Activated Protein C (APC) binds with Protein 

S causing the proteolysis of FVa and FVIIIa, reducing the propagation and amplification phases 

of haemostasis. APC can also be bound to the EPCR, which downregulates inflammatory 

mediator release and vascular adhesion molecules on the endothelium resulting in an anti-

inflammatory effect12. 

PAR-1 is activated by thrombin on various cells including the endothelium and blood vessel 

myocytes13. Its activation leads to the increased permeability of the endothelial barrier and 

increased expression of vascular endothelial growth factor (VEGF) in smooth muscle cells. 

Alpha-2 macroglobulin is a large protease produced by the liver and has various targets. It 

reduces coagulation by inhibiting thrombin. It is found in higher levels in children reducing 

their thrombin generation potential and therefore thrombotic risk. It also decreases 

fibrinolytic activity by inhibiting plasmin. 

1.1.5 Fibrinolysis 

Fibrinolysis is the process of dissolution of a solid crosslinked fibrin clot. Several pro- and anti-

fibrinolytic proteins are incorporated into the clot to allow this process to occur and regulate 

clot breakdown (Figure 2). 
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Plasminogen is a zymogen produced in the liver and released into the systemic circulation. 

Upon clot formation, circulating plasminogen is activated to plasmin by tissue plasminogen 

activator (tPA) and urokinase plasminogen activator (uPA). Other molecules including 

kallikrein and FXII can cleave plasminogen. Plasmin is then able to cleave fibrinogen and fibrin 

leading to their degradation, producing various fibrinogen degradation products (FDPs) such 

as D-dimers. Cleavage of fibrin subsequently leads to the exposure of further lysine residues 

on the fibrin molecules to which plasminogen and tPA can bind further. This increases further 

plasmin formation and fibrin breakdown, augmenting the process of fibrinolysis. There are 

several proposed plasminogen/plasmin receptors to cell surfaces particularly to the 

endothelium and platelets including PlgRKT, the S100A10-Annexin 2 complex and GPIIb/IIIa, 

which protect plasmin from degradation. 

tPA is the main activator of plasminogen and is released principally by the endothelium 

following the stimulation by thrombin, histamine, adrenaline, vasopressin, hypoxia and shear 

stress14,15. uPA is secreted by endothelial cells, macrophages, monocytes and renal tubular 

cells activated from single chain uPA by plasmin, FXIIa and kallikrein. It has a lower affinity for 

plasminogen than tPA but is capable of plasminogen activation with or without the presence 
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Figure 2: The Fibrinolytic System (Bold lines denote activation, dashed lines denote inhibition) 
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of fibrin. In the subendothelial matrix, uPA is tethered by its interaction with urokinase-type 

plasminogen activator receptor (uPAR). 

Anti-fibrinolytic proteins downregulate the degradation of the fibrin clot. Plasminogen 

activator inhibitor-1 (PAI-1) is released by endothelial cells, monocytes, hepatocytes and 

platelets from their ɑ granules. PAI-1 binds directly to tPA forming a complex and inhibiting it 

from causing further plasminogen proteolysis, which is the predominant form of circulating 

tPA. Similarly, PAI-2 has an inhibitory effect on uPA and is secreted principally from 

monocytes and macrophages. Thrombin-activatable fibrinolysis inhibitor (TAFI) is activated 

by thrombin and thrombomodulin. TAFI cleaves exposed lysine residues from fibrin, which 

reduces plasmin binding and subsequently enhances its degradation. 

Plasmin can be proteolysed mainly by two proteins – alpha-2 macroglobulin and alpha-2 

antiplasmin. Like alpha-2 macroglobulin, alpha-2 antiplasmin is produced by the liver. 

Reduced levels in liver disease contribute to a bleeding phenotype. 

1.2 Overview of the Complement System 

The complement system is key component of the immune system that interacts with both 

innate and adaptive immune response. The system has over 30 implicated proteins that 

interact with each other upon their activation by other complement proteins. The system is 

activated by one of three pathways: the classic, the alternative and lectin-binding pathway 

(Figure 3). The classical pathway is activated by an IgG or IgM immunoglobulin antibody – 

antigen complex. This leads to subsequent activation of C1q then C4 and C2. The alternative 

pathway is activated by foreign carbohydrates, lipids and proteins causing the activation of 

C3. The lectin-binding pathway is activated by mannose-binding lectins, which are pattern 
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recognition molecules normally expressed on the surface of microbial pathogens. These cause 

the activation of C4 and C2. 

These pathways converge at C5, which then cause the formation of the membrane attack 

complex (MAC), a protein complex of C6, C7, C8 and C8. These downstream complement 

molecules disrupt the membrane of invading organisms. This can lead to its opsonisation by 

C3b, direct cell lysis by MAC and chemotaxis of neutrophils by C3a and C5a. 

 

 

 

 

 

 

There is increasing evidence of crosstalk between the coagulation and complement pathways 

that may be of particular importance in sepsis when the complement system is activated by 

invading pathogens. Subsequent activation of the coagulation and fibrinolytic systems may 

have a role in preventing the dissemination of infection in the bloodstream, a phenomenon 

known as ‘immunohaemostasis’. Thrombin has been shown to activate C3 and C5 as have FX 

and FXI16,17. Reciprocally, C5a can induce endothelial tissue factor in a dose dependent 

manner and can induce the expression of PAI-1 from basophils, mast cells and 

macrophages18–20. 

Mannose Binding Lectin Pathway Classical Pathway Alternate Pathway 

C3 Activation C3a & C3b Formation 

C5 Activation C5a Formation 
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Figure 3: The Complement Cascade 
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1.3 Changes in Haemostasis during Critical Illness 

1.3.1 Features of Bleeding in Critical Illness 

The nature of bleeding in critically ill patients can be heterogenous in terms of timing and site 

of bleeding. Patients can be admitted to intensive care unit (ICU) with bleeding as the 

underlying main pathology, such as large intracranial haemorrhage causing significant 

neurological impairment or massive haemorrhage leaving to hypovolaemic shock. It can also 

develop as a secondary complication during the admission to ICU. 

The main site of bleeding following admission to critical care is the gastrointestinal tract due 

to the development of stress-related mucosal injury. As a result of hypovolaemia and 

splanchnic vasoconstriction, the gastric blood supply decreases leading to the development 

of gastric erosions. Clinically relevant gastrointestinal bleeding has been described in between 

3.3 to 9.0 % of critically ill patients21,22. Its development is associated with relative risk of death 

increased by 2.9-fold when compared to matched controls and an increased length of stay by 

4-8 days21. Gastrointestinal bleeding is associated with the presence of coagulopathy such as 

those with liver disease or disseminated intravascular coagulation (DIC) and is reduced with 

the use of proton pump inhibitor (PPI) prophylaxis for stress ulceration22. However, the latter 

has been associated with increased rates of aspiration pneumonia23,24. 

Intracranial Haemorrhage (ICH) is not frequently seen as a complication of critical illness. It 

occurs spontaneously in <1% of patients with a high mortality rate in intensive care once 

diagnosed25. It is recognised in some patients in ICU such as those requiring mechanical 

ventilation with severe hypercarbia, prolonged thrombocytopenia, a preceding history of 

cancer (18% of patients with cancer in ICU) and impaired renal and hepatic function25,26. 
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Due to the risk associated with venous thromboembolism (VTE) in critical care, the use of 

chemical thromboprophylaxis is now considered a standard of care. Major bleeding rates are 

described at between 5-6% in those on prophylactic dose anticoagulation in critical care27. As 

expected, this is higher than bleeding rates in medical in-patients on thromboprophylactic 

doses of low molecular weight heparins, with reported rates of major bleeding at around 0.5-

1.7% of admissions in comparison, suggesting that critical illness increases bleeding risk28,29. 

1.3.2 Factors Contributing to Bleeding in Critical Illness 

Bleeding in the setting of critical care can be attributed to various changes in the haemostatic 

pathways discussed in Section 1.1. These can include defects in platelet count and function 

and reduction in procoagulant factors and vWF. These are normally acquired defects that are 

a result of disease severity and organ failure or due to treatments given during critical illness. 

In addition, non-physiological factors including anticoagulation, antiplatelets and therapeutic 

interventions such as surgery and cannulation can contribute. 

Thrombocytopenia 

Platelets are small anucleate circulating blood cells that are essential for primary haemostasis, 

providing a phospholipid surface for secondary haemostasis to occur and are involved in the 

inflammatory response. They have a lifespan of 8-9 days, are produced predominantly by 

large multinucleated megakaryocytes in the bone marrow and destroyed by phagocytosis in 

the liver and spleen. Megakaryocytes are also present in the lung tissue producing platelets 

that have a distinct immunomodulatory profile compared to those from the bone marrow30. 

Normal platelet counts range from 150 to 400 x 109/L although a large physiological buffer 

exists so spontaneous bleeding does not occur until less than 10-20 x109/L, unless there is a 

concurrent defect in platelet function. Thrombocytopenia is the most common haemostatic 
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defect seen in critical care with its incidence being described as varying from 8 – 68% at the 

time of admission and a prevalence of 14 - 44% during the admission period in ICU31. Its 

presence is felt to be an indication of disease severity and organ decompensation, particularly 

in severe sepsis, as opposed to a primary haematological disorder. Those with platelet counts 

of less than 150 x 109/L have increased rates of bleeding and transfusion use31. The 

development of thrombocytopenia has been shown to be a marker of poor prognostic 

outcomes including higher mortality, increased duration of ICU stay and increased rates of 

organ support31. A delayed recovery of the platelet count also increases the risk of mortality 

in comparison to those without and with a temporary thrombocytopenia32. However, 

mechanisms for thrombocytopenia remain unclear in critically ill patients and are likely to be 

multifactorial with significant interpersonal variability. 

The most probable cause of thrombocytopenia in critical care is from increased peripheral 

consumption and destruction of platelets. There are several molecules and pathways in the 

setting of sepsis and inflammation that may be implicated. DIC is a key component of this 

triggered by the activation of monocytes secreting tissue factor in the setting of sepsis.  This 

leads to subsequent inappropriate, systemic activation of the coagulation system33. 

Additionally, neutrophil extracellular traps (NETs) and circulating endothelial microparticles 

are implicated in this process34,35. Thrombocytopenia is a defining feature of overt DIC along 

with prolongation of laboratory clotting times (PT and APTT), hypofibrinogenaemia and 

increased FDP36. However, non-overt DIC may not show all of these features but may still be 

a driver for thrombocytopenia in these patients37. 

Reduced bone marrow function and myelotoxicity may also lead to thrombocytopenia due to 

drugs, such as antimicrobials, or haematinic deficiencies accrued during prolonged critical 
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illness and malnutrition. During the inflammatory response in sepsis, IL-6 and C-reactive 

protein (CRP) levels are increased. Thrombopoietin (TPO), a glycoprotein hormone, is the key 

stimulant of megakaryocyte maturation and differentiation. Thrombopoietin levels increase 

with elevated levels of IL-6 and CRP in patients with severe sepsis, suggesting that a pro-

inflammatory state itself does not suppress thrombopoiesis, unlike erythropoiesis38. A 

correlation was seen between increased TPO levels in patients with thrombocytopenia in this 

setting38. 

Haemophagocytosis is a syndrome that can occur in critical illness due to the unregulated 

production of cytokines, NK- and T-cell dysregulation and macrophage activation from various 

infectious, inflammatory and malignant conditions. Its development is rare with its true 

incidence being unknown but is invariably linked to critical illness when present. The state is 

defined by the presence of peripheral blood cytopenias, fever, hypofibrinogenaemia, liver 

dysfunction and extreme hyperferritinaemia.  Bleeding in the setting of haemophagocytosis 

ranges from 16-23% but has been shown to be not increased in the presence of 

thrombocytopenia nor other coagulation defects39. Those with haemostatic defects due to 

haemophagocytosis however showed an increased ICU mortality rate of 33% in comparison 

to 18% without, which is suggestive that these changes are markers of severity in 

haemophagocytic syndrome. 

ADAMTS13 plays a critical role in the regulation of vWF multimer length and primary 

haemostasis. It may also be implicated in thrombocytopenia. Reduced levels of ADAMTS13 

may lead to increased levels of longer vWF multimers, which can increase platelet adhesion 

under sheer stress. vWF levels are increased during sepsis and inflammation. Moderately low 

ADAMTS13 levels are commonly seen is patients with sepsis40. Platelet counts are lower in 
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critically ill patients with lower ADAMTS13 level with other coagulation changes, suggestive 

of DIC. This also corresponds with lower survival rates from critical care41. Again, IL-6 is shown 

to be higher in this group suggesting a potential negative effect of inflammation on 

ADAMTS13 production or function40,42. 

Histones are a group of small, intranuclear proteins that are used for DNA packaging. When 

they are released into systemic circulation at times of cell damage, such as during critical 

illness and trauma, they become part of damage-associated molecular patterns (DAMP). The 

presence of extracellular histones in hyperinflammatory situations have been associated with 

endothelial dysfunction, organ failure and death43. They are cleared by APC. In a murine 

model, the introduction of intravascular histone induced platelet aggregation and a significant 

thrombocytopenia44. Elevated histone levels at admission to critical care have been 

associated to the subsequent development of thrombocytopenia with a correlation between 

the amount of circulating histone and degree of thrombocytopenia45. Elevated levels of serum 

histone H3 with thrombocytopenia in sepsis are correlated to the development of DIC and 

increased mortality rates46,47. 

Other conditions causing thrombocytopenia in critical care are microangiopathic haemolytic 

anaemia (MAHA) and heparin-induced thrombocytopenia (HIT). MAHA is a cause of 

thrombocytopenia is associated with a thrombotic phenotype with varying underlying cause. 

HIT, which has a prevalence of 5% in the intensive care setting, is also associated with 

thrombocytopenia occurring on exposure to heparins48.  

Platelet dysfunction 

Other than thrombocytopenia, platelet function can be affected in the critical care setting. 

The contribution of this to bleeding in critical care is often problematic to assess due to the 
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difficulties in clinical testing and the multifactorial causes and dynamic changes that affect 

platelet function. 

Platelet aggregation is reduced in those admitted to critical care with trauma and sepsis. This 

has been demonstrated by multiple activators including collagen, adrenaline, ristocetin, 

arachidonic acid and ADP to varying degrees by lumiaggregometry, flow cytometry and 

thromboelastography (TEG)49–52. Inhibition of platelet mitochondrial respiratory chain 

enzymes because of inflammatory processes seen in systemic inflammation may cause these 

aggregation changes, due to the inability to continue key platelet metabolic pathways. Similar 

to other platelet changes, these are associated with elevated levels of IL-653. Platelet 

ballooning and dysfunction have been demonstrated in response to histone H4 exposure in 

major trauma, with histone release being a feature seen in other types of critical illness54,55. 

The use of continuous haemofiltration in renal failure also depresses platelet aggregation 

further. More profound defects (typically <60% of expected aggregation levels) were 

associated with a high rate of mortality. At present, it is unclear how acquired platelet 

function defects contribute to the development and severity of bleeding in critical care56. 

Bleeding related to uraemia in seen in those with both acute and chronic renal failure. 

Bleeding seen in this setting affects various components of coagulation although largely 

affects primary haemostasis57. There is a reduction in either vWF function or dysfunctional 

and reduced expression of platelet GP1b/IX receptors. Uraemic toxins, such as guanosuccinic 

acid and phenolic acids, cause increased levels of nitric oxide leading to vasodilation and 

reduced platelet aggregation. Anaemia is also seen in renal failure due to the reduction in 

erythropoietin synthesis. Anaemia can lead to a reduction in the normal axial flow of blood 
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where platelets localise towards the outer flow allowing for closer contact with endothelium 

at times of vessel injury normally. 

Changes in Coagulation Factors 

Coagulation factors can be altered due to various influences in the setting of critical care. 

Reduced coagulation factor levels can be due to a reduction in their synthesis, increased 

consumption or haemodilution. 

The liver is the principal site of coagulation factor synthesis of both procoagulant (FII, V, X, 

VIII, IX, XI, XII and fibrinogen) and anticoagulant factors (protein C, protein S and 

antithrombin). Acute liver injury or liver cirrhosis can result in reduced levels in the majority 

of these factors. The rates of liver dysfunction as a complication of sepsis in critical care are 

unclear but vary from 1 – 35% of patients depending upon definitions58,59. FVIII and vWF levels 

however remain relatively preserved due to secretion from activated endothelium as acute 

phase proteins. Due to global reduction of both pro- and anticoagulation factors in liver 

dysfunction, prolonged routine laboratory coagulation tests such as PT and APTT are not 

representative of bleeding risk but are associated with adverse outcomes60. TEG is abnormal 

in patients with cirrhosis with reduced parameters of clot formation61. However, thrombin 

generation assays can be normal in patients with liver cirrhosis when using tissue factor and 

thrombomodulin. Recent data has suggested that less severe stages of cirrhosis (Child-Pugh 

stages A and B) have increased thrombin generation, particularly by endogenous thrombin 

potential62,63. These results largely supersede a previous belief of ‘auto-anticoagulation’ in 

patients with liver disease. These findings are similar regardless of the underlying aetiology 

of liver disease. 
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Consumption of coagulation factors during critical illness is typically seen in DIC with 

concurrent hypofibrinogenaemia and thrombocytopenia. This is seen as a prolongation of 

APTT and PT in routine laboratory testing. Reduced levels of coagulation factors II, V, VII, X 

and XII are seen in sepsis in comparison to controls contributing to these changes in APTT and 

PT64. 

Haemodilution is seen with the replacement of large volumes of exogenous crystalloid or 

colloid fluids, occurring in situations such as the use of cardiopulmonary bypass (CPB) and 

ECMO or following massive haemorrhage. It is typified by a significant reduction in 

haematocrit with expansion of the non-cellular portion of blood. This causes a global dilution 

of coagulation factors, fibrinogen and platelet counts increasing the risk of haemorrhage 

known as dilutional coagulopathy. The effects on coagulation parameters, such as clot 

firmness, clotting formation times and fibrinolysis, may vary according to the fluids given65,66. 

Outcomes following CPB are affected by the severity of haemoglobin reduction with increased 

rates of post-operative bleeding, blood component use and thromboembolic complications 

in those with severe haemodilution67. Changes in thromboelastography in the setting of 

haemodilution show a reduction in clotting time and clot firmness. In the elective surgical 

setting in patients who have dilutional coagulopathy, platelets and fibrinogen are reduced but 

do not vary between those with and without bleeding complications. However, PT and APTT 

correlate to bleeding severity with low levels of FV and FIX respectively68. The addition of 

fibrinogen and FXIII has been shown to improve the changes seen in thromboelastography66. 

The coagulation changes in this setting however are variable due to differences between ex 

vivo and in vivo analysis, pre-dilutional coagulation changes such as in the setting of elective 

versus emergency surgery and the lack of correlation between PT and APTT in comparison 
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with TEG to clinical outcomes. The role of FXIII is also not assessed with routine laboratory 

monitoring such as PT. 

Changes in Fibrinolysis 

Fibrinolytic activating factors are produced by the endothelium, plasminogen and alpha-2 

antiplasmin by the liver and to a lesser extent, platelets produce PAI-1. These are all affected 

by critical illness. Endothelial activation leads to the release of tPA and PAI-1 early in septic 

shock, which is seen in both survivors and non-survivors at ICU admission69. PAI-1 and TAFI 

are also significantly increased in sepsis and septic shock70,71. Markers of fibrinolytic activity, 

plasmin-antiplasmin complexes and FDPs including D-dimers reflecting increased fibrinolytic 

activation, are also elevated in sepsis and are associated with illness severity. TEG shows a 

significant impairment of fibrinolysis by a higher maximal amplitude (MA) and reduced lysis 

at 30 minutes from MA (Ly30 time) in sepsis compared to normal controls72. These features 

are more common with more severe markers of critical illness and are related to increased 

rates of short-term mortality. Further systematic review has suggested that hypofibrinolysis 

due to elevated levels of PAI-1, as opposed to hyperfibrinolysis is related to adverse outcomes 

in septic shock73. Changes seen in TEG have not been correlated to one specific protein change 

and are likely to reflect a combination of both activation of fibrinolysis and subsequent 

consumption and inhibition of these proteins. 

The addition of severe liver disease may also further impact the function of the fibrinolytic 

system. As the key site of synthesis for several fibrinolytic factors and its role in clearance of 

tPA, bleeding in liver disease has been at least in part attributed to abnormal fibrinolysis74. 

This has been further suggested by clinical responses in bleeding to anti-fibrinolytic agents75. 
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1.3.3 Features of Thrombosis in Critical Illness 

Thrombosis is typically a secondary event in critically ill patients although it can be the reason 

for ICU admission due to arterial or venous thrombosis leading to significant organ 

dysfunction. The presence of either symptomatic and asymptomatic deep vein thrombosis 

(DVT) in patients admitted to critical care is around 10%76. 

The risk of developing DVT is higher in critical illness than other hospitalised patient groups. 

The estimated incidence in hospitalised medical patients is approximately 5% of patients 

receiving chemical thromboprophylaxis and 10-15% in those without28,77. In contrast, a meta-

analysis by Malato et al showed that the incidence of lower limb DVT detected principally by 

ultrasound screening following admission to ICU was 12.7% with chemical 

thromboprophylaxis. They found that the development of DVT was associated with duration 

of mechanical ventilation and patients developing DVT had an increased length of hospital 

stay (LOS) and higher hospital mortality rates78. In patients not receiving chemical or 

mechanical thromboprophylaxis, DVT rates as expected are high at 25-32%76. In critical care, 

their presentation is often largely silent and their detection by radiological testing with an 

absence of clinical manifestations is between 10-100% of patients who are diagnosed with a 

DVT79.  

The literature on the incidence of pulmonary embolism (PE) is less well described than DVT in 

the setting of critical care. However, it is of interest due to its greater impact upon morbidity 

and mortality. As a result, DVT is often used as a surrogate for PE risk in clinical studies in 

critical care. On post-mortem studies, McLeod et al showed 20-27% of critically ill patients 

had evidence of PE although mortality associated to this was difficult to extrapolate due to 

other confounding cardiopulmonary disease80,81. There are multiple risk factors for the 
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development of VTE and one or more are seen in critically ill patients. Therefore, admission 

to critical care itself should be considered a significant risk factor for VTE. 

The presence of fibrin deposition and small volume thrombus has been long recognised as a 

component of acute respiratory distress syndrome (ARDS), an episode of acute respiratory 

failure due to pulmonary inflammation. Tomashefski et al showed near universal multifocal 

micro- and macrovascular thrombus in patients with ARDS regardless of underlying pathology 

correlating to acute endothelial damage in histological post-mortem studies82. Antemortem 

studies using balloon occlusive pulmonary angiography have demonstrated the presence of 

pulmonary vessel filling defects in patients with ARDS in critical care83–85. Their presence 

correlated with severity of ARDS, duration of intubation and development of DIC. These 

features are suggestive of extensive small volume pulmonary thrombi83. This mechanism, 

known as ‘immunothrombosis’, is proposed to be related to fibrin deposition at the sites of 

infection or inflammation in an exaggerated response of localisation of the invading pathogen 

or inflammatory process at the site of lung injury86. Immunothrombosis has been recognised 

as a key feature of ARDS in severe SARS-CoV-2 (COVID-19) pneumonia87. 

1.3.4 Factors Contributing to Thrombosis in Critical Illness 

The thrombotic state seen in critical illness, like haemorrhage, is multifactorial. All 

components of Virchow’s triad – venous stasis, vessel injury and hypercoagulability - are 

affected in intensive care contributing to the risk of developing VTE. Arterial thrombosis in 

comparison is again dependent on hypercoagulability but also the presence of high shear 

stress. 
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Hypercoagulability 

At the onset on critical illness and sepsis, the immune system mediates the release of various 

molecules known as the acute phase response proteins. There are elevated levels on TNF-α, 

IL-1 and -6, Tissue Growth Factor (TGF)-β through various cells and tissues such as 

macrophages, neutrophils, platelets, hepatocytes and the endothelium. Haemostatic 

molecules released during these periods are FVIII, fibrinogen, vWF and monocyte-produced 

TF. As a result, TEG and thrombography in the setting of sepsis has shown attenuation of the 

initiation of coagulation but elevated levels of thrombin generation and clot formation64,88. 

This is correlated to increased markers of coagulation activation in sepsis such as soluble TF 

antigen, prothrombin fragment F1+2, fibrinopeptide A, and D-dimer89. 

NETs are a complex of chromatin fibres, DNA, histones with antimicrobial molecules, mainly 

myeloperoxidase and neutrophil elastase, which are extruded from neutrophils as a first line 

of defence to trap bacteria and other pathogens90. NETosis, the process of NET release, occurs 

at areas of inflammation allowing the adherence of platelets, red blood cells and other 

molecules including vWF, fibrin, FXII and high molecular weight kininogen (HMWK) therefore 

promoting thrombin generation and increasing coagulability91,92. This process of thrombus 

formation is recognised in immunothrombosis. NETosis have been implicated in the 

pathogenesis of various thrombotic conditions including sepsis, DIC, cancer-associated 

thrombosis, trauma and venous thromboembolism. The presence of NETs, circulating cell-

free DNA and histones have been associated with poorer survival outcomes and an increased 

risk of multiorgan failure in severe sepsis93,94. 

HIT causes a procoagulant state typified by the development of antibodies to a heparin-PF4 

complex. Although this occurs at significantly lower rates in critical care than the prevalence 
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of thrombocytopenia, the rates are higher than in non-critical care medical or surgical 

patients. HIT leads to a significantly increased rate of thrombosis. The incidence rate of 

thrombosis in approximately 60% of patients with HIT in critical care95. 

Stasis 

Venous stasis is a key feature seen in critical care. Immobility of the patients is nearly universal 

in this setting. Hitos et al showed that popliteal vein blood flow drops by 40% after sitting for 

100 mins in healthy volunteers96. Therefore, it is expected that lower limb venous blood flow 

is significantly reduced in critical care. LOS in critical care is typically days to weeks with mean 

durations of 19-26 day in previous studies observing rates of VTE. LOS has been identified as 

a risk factor for the development of DVT, PE and increased mortality rates in critical 

care78,97,98. The use of intermittent pneumatic compression during admission to the intensive 

care unit has not been shown to significantly reduce the incidence of VTE in combination with 

chemical thromboprophylaxis in comparison to the later alone. This suggests that other 

contributing factors of hypercoagulability and vessel injury, other than venous stasis alone, 

need to be addressed to reduce the development of VTE99. 

In-dwelling catheters are used extensively for drug administration and monitoring via 

centrally and peripherally inserted lines. Despite technological developments, they are 

prothrombotic surfaces and reduce surrounding blood flow particularly in vessel with reduced 

luminal flow. The surface of catheters can initiate coagulation through activation of the 

contact system. This effect has been shown to be reduced by the addition of corn trypsin 

inhibitor, a potent inhibitor of FXIIa100,101. Fibrin subsequently deposits around the line 

causing thrombus development within hours of insertion known as a fibrin sheath102. Blood 

flow in simulated ex vivo models suggest that flow may fall by up to 93%, particularly with 
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either larger lumen catheter or smaller blood vessels, such as superficial veins103. Risk factors 

for catheter-related thrombosis are the use of multi-lumen lines, peripheral inserted central 

catheters, line tips proximal to the superior vena cava and the use of femoral veins. The 

highest risk for development of thrombus around catheters in the first 10 days of 

placement104. Thrombus formation around the catheter is either intraluminal, causing 

occlusion and potential catheter failure, or mural, which are typically non-occlusive to the 

vessel due to the presence of the catheter. 

Vessel Damage 

Vessel injury can occur at sites of trauma or surgery in post-operative patients and at line 

insertion or procedural sites. Disturbance of the vascular endothelium leads to exposure of 

the subendothelial matrix activating normal haemostatic mechanisms to control bleeding at 

the site of vessel injury. However, in the setting of critical care, these may be confounded 

with other prothrombotic change to cause thrombosis at these sites. 

Other critical illness related factors have been associated with the development of thrombosis 

such as the use of vasopressors, prolonged mechanical ventilation and neuromuscular 

paralysis105,106. Patient specific factors for thrombosis in the critical setting are increasing age, 

obesity, prior VTE and pregnancy, which are associated with hypercoagulable states. 

1.4 The Function, Indications and Components of Extracorporeal 

Membrane Oxygenation 

1.4.1 The Function of Extracorporeal Membrane Oxygenation 

Severe cardiac and respiratory failure cause inadequate delivery of oxygen and other essential 

substances to body tissues and the failure to remove potential harmful metabolites such 
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carbon dioxide (CO2). ECMO is used to substitute the function of the lung or the heart whilst 

allowing the organs to recover without potentially damaging therapies, such as high-pressure 

ventilation and vasopressors. 

The two main forms of ECMO circuits are veno-venous (VV), to replace the function of the 

native lungs in respiratory failure or veno-arterial (VA) for cardiac failure. Both forms remove 

deoxygenated blood from the venous system that is then subsequently oxygenated outside 

of the body by the membrane oxygenator. In VV-ECMO, blood is returned into the venous 

system whereas in VA-ECMO, it is returned into the arterial system. 

Oxygen delivery (DO2) is dependent on the oxygen content (CaO2) of arterial blood and cardiac 

output (CO), which at rest is around 5 litre per minute in an adult human. 

DO2 = CaO2 x CO. 

CaO2 includes the amount of oxygen bound to haemoglobin and the amount dissolved in 

plasma in relation to partial pressure of oxygen (PO2). 

CaO2 = haemoglobin (Hb) x oxygen saturation (SaO2) x Hüfner’s Constant (1.34)+(pO2 x 0.03) 

Therefore, tissue oxygen delivery can be affected by several factors including cardiac function, 

haemoglobin levels and blood oxygenation. Tissue oxygen consumption (VO2) is affected by 

fever, drugs, hormones, paralysis and cooling in critical care. When the DO2/VO2 ratio falls 

below 2:1, there is inadequate oxygen delivery to tissues to maintain normal metabolic 

activities. Below this level, there is a change to anaerobic pathways that can only be tolerated 

for short periods, which is typically hours. ECMO can overcome these failures and various 

components of tissue oxygen delivery can be optimised by the circuit. 
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CO2 removal by ECMO occurs via diffusion from circulating blood to the “sweep” gas. Its rate 

of removal is determined by the sweep flow of continuously flowing gas. If the main purpose 

of the membrane is to remove CO2, high sweep to blood flow ratios can be used with than if 

for oxygenation. 

1.4.2 Indications for Extracorporeal Membrane Oxygenation 

ECMO is indicated when there is high risk of mortality despite other conventional therapies, 

typically mechanical ventilation and vasopressors.  These indications include: 

• Hypoxaemic respiratory failure 

• Hypercapnic respiratory failure 

• Refractory cardiogenic shock 

• Cardiac arrest 

• Following cardiopulmonary bypass surgery 

• As a bridge to other long-term therapies, such as ventricular assist device and organ 

transplantation  

1.4.3 Components of the Extracorporeal Membrane Oxygenation Circuit 

The two key components to the circuit are the pump and the oxygenator membrane. These 

are configured differently as to whether respiratory support alone is required (VV ECMO) or 

cardiac support (VA ECMO). A schematic illustration of the circuit types is shown in Figure 4.  

The pump allows movement of blood from the recipient and through the membrane 

oxygenator (Figure 5). Nowadays, centrifugal pumps are the most used pump type although 

roller and peristaltic pumps have been used previously. Haemolysis is a recognised 

complication of the pump causing destruction to RBC as they pass through. The membrane 

oxygenator is a network of thousands of small hollow fibre tubes through which continually 
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flowing gas passes and the recipient’s blood passes the other side of these fibres (Figure 5). 

The material of the fibres allows the diffusion of gases but not liquids. They consist of either 

solid silicone rubber, a microporous hollow-fibre, or a solid hollow-fibre. The flow rate is the 

rate at which the venous blood is passed through the oxygenator to allow for full oxygenation 

(SaO2 greater than 95%). Therefore, increasing flow rate increases blood oxygenation. Sweep 

flow on the other hand is the rate of sweep gas flowing through the oxygenator and is 

indirectly proportional to the carbon dioxide level. Additionally, the membrane oxygenator 

can also act as a sieve to circulating thrombus. Oxygenator failure can occur when sufficient 

amounts of thrombus accumulate within the device. 

 

  

 

 

 

 

 

 

  

Figure 4: Schematic Diagram of ECMO circuit (arrow lines indicate direction of blood flow) 
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Figure 5: Components of ECMO Circuit (A) oxygenator membrane (B) pump (C) connectors and tubing 

   

In addition to the oxygenator and pump, there are large bore cannulae that are typically sited 

in proximal vessels such as the common femoral veins, internal jugular veins and femoral 

arteries. These are the sites of removal and return of the recipient’s bloods. Circuit tubing 

connects the various components of the circuits and is long enough for the pump and 

oxygenator to be stored next to the recipient. A heat exchanger is incorporated into the circuit 

to maintain a constant body temperature when blood leaves the recipient. Monitors are 

present to measure circuit blood flow and pressures and pre- and post-oxygenator 

oxyhaemoglobin levels. 

1.4 History of Extracorporeal Membrane Oxygenation 

The concept and development of an extracorporeal circuit was first established by surgeon 

Dr John Gibbon in the 1930s107.  The initial development of a CPB circuit was used on a cat in 

1939 but it was not until 1953 that CPB was first used on a human patient by Dr Gibbon for 

an atrial septal repair108. The initial device had a roller pump and passed deoxygenated blood 

over thin films exposed to oxygen. 

A 

A 

B 
C 

C 
C C 



 

54 
 

The subsequent year in 1954, C Walton Lillehei advanced the CPB circuit using a bubble 

oxygenator with his colleague Richard De Wall, known as the De Wall bubble oxygenator109. 

They proceeded to develop this technology over the subsequent years. Issues with these early 

circuits were related to the presence of glass-blood interfaces causing damage to blood 

components and the use of bubble oxygenation producing haemolysis. This meant that its use 

was limited to short time periods in the operating theatre but not for longer term use in 

critical care. 

The next key developments were a change from glass surfaces to silicone and the use of 

anticoagulation in conjunction with the circuit use. This allowed for significant improvements 

in the duration and versatility of extracorporeal circuits. 

In 1972, Robert Bartlett and colleagues reported the first successful use of ECMO in a 2-year 

old child following cardiac surgery for 36 hours and subsequently described its use in a cohort 

of similar patients following low cardiac output after complex heart surgery110. Dr Hill also 

described the use of ECMO in an adult following road traffic accident for 75 hours with survival 

although subsequent use in adults showed low survival rates. 

Further progression in circuit designs, increasing provision of service and clinical expertise in 

ECMO increased significantly over the 1970s and 1980s. It was predominantly used in the 

neonatal and paediatric settings with improved survival outcomes over ‘standard’ intensive 

care treatments. However, a randomised-control trial in the setting of severe respiratory 

failure (SRF) in adults in 1979 showed a 90% mortality so its use in this patient group was 

relatively abandoned111. The Extracorporeal Life Support Organisation (ELSO) was set up in 

1989 to allow for harmonisation of practice, improved education to intensivists and 

development of patient registries of ECMO use. 
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In the 2000s, further developments were made in the membrane oxygenators to allow for 

separation of the liquid-gas interface and the use of centrifugal pumps leading to reduced 

rates of haemolysis. Devices became smaller and more user-friendly over this period but 

remained a ‘niche’ technology particularly in adults for procedures such as lung 

transplantation. 

At the later part of 2000s, two further developments changed the current practice of ECMO 

use in SRF. The CESAR trial results were published in 2009; this was a randomised multicentre 

study in the United Kingdom112. It showed that patients transferred to a SRF Unit that could 

provide ECMO had improved survival than those with conventional treatment. The same year, 

the outbreak of the H1N1 influenza pandemic causing fulminant respiratory failure meant 

that the use of ECMO was sought as potential therapeutic option (Figure 6). 

Figure 6: Extracorporeal Life Support Volume of Adult Patients and Number of Extracorporeal Life 
Support Organization Member Centres (Taken from Thiagarajan et al (2017) ASAIO)113 

 

As a result of this, the global use of ECMO has increased year upon year to this present day. 

During the COVID-19 pandemic, the utilisation of ECMO has greatly increased. Subsequent 

improvements have included better vascular access techniques with a Seldinger approach 
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with small lumen sizes, development in the coatings of the circuit to largely include heparin-

bonded materials to reduce haemostatic complications, improved oxygenation and increased 

membrane performance114,115. The indications for ECMO have also increased. In 2011, the 

first 2 cases of extracorporeal CPR were described. The use of ‘awake’ ECMO has been 

developed particularly by the Karolinska Institute, Sweden to allow for longer runs, bridging 

to lung or heart transplantation and to allow ambulation. The removal of extracorporeal 

carbon dioxide removal (ECCO2R) is also being established in those with exacerbations of 

chronic obstructive pulmonary disease116. 

1.6 Haemostatic Complications in Extracorporeal Membrane 

Oxygenation 

1.6.1 Thrombosis During the Use of Extracorporeal Membrane Oxygenation 

The development of thrombotic complications during the use of ECMO is common and can 

be either venous or arterial. Rates of reported ECMO-associated thrombosis vary according 

to centres, which may in part be due to different anticoagulation regimens used. VA-ECMO 

has been associated with higher rates of thrombosis and haemorrhagic complications and 

increased use of platelet and fresh frozen plasma (FFP) usage than VV-ECMO117. This may be 

attributable to multiple factors such as the use of antiplatelets, post-operative inflammatory 

states and underlying cardiovascular risk factors in patients receiving VA-ECMO.  

The incidence of ECMO-related venous thromboembolism ranges from 18-85% in different 

centres with a predominance of cannula-associated deep vein thrombosis (Ca-DVT)118,119. The 

cannulae required for ECMO are large diameter to allow for the adequate blood flow to and 

from the patient, which significantly reduce the surrounding blood flow in the vessels. 
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Idenitifed risk factors for the development of Ca-DVT are increased age and obesity, which 

are also associated to VTE risk in non-ECMO patients105,119. 

The subsequent embolisation of DVT to form PE has not been consistently described following 

ECMO although it is not felt be a significant complication of the technology. ECMO itself has 

been used as a supportive therapy in patients with massive pulmonary emboli with 

cardiovascular compromise in combination with systemic or localised thrombolyis, or 

thrombectomy120. Similar to previous studies assessing for PE in critical care, patients with 

SRF have been identified at the ECMO initiation of having an incidence rate of 9-10%, 

comparable to those who had on-going invasive mechanical ventilation only121. Hartley et al 

showed that in patients with PE at the commencement of ECMO had no increase in mortality 

in comparison to those without. The location of the pulmonary artery filling defect at this time 

was predominantly peripheral in 72-100% of cases. As computer tomography (CT) is not used 

routinely to assess pulmonary vasculature following ECMO, it is unclear whether progressive 

PE is a concern although one centre reported no PE in the follow up of 48 patients with DVT 

following ECMO119.  

The presence of VTE has not clearly been identified with a worse survival outcome, 

particularly with Ca-DVT for which there is most data available. However, due to high rates of 

imaging in patients requiring ECMO, this may mean that there are high detection rates of 

thrombotic events and earlier introduction of therapeutic anticoagulation. 

The main arterial ischaemic event seen with ECMO is ischaemic stroke although other sites 

such bowel and hepatic ischaemia are also recognised. Sutter et al described cerebral 

ischaemia occurring in 5% of patients requiring ECMO in meta-analysis of acute neurological 

complications and it was associated with a mortality rate of >50% if present122. Risk factors 
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identified were atrial fibrillation, the presence of coagulopathy, elevated lactic acid levels pre-

ECMO, decreased cerebral perfusion due to poor cardiac output and the use of 

inotropes122,123. Rastan et al confirmed cerebral ischaemia as being the most common site of 

arterial events at the time of death following ECMO support124. 

1.6.2 Bleeding During the Use of Extracorporeal Membrane Oxygenation 

Major bleeding is defined as bleeding in a critical site (intracranial, intraocular, and 

retroperitoneal) or with a haemoglobin fall of 2 g/L within 24 hours by the International 

Society on Thrombosis and Haemostasis (ISTH)125. Due to the higher use of blood products 

and greater frequency of anaemia in patients requiring ECMO, ELSO has defined major 

haemorrhage as intracranial haemorrhage or bleeding with 20 ml/kg of red cell concentrate 

within 24 hours. 

ICH is a principal cause of mortality with regards to haemostatic complications during 

ECMO122. The incidence and subsequent survival outcomes may be related the use of 

screening imaging at the time of cannulation and subsequent cessation of anticoagulation. 

When cranial CT imaging is used at the initiation of ECMO in a ‘pre-emptive’ approach, there 

is a prevalence rate of ICH at 14%126,127. Subarachnoid (SAH) (57%) followed by petechial 

intraparenchymal (36%) haemorrhage are the most common types of bleeds at this time. This 

suggests that ICH may occur prior to the initiation of ECMO or at its initiation with 

anticoagulation administration. Survival rates using this approach are 69% with no difference 

in those without ICH requiring ECMO. In contrast, lower rates of ICH of between 3-7% have 

been described when a ‘reactive’ approach to imaging is used when a change in neurological 

status occurs. The time to detection of these events was 7 days from initiation to 22 days post 

decannulation128. More severe neurological sequelae and larger bleed volumes may happen 
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in these patients due to coagulopathy related to ECMO and exposure to anticoagulation 

leading to higher mortality rates of 32-100%129. 

Risk factors for ICH are antithrombotic therapy, higher Severe Organ Failure Assessment 

(SOFA) score prior to ECMO, thrombocytopenia, the use of renal replacement therapy (RRT), 

spontaneous extracranial haemorrhage and the amount of administered platelet and red cell 

tranfusions130. No correlation was identified between preceding APTT, PT, fibrinogen and 

platelet counts in the 4 days preceding ICH to those who did not. This suggests that other 

haemostatic factors that are not routinely monitored may play a role in the development of 

ICH. 

Major bleeding at non-cranial sites is variable in prevalence and site. It may occur at multiple 

sites during the use of ECMO. These include at cannulae and surgical sites (93%), the naso- 

and oropharynx (64%) and lungs (57%), which are sites of vascular injury or inflammation in 

the setting of patients requiring ECMO131. An accurate prevalence of bleeding and subsequent 

mortality rates is often difficult to assess between studies due to a lack of standardisation of 

major bleeding in this cohort, small patient numbers and largely retrospective biased data. 

1.7 Components of the Extracorporeal Membrane Oxygenation 

Circuit and Their Effects on Haemostasis 

1.7.1 Biomaterial Surfaces 

The surface of the ECMO circuit provides a large biomaterial surface, which is in contact with 

the recipients’ blood. The interaction between biomaterial surfaces and blood has been 

extensively described by Vroman et al who reviewed the interaction principally between glass 

surfaces and protein adsorption over 30 years ago132. The subsequent ‘Vroman effect’ has 



 

60 
 

been described as the sequential adsorption of proteins to a biomaterial surface (Figure 7). 

Initial immediate adsorption of fibrinogen to the surfaces occurs within minutes of 

exposure132. Next, a variety of proteins then bind to the fibrinogen nanosurface. These include 

the coagulation factors of the contact activation pathway— HMWK and FXII–as well as high-

density lipoprotein, albumin, immunoglobin (Ig) G, and complement component C3133. 

Passmore et al have shown that fibrinogen levels fall in an ovine lung injury model with the 

commencement of the ECMO circuit and recover to the baseline level within 48 hours 

suggestive of its adhesion to the biosurface and loss from circulation134. An acquired 

hypofibrinogenaemia is seen in children following CPB with increased haemorrhage rates and 

reduced clot strength135. 

After the formation of a protein-based layer on the surface the ECMO circuit subsequent 

cellular adhesion occurs. Platelets and polymorphonuclear leucocytes (PMN) interact with 

each other on the protein-covered biomaterial surface. Interaction with the complement 

system also contributes to their activation. This results in propagating further adhesion and 

PMN release of cytokines including IL-1β, -6, and -8 and TNF-α, potentially contributing 

further to a pro-inflammatory state136 (Figure 7). 

Different components of the ECMO circuit are designed to have varying properties depending 

on their use such as tubing, oxygenator membranes, and connectors. The membrane 

oxygenator is of importance as they have a large surface in contact with blood. They are made 

of materials such as polymethyl pentene and polypropylene, which are hydrophobic. This 

allows gas exchange to occur but inhibits blood from passing through the membrane pores. 

There is subsequent adsorption of the unwanted proteins, known as protein fouling, to the 

surfaces which undergo further conformational changes increasing their thrombogenicity. 
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The nature of protein adsorption depends on the biomaterial surface and alters further 

protein-cellular interactions and cellular adhesion. For example, HDL adsorption is higher to 

hydrophobic surfaces with reduced platelet adhesion but surfaces with higher fibrinogen 

adsorption have more platelet adhesion133,137. 

Figure 7: Schematic diagram of initial interactions between circuit biosurface and blood. Following the 
initial binding of fibrinogen to the circuit surface, further proteins form a nanolayer. This allows binding 
on platelets and white cells contributing to thrombin generation 

 

To reduce protein fouling and the prothrombotic nature of the ECMO surfaces, small 

molecules can be incorporated in to the biosurface coating. Initially, molecules such as 

albumin and silicone have been used to act as a barrier to coagulation factors and 

complement but still cause a similar degree of thrombocytopenia138. Further development 

led to heparin-coating, which is widely used in commercially available ECMO circuits, that 

provides an additional localised anticoagulant effect. Heparin-coating decreases thrombin 

generation by binding to circulating antithrombin and demonstrates less platelet and 

leucocyte activation139–141. The development of this approach has reduced thrombosis and 

filter losses although they still occur115. Currently available ECMO circuits with different 
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coatings do not show any significant difference in haemostatic parameters indicating there is 

little evidence of heparin leaching off the surfaces142. 

Recent developments to further reduce protein fouling include the coating of high density 

hydrophilic molecules, which bind high amounts of water, or to include polymers with branch 

chains to stop conformational changes to the adsorbed proteins, known as polymer 

brushes143,144. Obstals et al have described the development of a polymer brush coated 

surface for ECMO, which significantly decreased coagulation, platelet, and leucocyte 

activation ex vivo145. At present, these are not used clinically due to difficulties in the 

polymerisation process. 

1.7.2 Shear Stress in the ECMO Circuit 

Shear stress is a form of frictional force that occurs to liquids as they pass perpendicularly to 

a lumen surface. The ECMO circuit has been shown to cause high flow shear stress, which is 

predominantly due to the centrifugal pump146. Shear stress can alter platelets, RBC and vWF 

in the patients’ blood whilst passing through the circuit. 

Platelets under normal circumstances approximate to the outer part of the vessel lumen with 

normal laminar flow but because of abnormal flow patterns with ECMO circuit, shear stress 

is the increased. Subsequently, platelets can adhere to the protein-coated monolayer of the 

biosurface of the ECMO circuit as well as reacting with other systemically activated 

coagulation factors and complement proteins. 

Exposure to elevated shear flow from the ECMO circuit causes platelet receptor shedding of 

the key platelet adhesion glycoproteins, GPIbα and GPVI, and a loss of high molecular weight 

multimers of vWF (HMWM)147. This results in an impairment of the main mechanism of 

platelet adhesion. These changes persist despite platelet transfusions and the duration of the 
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ECMO circuit run. Subsequently, there are lower levels of platelet aggregation shown by light 

aggregometry using various agonists including ADP, ristocetin, collagen and epinephrine51,147–

150. This may contribute to the increased levels of bleeding seen in these patients in addition 

to the use of anticoagulation and antiplatelet agents. Flow cytometry of platelets in those 

receiving ECMO showed severely reduced expression of membrane-bound p-selectin and 

CD63, which modulates platelet spreading150. 

Despite having reduced aggregation and expression of the key platelet adhesion and 

structural molecules, Cheung et al showed that there is a time-dependent platelet activation 

as measured by increased circulating matrix metalloproteinase (MMP)-2 and soluble p-

selectin levels. This was not associated with significant activation of the endothelium148. It 

suggests that platelet adhesion and aggregation is defective in those receiving ECMO, but 

platelet activation occurs with the release of their granules.  

In addition to platelet receptor shedding, the ECMO circuit can potentially induce the 

formation of thrombi and platelet microparticles. Although this has not been shown in ECMO, 

Danwanjee et al have demonstrated in animal models that CPB can contribute to the 

formation of microthrombi in the liquid phase and deposit in various organs shown at biopsy 

with indium radiolabelling. No significant macroscopic thrombi nor significant occlusive 

material within the bypass apparatus were seen151. These microthrombi may form around the 

biosurface then subsequently embolise systemically. It has been shown the microthrombi 

may cause subsequent neurological sequelae and memory impairment in those who have 

received CPB152. 

Circulating platelet microparticles (PMP) have been demonstrated to be increased in 

extracorporeal circulation153.  PMP are small cell-derived particles typically 0.1-1 micro in size 
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that are produced from activated platelets in situations of shear stress154. They act as a 

prothrombotic surface and due to their size have been shown to be increased systemically at 

the time of extracorporeal circulation151. It is not clear whether PMP are important in the 

pathogenesis of ECMO coagulopathy and at present, their role in a prothrombotic phenotype 

is unknown. 

vWF activity decreases with the duration of ECMO155–157. This is due to the loss of HMWM 

vWF from shear stresses in the circuit disrupting vWF molecules in the circuit. Their loss 

resolves with ECMO cessation. This effect is also seen with ventricular assist devices (VAD) 

150,158. Acquired von Willebrand dysfunction can be demonstrated in vitro by a significant 

reduction in ristocetin cofactor activity and collagen-binding ability. This has been correlated 

to increased bleeding, typically from the respiratory tract, mucosal surfaces and puncture 

sites150. Vincent et al have shown that devices with a high shear stress have increased levels 

of proteolysis without the presence of endothelium in an in vitro circuit. However, in the 

presence of devices with high pulsatility, this  stimulates the release of vWF from the 

recipient’s endothelium in vivo159. This is may be a reason why higher bleeding rates with 

centrifugal pumps are seen in comparison to roller pumps in patients requiring ECMO (26.1 

vs 9.0 events/1000 treatment days respectively)160. Kalbhenn et al have demonstrated after 

the cessation of ECMO that vWF parameters largely normalise within a few hours and 

completely within 24-hours149. 

RBC breakdown (haemolysis) is routinely seen with ECMO circuits with 67% of patients 

showing increased levels of free circulating Hb161. This occurs with higher flow rates typically 

greater than 147ml/kg/min. The occurrence of significant haemolysis in ECMO is associated 
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with a higher use of blood products. Free plasma Hb levels of >50mg/dL after 24 hours have 

been shown to an independent predictor for mortality in ECMO162. 

Haemolysis causes prothrombotic changes that have been shown in other haemolytic 

conditions including sickle cell disease and autoimmune haemolytic anemia, which are also 

associated with the presence of free Hb and heme. Free Hb binds to nitric oxide (NO) further 

upsetting the haemostatic milieu by removing NO and therefore causing vasoconstriction and 

increasing platelet reactivity163. Meyer et al showed that free Hb increases platelet adhesion 

to fibrinogen and collagen-coated biosurfaces with vWF. They felt that this was a result of 

increased binding strength between the vWF A1-domain and the platelet GP1bα receptor164. 

Although there is a reduced level of HMWM vWF with ECMO as discussed previously, there 

are maintained levels of other multimer sizes that may contribute to platelet adhesion to 

biosurfaces.  

In addition, RBC-derived microparticles can be formed due to ECMO-mediated haemolysis or 

from transfused blood products. RBC microparticles can increase thrombin generation as a 

result of phosphatidylserine exposure 165. 

1.7.3 Thrombus Formation in the Extracorporeal Membrane Oxygenation 

Circuit 

The presence of thrombosis has been demonstrated to occur at the venous inflow of the 

membrane oxygenator following their use, particularly in areas of increased turbulent flow 

when assessed using multi-dimensional CT166,167. This is seen universally in membrane 

oxygenators although the extent is variable between patients. There is an absence of 

thrombus formation in the arterial outflow component suggesting a low risk of thrombus 

embolisation to the recipient. Membrane oxygenators with a centrifugal pump have higher 
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rates of thrombosis than those with roller pumps although the duration of ECMO use and 

anticoagulation do not impact upon the rate and extent thrombus formation160. 

In the remaining components of the ECMO circuit, clots are mainly found at tubing connector 

junctions demonstrated by Hastings et al167. On review of 50 ECMO circuits used in children, 

they showed a lack of diffuse thrombus formation in the circuit tubing and instead it was 

focussed within these areas. On flow dynamic studies, the areas that corresponding to clot 

formation had significantly lower flow rates in comparison to other parts of the circuit. 

Histological analysis of these clots showed that they were fibrin- and red blood cell-rich with 

a lack of platelet deposition167. 

1.8 Anticoagulation and its Monitoring during Extracorporeal 

Membrane Oxygenation 

Anticoagulation is used to reduce the risk of circuit occlusion due to thrombosis and prevent 

or treat systemic thrombosis in the patient. Unfractionated heparin (UFH) has been used as 

the mainstay of anticoagulation for ECMO since its conception as it is widely available and 

inexpensive. It contains heparin polysaccharides of various sizes that potentiate the action of 

antithrombin 10 000‐fold, which then inhibits the activity of FIIa, IXa, Xa, XIa and XIIa. The 

main side effect is an increased risk of haemorrhage. HIT can also occur as discussed 

previously. The incidence of HIT during ECMO use is unclear although it has been described 

at a rate of 0.36% of patients with similar survival rates to those who do not develop it168. Its 

diagnosis and detection can be made more difficult due to the presence of thrombocytopenia 

use with ECMO, the presence of heparin bound on to the biomaterial surfaces of the ECMO 

circuit and the lack of a validated risk assessment score for HIT in critical care and ECMO. 
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UFH is given as an initial bolus of 50-100 units/kg at the commencement of ECMO and then 

continued as a subsequent infusion169. Three current methods of monitoring UFH infusions 

can be used: Activated Clotting Time (ACT), APTT and anti-Xa. The ACT is a rapid, point-of care 

test using whole blood, which is cheap to use and requires minimal blood volume to perform. 

However, prolonged results can be due to multiple factors such as the anticoagulation itself, 

thrombocytopenia and critical-illness related coagulopathy. APTT is dependent on the 

intrinsic coagulation pathway and requires a plasma sample stored typically in citrate. It is 

also widely available in hospitals but as it is influenced by other components of the intrinsic 

pathway, it becomes less reliable in patients with critical illness. Anti-Xa levels measure the 

activity of heparin against FXa reflecting the degree of anticoagulation more accurately. Its 

use is becoming increasingly more widespread but can be affected by circulating free Hb and 

hyperbilirunbinaemia. There is heterogeneity in the use of these monitoring tests between 

centres although it appears that anti-Xa level monitoring increases the time in therapeutic 

range, decreased rates of circuit occlusion and reduces the risk of thrombotic and 

haemorrhagic events in single centre studies170–173. 

Direct thrombin inhibitors (DTI) can be used as an alternative to UFH. The most frequently 

described DTIs used during ECMO are argatroban and bivalirudin. These are largely reserved 

to cases developing HIT or showing heparin resistance during ECMO, due to the increased 

cost of the drugs, decreased availability and less clinical experience. Instead of binding to 

antithrombin, they inhibit thrombin directly and can be monitored with APTT or ACT. There 

are no current randomised controlled studies comparing the use UFH and DTI during the use 

of ECMO. 
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The utilisation of ECMO without anticoagulation has been explored with modern circuit 

designs. Chung et al have described the cessation of anticoagulation in a cohort of patients 

due to bleeding, coagulopathy or severe thrombocytopenia. There was an absence of 

subsequent thrombotic complications in this group suggesting that in a select number of 

patients anticoagulation may not be required for short periods26. 
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Chapter 2 – Thrombotic and Haemorrhagic 

Complications during ECMO 

2.1 Introduction 

Bleeding and thrombosis are well-recognised complications during the use of ECMO. The 

timing, site and risk factors for these haemostatic complications are varied and have become 

more apparent with the increased utility of imaging during its use. Further evaluation of the 

nature of these events is required to optimise their screening and treatment. Studies 

describing the incidence of these key complications are shown in Table 1. Their development 

may be due to haemostatic changes in the patient due to their underlying illness, because of 

the ECMO circuit or both. Although approaches to ECMO circuit use are largely similarly, the 

disease aetiologies causing ARDS vary significantly with their own specific haemostatic 

profiles. 

2.1.1 Pulmonary Embolism during Extracorporeal Membrane Oxygenation 

Rates of symptomatic PE increase with the severity of illness. The PREVENT study showed an 

incidence of PE in 0.31% in acutely ill medical patients given low molecular weight heparin 

(LMWH) thromboprophylaxis over a 90-day period. In comparison, the incidence of 

symptomatic PE increases in critical illness to between 1.3-2.3% in the PROTECT study, a 

multicentre randomised control study in patients receiving either LMWH or UFH. Mechanical 

ventilation was required in approximately 90% of these patients with respiratory conditions 

and sepsis occurred in 45% and 15% of patients respectively. The study showed that the 

timing of PE was principally during critical care admission (70.1%) as opposed to during 

subsequent in-patient care27. Minet et al showed an incidence of PE at 18.7% during critical 
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care admission in a prospective observational cohort study97. 61% of these events were 

incidental and 33% were associated with a lower limb DVT. However, only 52% of patients 

received anticoagulation at either treatment dose or thromboprophylaxis. In post-mortem 

studies following critical illness, PE was described in 20-27% of patients by McLeod et al80. 

Hartley et al have shown an incidence of 10% of incidental and symptomatic PE at initiation 

of ECMO in patients with SRF121. These filling defects were predominantly in peripheral 

pulmonary vessels (72%). Those with PE had longer subsequent duration of ECMO but had no 

difference in short- and medium-term survival rates. Parzy et al demonstrated an incidence 

rate of incidental PE at 16.2% following decannulation from ECMO174. In both studies, most 

patients required ECMO for bacterial and viral infections leading to SRF. 

With the onset of the COVID-19 pandemic, filling defects affecting smaller pulmonary vessels 

had been described particularly in critical care with an incidence rate of 15.7%175. In 

comparison, Avnon et al described a small case series with 25% of patients with H1N1 

infection with SRF developing similar defects176. Small volume filling defects appeared to be 

more common in patients with severe viral pneumonias, particularly COVID-19 infection. This 

is felt to be mediated by immunothrombosis due to localised inflammation and coagulation 

activation as opposed to venous thromboembolism. Endothelial activation, circulating 

extracellular histones and neutrophil extracellular traps are key components in mediating 

immunothrombus formation177. A small observational study by Parzy et al has shown a 23% 

incidence of PE during ECMO in patients with COVID-19 infection178. Given the severity of 

respiratory disease in patients requiring ECMO, it is plausible that this process is more 

prevalent although further exploration of this is required. 
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2.1.2 Deep Vein Thrombosis during Extracorporeal Membrane Oxygenation 

The rates of DVT during and after ECMO are variable depending upon imaging modality and 

the sites screened. As discussed in Chapter 1, the incidence of DVT following decannulation 

from ECMO varies from between 15-85%118,119. Imaging with CT venography may also show 

increased rates of DVT over ultrasound (US) Doppler due to proximal sites such as the inferior 

vena cava being imaged at the end of the cannulae as opposed to the proximal lower limb 

only that is normally assessed with US Doppler174. 

Risk factors for development of DVT have been shown to be a platelet count of >100x109/L, 

subtherapeutic anticoagulation levels by APTT and a smaller reduction of D-dimer levels after 

initiation of ECMO174,179. Therapeutic anticoagulation and blood product usage described by 

Parzy et al was not associated with a reduction in the incidence of DVT. These suggest that 

haemostatic changes related to ECMO, the underlying disease of the patient or abnormal 

blood flow around the cannula sites are contributing to these events. 

In the setting of those requiring ECMO for COVID-19 pneumonia causing SRF, high rates of 

ECMO cannula-related DVT and other catheter-associated DVT have been seen. A small 

cohort study showed 100% of patients with COVID-19 infection had a VTE178. 77% of these 

events were isolated catheter-associated DVT and 8% were DVT and PE. These were 

controlled against patients with viral and bacterial pneumonias requiring ECMO with no 

difference in DVT rates, although cohort numbers were small.  

2.1.3 Intracranial Haemorrhage during Extracorporeal Membrane Oxygenation 

Intracranial haemorrhage is a potentially life-threatening complication seen with the use of 

ECMO. Retrospective cohort studies by Lockie et al and Arachchillage et al have shown that 

these are early events seen at the initiation of ECMO in 10-14% of patients if screening CT 
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imaging is used126,127. The rates of subsequent development of ICH during ECMO were lower 

at 2-5%. These events were principally SAH (56%) followed by intraparenchymal petechiael 

haemorrhage (39%)126. If detected earlier with anticoagulation strategies modified, survival 

rates at 6 months between those with and without ICH were similar (68 vs 76%). In contrast, 

Fletcher-Sandersjöö et al described mortality rates of 81% in patients with ICH during ECMO 

although the median day of detection was day 7 with preceding anticoagulation use in 13%130. 

In this cohort, there was a predominance of large volume intraparenchymal haemorrhage 

(76% with median haematoma volume 23mL) and lower rates of SAH (22%). 

Further systematic review showed that the duration of ECMO, antithrombotic therapy, 

thrombocytopenia, hypofibrinogenaemia, renal impairment and replacement, cardiac arrest 

and hypercapnia at ECMO initiation with subsequent rapid correction of this were risk factors 

for ICH. This is in keeping with previous descriptions from cohort studies122,129,180. These 

features suggest that ICH may be related to the underlying critical illness causing cerebral 

injury and anticoagulation use as opposed to the longer-term use ECMO, due its early 

occurrence in the treatment course. 

2.1.4 Major Haemorrhage during Extracorporeal Membrane Oxygenation 

Major haemorrhage at non-intracranial sites is defined by ELSO as bleeding requiring 20ml/kg 

of red blood cell concentrate within 24 hours (equivalent to approximately 4U RBC in a 60-

kilogram patient)169. A meta-analysis of 12 studies with 1042 patients by Vaquer et al showed 

an incidence of bleeding events in 29.3% of patients with 10% being considered as 

significant181. Zangrillo et al showed 7% of patients had gastrointestinal bleeding during ECMO 

in meta-analysis182. In a single centre observational cohort study by Kreyer et al, clinically 

relevant haemorrhagic events were seen in all patients. Clinically significant haemorrhage 
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occurred in 39% of patients; with survival from ICU being 36% in major bleeding compared to 

survival of 86% with mild bleeding131. The main sites of bleeding were puncture sites in both 

group (64% and 50%) and pulmonary haemorrhage (57%) and ICH (29%) in the severe 

haemorrhage group. 

Risk factors for non-ICH major haemorrhage (NICMH) are less clearly described in the setting 

of ECMO in comparison to ICH. Lower FVII and FX and increased critical illness severity scores 

were associated with major haemorrhage131. Coagulopathic changes in routine coagulation 

tests before ECMO have been shown not to be associated with haemorrhage in children183. 

The cessation of ECMO has been associated with a response in bleeding184. These features 

suggest that NICMH may be related to coagulation defects induced by ECMO itself or 

anticoagulation received during treatment. 
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Table 1 Studies describing thrombotic and haemorrhagic complications during ECMO 

Study Cohort Size Events Outcome(s) Comments 

Hartley, J 

Thromb 

Hemost. 2019121 

343 patients 

290 - ECMO 

53 - no ECMO 

PE with and without 

ECMO in SRF 

10% incidence 

10% - ECMO 

8% - no ECMO 

No ITU survival 

difference 

Retrospective 

Non-randomised 

Parzy, 

Crit Care Med. 

2020174 

103 patients DVT and PE 

diagnosed by CT 

DVT – 100% 

PE – 16% 

Retrospective 

No comparison to US 

imaging 

Cooper, 

Crit Care Med. 

2015118 

81 patients 

72 (89%) scanned 

Proximal lower limb 

DVT diagnosed by 

US Doppler 

DVT – 18% Retrospective 

No control group 

IVC & distal lower 

limb not detected 

Sutter, 

Crit Care Med. 

2018122 

Meta-analysis of 

44 studies 

Neurological events 

 

 

 

All – 13% 

ICH – 5% 

Stroke – 5% 

 

Timing of events not 

clearly described 

Variation in CT 

imaging practices 

Lockie, 

Crit Care Med. 

2017126 

342 patients 

250 – ECMO 

92 – no ECMO 

ICH at ECMO 

cannulation and 

during use 

16% vs. 8% 

prevalence 

SAH – 56% 

Parenchymal – 39% 

Same survival 

outcomes 

Retrospective 

Severity of ICH not 

specified 

Arachillage, 

Semin Thromb 

Hemost. 

2020.127 

149 patients 

 

ICH at ECMO 

cannulation and 

during use 

11% at ECMO 

initiation 

5% during ECMO 

Retrospective 

No control group 

Fletcher-

Sandersjöö, J 

Intensive Care. 

2017130 

253 patients ICH during ECMO 

use if clinical 

indication 

21% ICH 

81% vs 28% 1-

month mortality in 

ICH or no ICH 

Retrospective 

Imaging performed if 

clinical deterioration 

(not at initiation) 

Kreyer, 

J Thorac Dis. 

2017131 

36 patients Bleeding events 

during ECMO 

74 haemorrhagic 

events 

39% patients had 

severe 

haemorrhage 

Non-ISTH or ELSO 

definitions of major 

bleeding 
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2.2 Aims 

1. To assess the rates, natural history and routine laboratory markers of PE during ECMO 

2. To assess the rates, natural history and routine laboratory markers of DVT during 

ECMO 

3. To assess the rates, natural history and routine laboratory markers of ICH during 

ECMO 

4. To assess the rates, natural history and routine laboratory markers of non-intracranial 

major bleeding at other sites during ECMO 

5. To assess the nature of haemostatic complications during ECMO according to disease 

aetiology 

2.3 Methods 

2.3.1 Study Design 

A retrospective review of patients requiring VV ECMO at St Thomas’ Hospital was performed. 

Three studies groups were compared according to the underlying disease: bacterial, influenza 

and COVID-19 pneumonia. Patients with severe COVID-19 pneumonia requiring ECMO 

between 1st March and 31st May 2020 were compared to a cohort of patients with influenza 

pneumonia and bacterial pneumonia treated between 1st June 2012 and 31st May 2020. The 

data was extracted from a prospectively maintained ECMO registry and reviewed 

retrospectively. 

The viral diagnosis was confirmed from polymerase chain reactions obtained by 

nasopharyngeal swab or bronchoalveolar lavage for both influenza and COVID-19. Bacterial 

pneumonia was identified by diagnosis from the Intensive Care National Audit & Research 
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Centre (ICNARC) registry and further reviewed for bacterial species by microscopy and culture 

samples from bodily fluids. 

2.3.2 Ethical Approval 

This study was registered as a service evaluation at Guy’s and St Thomas’ NHS Foundation 

Trust, London (Reference Number – 6741 and 10802) and ethical approval was not required 

in accordance with UK ethical guidelines (http://www.hra.nhs.uk, Accessed 31st May 2020). 

2.3.3 Inclusion Criteria 

Patients requiring in VV ECMO at Guy’s and St Thomas NHS Foundation in the review period. 

2.3.4 Exclusion Criteria 

Patients were excluded if they were less than 16 years old and if the ECMO run was less than 

24 hours. If a patient received more than one ECMO run, the initial run was included, and the 

subsequent ones were excluded. Patients without a diagnosis of COVID-19, influenza 

pneumonia or bacterial pneumonia were excluded. 

2.3.5 Data Collection 

Clinical data was collected from electronic records on Phillips ICIP Intellispace CCA 

(Amsterdam, The Netherlands) and iSOFT Clinical Manager System (DXC Technology, US). The 

electronic patients’ records for identified patients were reviewed for clinical details. Disease 

severity was assessed using SOFA score and Acute Physiology And Chronic Health Evaluation 

II (APACHE II) score. Imaging reports were reviewed for radiologically proven thrombosis and 

intracranial haemorrhage. Electronic blood transfusion prescriptions were reviewed for major 

bleeding events (bleeding with ≥ 20ml/kg of red cell concentrate within 24 hours) in 

accordance with standardised ELSO definitions16. 
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2.3.6 Details of Extracorporeal Membrane Oxygenation Circuit and 

Anticoagulation 

For anticoagulation during ECMO, intravenous UFH with 50 IU/kg was given as a bolus at the 

time of cannulation with 2,500 units in the priming fluid for the circuit in keeping with ELSO 

guidelines unless contraindicated12. Prior to 1st November 2019, subsequent UFH infusions 

were monitored by activated partial thromboplastin time ratio (APTTr) with a target level of 

1.5-2.0 if evidence of no thrombosis or haemorrhage and 2.0-2.5 if a thrombotic event. From 

1st November 2019 to present, monitoring of UFH was using anti-Xa activity, targeting levels 

of 0.3 - 0.7 unit/mL if no evidence of thrombosis or haemorrhage were present and 0.6 - 1.0 

unit/mL if there was a thrombotic event. UFH infusions were not given if there was evidence 

of major bleeding. Patients were also prescribed pharmacological thromboprophylaxis with 

subcutaneous LMWH unless contraindicated in critical care prior to ECMO use19. 

2.3.7 Outcome Variables 

The clinical outcomes were the radiological diagnosis of PE, ICH, NICMH and Ca-DVT after 

decannulation from ECMO. Additional thrombotic events seen radiologically by CT or US 

imaging were recorded for all patients. NICMH was recorded during the use of ECMO and 

defined clinically at ≥4 units RBC transfusion per 24-hour period as adapted from ELSO16. The 

index date was the date on which VV ECMO was initiated. Data was censored on 26th June 

2020. Patients with NICMH were matched by duration of ECMO and year of treatment to 

patients of ECMO without. 

2.3.8 Imaging and Coagulation Testing 

Patients requiring ECMO received a whole-body CT as soon as possible after cannulation (≤ 

12 hours). The imaging is performed with either a Somatom Force 384 (2x192 sections, 
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Siemens Healthineer, Germany) or Brilliance iCT (256 sections, Philips Healthcare, 

Netherlands). CT Pulmonary Angiography (CTPA) was performed by bolus trigger at 110 

Hounsfield Units. Ultrasound (US) Doppler scanning was performed within 24-72 hours of 

decannulation of the cannulas used for ECMO at both catheter insertion sites to assess for 

DVT. Additional imaging during ECMO was performed if there was clinical concern for 

bleeding or thrombosis. It is practice in the United Kingdom for Doppler ultrasound scanning 

not to fully evaluate the calf veins17. 

Testing for APTTr, PTr, D-dimers and Clauss fibrinogen were performed using Sysmex CS2100i 

(Norderstedt, Germany) as per manufacturer protocols considered as ‘routine coagulation 

testing’. Full Blood Counts were performed using DxH 900 Hematology (Beckman Coulter, 

Brea, United States). Blood samples were taken after initiation of ECMO and following heparin 

boluses. The tests were performed within the first four hours of ECMO initiation and 

subsequently a minimum of once daily during ECMO. 

2.3.9 Statistical Considerations 

Statistical analysis was performed using SPSS Version 27.0 (IBM, New York, US). Null 

hypothesis significance testing was employed to examine variable distributions between the 

two groups. Data was analysed for distribution spread. Descriptive statistics were mean and 

standard deviation for parametric data and median and interquartile range (IQR) for non-

parametric. Testing was performed depending on the normal distribution of the data. 

Unpaired student T-test and ANOVA testing was performed on parametric data. Mann-

Whitney U test and Kruskal-Wallis testing was performed on non-parametric data. Chi-

squared test for frequencies of categorical variables were performed. Fisher’s exact test was 

used if group frequencies were less than 5. Survival analysis was shown using survival plots 
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and was analysed using the log-rank test. An ɑ-significance level of 0.05 was used for all 

statistical tests. 

2.4 Results 

The number of identified patients was 365. This provided a total duration of ECMO support 

of 5347 days (14.6 years) with a median ECMO duration of 11 days (interquartile range, IQR 

6 – 17 days). 

2.4.1 Features of Pulmonary Embolism during Extracorporeal Membrane 

Oxygenation 

44/365 (12%) of patients had an identifiable filling defect of CT imaging at the initiation of 

ECMO. Of these, the most proximal vessel affected was the main pulmonary artery in 8 

patients (14% of filling defects), lobar artery in 7 patients (16%), segmental artery in 20 

patients (45%) and subsegmental artery in 9 patients (20%). 9/30 (30%) patients with 

pulmonary artery filling defects had radiological features of right heart strain based upon 

available results (site of most proximal filling defect - 4 main artery, 2 lobar, 2 segmental and 

1 subsegmental). 

The coagulation parameters in those with and without filling defects are shown in Table 2. 

Statistically different features were a lower APACHE-2 score, higher platelet count and D-

dimer level, lower haemoglobin and procalcitonin and shorter APTTr in those with a 

pulmonary artery filling defect in univariate analysis. In multivariate analysis, APACHE II score 

(OR – 0.97 p = 0.033, 95% CI 0.82 – 0.99) and D-dimer level (OR – 1.04, p<0.001, 95% CI 1.02 

– 1.06) remained significant. 
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The Receiver Operating Characteristic (ROC) for D-dimer levels in all patients at the initiation 

of ECMO for the presence of PE was positive (Area Under Curve = 0.725), however there was 

bias due to two potential ties in the positive and negative state groups (Figure 8). Therefore, 

D-dimer levels was not considered specific for the detection of pulmonary artery filling 

defects at the time of ECMO initiation in this cohort. 

Three further PEs (two segmental and one subsegmental) were detected during ECMO that 

were not detected at the initial CT scan with a prevalence of 3/198 (2%) who had further 

interval imaging. 

Survival to discharge from ICU was statistically different in those with PE at the initiation of 

ECMO.  31/46 patients with PE (67%) were alive to ICU discharge in comparison to those 

without PE was 261/322 (81%) (p=0.03). A survival plot for survival during ECMO is shown in 

Figure 9 (log rank test, degrees of freedom = 1, p = 0.06). If the size of filling defect is 

evaluated, the survival was 261/322 (81%) without a filling defect, 28/31 (74%) with a small 

vessel filling defects (segmental and subsegmental) with the highest mortality of 8/15 (53%) 

with large vessel filling defects (main artery and lobar). The survival plot for survival during 

ECMO according to size of PE in Figure 9 showed no statistical difference (log rank test, 

degrees of freedom = 2, p = 0.17). 
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Table 2 Clinical and coagulation parameters in patients with PE at initiation of ECMO compared to 
those without ICH 

Clinical Feature Pulmonary Embolism 

(n = 44) 

No Pulmonary Embolism 

(n = 321) 

p-value 

Median Age (years) 

IQR 

43.5 

(34.2 – 56.5) 

48.7 

(38.8 – 57.1) 

0.20 

Gender (Male) 31/44 (70.5%) 193/321 (60.1%) 0.20 

SOFA Score 8 

(4 – 10) 

8 

(8 - 11) 

0.278 

APACHE Score 17 

(12 – 20) 

18 

(15 - 21) 

0.015 

Median Haemoglobin (g/L) 

IQR 

95.0 

(87 – 103) 

101.0 

(91.0 – 113.0) 

0.034 

Median Platelets (x109/L) 

IQR 

225 

(112 – 312) 

161 

(91 – 247) 

0.043 

Median PTr 

IQR 

1.1 

(1.0 – 1.1) 

1.1 

(1.0 – 1.2) 

0.767 

Median APTTr 

IQR 

1.3 

(1.1 – 1.6) 

1.6 

(1.2 – 2.3) 

0.002 

Median Fibrinogen (g/L) 

IQR 

5.4 

(3.7 – 7.4) 

5.5 

(4.0 – 7.2) 

0.813 

Median D-dimer (ng/mL FEU) 

IQR 

14.1 

(8.3 – 51.4) 

6.5 

(3.7 – 14.0) 

<0.001 

Median CRP (mg/L) 

IQR 

271.5 

(191.3 – 326.8) 

262.0 

(155.0 – 338.0) 

0.791 

Median Ferritin (µg/L) 

IQR 

2021 

(992 – 4847) 

2514 

(982 - 4794) 

0.734 

Median Procalcitonin (µg/L) 

 

4.24 

(1.1 – 14.4) 

11.5 

(1.8 – 76.3) 

0.007 

Median Creatinine (µmol/L) 

IQR 

112 

(68-188) 

133 

(80 – 242) 

0.121 

Median Troponin T (ng/L) 

IQR 

38 

(23 – 113) 

61 

(28 – 160) 

0.138 

Median Alanine Transferase (IU/L) 

IQR 

48 

(23 - 99) 

46 

(26 – 83) 

0.943 
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Figure 8: D-dimer levels in pulmonary artery filling defects at initiation of ECMO (a) Box plot of D-dimers level in patients with and without filling defects (b) 
Receiver Operating Characteristic Curve for D-dimers level at the initiation of ECMO for the detection of Pulmonary Embolism 

(a) (b)  

 
Figure 9: Kaplan-Meier Survival Plot of survival from Intensive Care with (a) the presence of pulmonary artery filling defects at initiation of ECMO to those 
without (b) the size of pulmonary artery filling defects to those without (large – main artery and lobar arteries, small – segmental and subsegmental vessels) 

(a) (b)  
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2.4.2 Features of Deep Vein Thrombosis during Extracorporeal Membrane 

Oxygenation 

US Doppler screening was performed following decannulation in 280/365 of patients (77%). 

DVT was seen in 57/275 patients (21%). The clinical features of those with DVT in comparison 

to those without are shown in Table 3. Statistically significant findings were a lower disease 

severity score by APACHE II score and a pulmonary artery filling defect seen at ECMO initiation 

by univariate analysis. In binomial multivariate analysis, these features were not significant. 

The proportion of DVT following decannulation was higher with a pulmonary artery filling 

defect (10/47, 21.3%) at initiation of ECMO than those without (18/217, 8.3%) (χ2, p=0.04, df 

- 1). There was no difference in the proportion of patients with DVT who had a preceding ICH 

or NICMH (degrees of freedom – 1, p = 0.28 and 0.63 respectively). 
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Table 3 Clinical and coagulation parameters in patients with proximal lower limb DVT at decannulation 
from ECMO compared to those without DVT 

 

 

DVT at 

decannulation 

(n = 57) 

No DVT at 

decannulation 

(n = 218) 

p-value 

Median Age (years) 

IQR 

4.5.5 

(35.5 – 45.5) 

46.6 

(38.0 – 56.0) 

0.56 

Gender (Male) 31/57 (54.4%) 135/218 (61.9%) 0.30 

SOFA Score 6 

(5 - 10) 

9 

(5 – 11) 

0.06 

APACHE II Score 16 

(13 – 19) 

18 

(15- 21) 

0.04 

Duration of ECMO (days) 10 

(8 – 16) 

10 

(7 – 15) 

0.33 

PE at ECMO initiation 10/57 (17.5%) 18/218 (8.3%) 0.04 

ICH at ECMO initiation 8/57 (14.0%) 18/218 (8.3%) 0.28 

Non-ICH MH during ECMO 7/57 (12.3%) 22/218 (10.1%) 0.81 
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2.4.3 Thrombosis at Other Sites during Extracorporeal Membrane Oxygenation 

Thrombosis at other sites (non-pulmonary artery) were detected at the initiation of ECMO in 

26/365 patients (7.1%). They occurred in 37 sites: cerebral (infarcts) – 10 (2.7%), splenic 

(infarcts) – 9 (2.5%), renal (infarcts) – 5 (1.4%), lower limb DVT – 4 (1.1%), inferior vena cava 

thrombus – 3 (0.8%), internal jugular vein thrombus – 3 (0.8%), hepatic (infarcts) – 2 (0.5%) 

and intestinal (infarct) – 1 (0.3%). 

During ECMO, 188 patients had appropriate imaging to be able to detect further thrombotic 

events. 20/188 patients (10.6% of those imaged and 5.4% of all patients) had identified 

thrombosis at 21 sites: upper limb arterial thrombus - 7, pulmonary embolism – 3 new events 

with 2 events showing extension, lower limb arterial thrombus - 3, internal jugular vein 

thrombus - 2, splenic (infarct) - 1, upper limb DVT - 1, inferior vena cava thrombus – 1 and 

renal (infarct) - 1. 

2.4.4 Features of Intracranial Haemorrhage during Extracorporeal Membrane 

Oxygenation 

The incidence of ICH was 40/365 (11%) in all patients at the initiation of ECMO. The most 

common type of bleeding was SAH occurring in 31/40 (78%) of cases. Intraparenchymal 

haemorrhage occurred (in the absence of SAH) in 13% and subdural haemorrhage (SDH) 

occurred in 10%. The Modified Fisher Scale of SAH in these patients were: Grade I - 18, Grade 

II - 0, Grade III – 13 and Grade IV - 0. Intraparenchymal involvement was in 7/31 (23%) patients 

with SAH. There was an absence of intraventricular haemorrhage and no midline shift 

identified at the initiation of ECMO. The clinical features and routine laboratory testing for 

patients with and without ICH are shown in Table 4. Statistically significant finding were a 

lower haemoglobin and higher D-dimer level with ICH by univariate analysis. 
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If patients with an ICH diagnosed at initiation of ECMO were excluded, 198 patients had 

further CT imaging, which were performed due to a clinical change or monitoring of previous 

events, as opposed to asymptomatic screening. 4/198 (2%) of these patients were shown to 

develop an ICH whilst receiving ECMO, although this consisted of 4/325 (1%) of the remaining 

total patient cohort with no previous ICH. There was no variation in the incidence of ICH 

according to infectious aetiology as discussed further below. 

The survival to discharge from ICU was not different in those with ICH at the initiation of 

ECMO. 27/40 patients with ICH (68%) were alive to ICU discharge in comparison to those 

without ICH was 261/325 (80%) (p=0.06). A survival plot for ICU discharge in shown in Figure 

10 (p=0.27). 
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Table 4 Clinical and coagulation parameters in patients with ICH at initiation of ECMO compared to 
those without ICH 

Clinical Parameter No ICH (n=325) ICH (n=40) p-value 

Survival to ICU Discharge 261/325 (80%) 27/40 (68%) 0.06 

Median Age (years) 

IQR 

45.7 

(35.5 – 55.2) 

46.5 

(41.1 – 51.8) 

0.27 

Gender (Male) 202/325 (62%) 23/40 (58%) 0.57 

Median APACHE II Score 

IQR 

17 

(13 – 21) 

16.5 

(12.5 – 20.25) 

0.99 

Median SOFA Score 

IQR 

8 

(5 – 11.25) 

6 

(4 – 11.75) 

0.63 

Median Haemoglobin (g/L) 

IQR 

99.5 

(92.8 – 112.0) 

90.0 

(84.5 – 101.8) 

0.001 

Median Platelet Count (x109/L) 

IQR 

175 

(101 - 279) 

245 

(211 - 310) 

0.90 

Median PTr 

IQR 

1.1 

(1.0 – 1.3) 

1.0 

(1.0 – 1.1) 

0.33 

Median APTTr 

IQR 

1.6 

(1.2 – 2.2) 

1.25 

(1.1 – 1.7) 

0.79 

Median Fibrinogen (g/L) 

IQR 

5.40 

(3.95 – 7.78) 

7.05 

(5.23 – 8.58) 

0.63 

Median D-dimer (ng/mL FEU) 

IQR 

6.56 

(3.19 – 16.34) 

9.81 

(6.58 – 23.91) 

0.04 

Median CRP (mg/L) 

IQR 

125 

(63 - 253) 

164 

(67 - 285) 

0.57 

Median Ferritin (µg/L) 

IQR 

44.0 

(22.8 – 150.8) 

39.5 

(15.8 – 93.3) 

0.71 

Median Procalcitonin (µg/L) 

IQR 

61.5 

(26.8 – 103.0) 

44.0 

(27.3 – 62.5) 

0.54 
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6/40 (15%) patients with an initial ICH showed progression of ICH during ECMO. All of these 

were SAH at initiation of ECMO. The median day of detection for progression was 3.5 days 

(range 2 – 7 days). 4/6 of these patients (67%) died during admission to ICU if there was 

progression of ICH whereas 10/34 (29%) died during ICU admission if there was no 

progression (degrees of freedom - 1, p = 0.041). Routine coagulation tests in those with ICH 

progression and those without showed no statistical differences (Table 5). There was no 

difference in the use of RRT, tranexamic acid and UFH infusions between these two groups. 

Figure 10: Kaplan-Meier Survival Plot of survival from Intensive Care in patients with Intracranial 
Haemorrhage to those without at initiation of ECMO 
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Table 5 Clinical and coagulation parameters and anticoagulation use in patients with Intracranial 
Haemorrhage at initiation of ECMO with and without progressive Intracranial Haemorrhage in first 3 
days following diagnosis 

Clinical Parameter Non-Progression (n=34) Progression (n=6) p-value 

Survival to ICU Discharge 24/34 (71%)  2/6 (33%) 0.015 

Haemoglobin (g/L) 

IQR 

91.5 

(82.1 – 99.4) 

84.6 

(82.9 – 91.1) 

0.65 

Platelet Count (x109/L) 

IQR 

202 

(83 – 253)  

148 

(93 – 237) 

0.84 

PTr 

IQR 

1.1 

(1.0 – 1.2) 

1.0 

(1.0 – 1.1) 

0.73 

APTTr 

IQR 

1.1 

(1.0 – 1.4) 

1.4 

(1.2 – 2.1) 

0.12 

Fibrinogen (g/L) 

IQR 

4.5 

(3.5 – 5.5) 

4.7 

(3.6 – 5.3) 

0.83 

D-dimers (ng/mL FEU) 22.1 

(9.5 – 32.5) 

24.1 

(14.3 – 54.9) 

0.70 

UFH Use following ICH 

Mean hourly use  

6/34 (18%) 2/6 (33%) 0.58 

Renal Replacement Therapy 22 (65%) 3/6 (50%) 0.65 

Tranexamic Acid Used 4 (12%) 1 (17%) 1.0 

 

2.4.5 Features of Major Haemorrhage at Non-Intracranial Site during 

Extracorporeal Membrane Oxygenation  

In accordance with the ELSO definition of major haemorrhage (MH) of >4 units or 20ml/kg of 

RBC transfusion in 24 hours, 59 episodes of MH were defined at non-intracranial sites. These 

occurred in 51/365 patients (14%) of patients. 44 (12%) patients having 1 episode, 6 (2%) 



 

90 
 

patients having 2 episodes and 1 (0.3%) patient having 3 episodes of NICMH. 314/365 (86%) 

did not have an episode of NICMH. The event rate for first episode of NICMH by day of ECMO 

is shown in Figure 11. The median time to the first episode of NICHMH was 8 days (IQR 4 - 

13.5days), for the second episode was 14.5 days (IQR 13.75 – 30.5 days). The median duration 

of ECMO was longer in patients with NICMH and those without (17 days vs. 10 days 

respectively, p<0.001). The clinical features of the patients with NICMH to those without are 

shown in Table 6. 

The sites of NICMH were pulmonary (lower respiratory tract and pleural) in 16 episodes, 15 

abdominal (lower gastrointestinal and retroperitoneal), 9 upper gastrointestinal, 6 upper 

respiratory tract including tracheostomy-related, 5 pelvic, 3 cardiac, 2 musculoskeletal, 2 line-

related and 1 unknown. For the treatment of these events, 32 patients (63%) had invasive 

procedures (8 required surgery, 12 had endoscopic procedures, 11 required drains, 6 

underwent embolisation or other interventional radiological procedures) and 19 (37%) had 

medical management alone. 

Survival from ICU was higher in those without than those with NICMH. A survival plot 

comparing those with one or more episode of major haemorrhage to those without is shown 

in Figure 12 (p = 0.25). 
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Figure 11: Rates of Non-Intracranial Major Haemorrhage (a) Histogram of all events per day during ECMO (b) Cumulative Hazard Plot of the first episode of 
non-intracranial major haemorrhage by day of ECMO 

(a) (b)  

Figure 12: Kaplan-Meier Survival Plot of survival from Intensive Care of patients with Non-Intracranial Major Haemorrhage during ECMO to those without. 

 
Figure 13: Box plot of extracorporeal blood flow rates in patients with Non-Intracranial Major Haemorrhage during ECMO to those without
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Table 6 Clinical Details of Patients with Non-Intracranial Major Haemorrhage during ECMO 

Clinical Parameter Patients without Major 

Haemorrhage 

(n = 316) 

Patients with Major 

Haemorrhage 

(n = 51) 

p-value 

Median Duration of ECMO 

IQR 

10 days 

(6.5-16) 

17 days 

(11-25) 

<0.001 

Survival to discharge from ICU 256/314 (82%) 32/51 (63%) 0.002 

Median Age (years) 

IQR 

47.0 

(37.6 – 55.6) 

56.2 

(41.9 – 63.7) 

0.067 

Gender (Male) 191 (61%) 34 (67%) 0.43 

Median SOFA Score 

(IQR) 

8 

(5 – 11) 

8 

(5 – 12) 

0.93 

Median APACHE II Score 

(IQR) 

17 

(14 - 21) 

19 

(16 - 21) 

0.12 

 

Table 7 Extracorporeal circuit blood flow rates in patients preceding first major haemorrhagic event 
in comparison to matched-controls without major bleeding 

 Patients with Major 

Haemorrhage 

Patients without Major 

Haemorrhage 

p-value 

Age (years) 51.6 51.7 0.91 

Duration of ECMO (days) 19.2 19.1 0.94 

Mean flow rate over 

preceding 24 hours (IQR) 

4.01 Litres/min 

(3.14 – 4.82) 

3.75 Litres/min 

(3.21 – 4.17) 

0.09 

Mean flow rate over 

preceding 48 hours (IQR) 

4.03 Litres/min 

(3.16 – 4.72) 

3.80 Litres/min 

(3.25 – 4.36) 

0.18 

Mean flow rate over 

preceding 72 hours (IQR) 

4.02 Litres/min 

(3.30 – 4.59) 

3.85 Litres/min 

(3.25 – 4.57) 

0.29 
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Extracorporeal blood flow (ECBF) rates were compared in those with NICMH to those without 

by matching for age, year of treatment and duration of ECMO use. ECBF rates were not 

statistically difference in the preceding 24 hours, 48 hours and 72 hours in those suffering 

from non-ICH MH (Table 7) although a trend to significance was noted within the preceding 

24 hours to be higher in those with NICMH (Figure 13, p=0.09). 

2.4.6 Incidence and Characteristics of Thrombotic and Haemorrhagic Events 

According to Disease Aetiology during Extracorporeal Membrane Oxygenation 

Of the 365 patients reviewed in the study cohort, there were the following number of each 

diagnosis: bacterial pneumonia (n=234), influenza pneumonia (n=80) and COVID-19 

pneumonia (n=51). Within the influenza group, there were 43 cases of H1N1 influenza, 31 of 

other influenza A infections and 6 cases of influenza B. Within the bacterial group, a species 

was identified in 124/234 (53%) of cases by sputum or bronchoalveolar lavage microscopy 

and culture or pneumococcal and legionella urinary antigen testing. 

The clinical features of patients requiring VV ECMO for bacterial, influenza and COVID-19 

pneumonia are shown in Table 8. The gender, duration of ECMO, survival to ICU discharge, 

haemoglobin levels and serological markers of renal, cardiac and hepatic impairment 

(creatinine, Troponin T and alanine transferase) were not significantly different between 

infectious aetiology. Procalcitonin levels were significantly higher in patients with bacterial 

pneumonia and CRP was higher in COVID-19 pneumonia. 

The incidence of thromboembolic and haemorrhagic complications associated with use of 

ECMO are shown in Table 9.  High rates of thrombotic events were seen with COVID-19 in 

comparison to bacterial and influenza pneumonia. There was no difference in major 

haemorrhage between the three conditions. 
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Pulmonary arterial filling defects were present on CTPA in 21/234 (9%) with bacterial 

pneumonia, 6/80 (8%) with influenza and 17/51 (33%) with COVID-19 after initiating ECMO 

(df – 2, p<0.001). Of these, segmental and subsegmental filling defects in the absence of 

preceding DVT were seen in 13/234 (6%) with bacterial pneumonia, 4/81 (5%) with influenza 

and 14/51 (27%) with COVID-19 (df – 2, p<0.001). The incidence of larger vessel pulmonary 

artery filling defects was 3%, 3% and 10% respectively at initiation of ECMO (df – 2, p=0.08). 

MH did not vary between infectious aetiology (Table 9). The incidence of ICH was 

23/234(10%) with bacterial pneumonia, 9/80 (11%) with influenza and 8/51(16%) with 

COVID-19. The prevalence of NICMH was 30/234 (13%), 14/80 (18%) and 7/51 (14%) 

respectively. 

At decannulation from ECMO, Ca-DVT seen by US Doppler was present in 57/274 (21%) of 

survivors. The incidence of Ca-DVT was significant elevated in COVID-19 (53%) in comparison 

to bacterial (12%) and influenza pneumonias (25%, df – 2, p<0.001). 
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Table 8 Clinical characteristics of patients at initiation of VV ECMO according to diagnosis 

(values indicate interquartile range) 

Characteristics Bacterial (n=234) Influenza (n=85) COVID-19 (n=51) p-value 

Median Age (years) 49.2 (37.7 – 57.9) 48.3 (38.7 – 57.3) 46.2 (35.6 – 53.2) 0.52 

Gender (Male) 140 (59.8%) 47 (55.3%) 38 (74.5%) 0.12 

Median SOFA Score 9 (5 - 12) 9 (5 - 11) 6 (4 - 10) 0.015 

Median APACHE II Score 19 (16 - 22) 17 (15 – 21) 14 (11 - 17) <0.001 

Survival from ICU 184 (79%) 66 (78%) 37 (74%) 0.40 

Median ECMO Duration (days) 9 (6-14) 13 (10 - 19) 13 (8 - 21) 0.65 

Median CRP (mg/L) 261 (160-332) 225 (146 - 326) 320 (225 - 362) 0.011 

Median Procalcitonin (µg/L) 17.3 (2.1-87.2) 6.4 (1.4 – 72.4) 3.5 (1.1 – 8.5) <0.001 

Median Ferritin (µg/L) 2674 (845-5303) 2543 (985 - 4809) 1903 (1117 - 4159) 0.24 

Median Haemoglobin (g/L) 99.5 (91.0-112.0) 102.5 (90.3–118.8) 99.0 (88.0 – 106.0) 0.52 

Median Creatinine (µmol/L) 124 (80-223) 152 (97 - 261) 86 (53 – 203) 0.46 

Median Troponin T (ng/L) 80 (38-176) 58 (22 - 164) 31 (13 - 61) 0.15 

Median Bilirubin  (µmol/L) 16 (9-32) 12 (8 - 20) 14 (9 - 20) 0.21 

Median ALT (IU/L) 44 (24-92) 43 (28 - 81) 52 (30 - 77) 0.36 
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 Table 9 Incidence of haemostatic complications at initiation and termination of ECMO according to 
infections aetiology 

 

1 Defined as lobar or main arterial filling defects as the most proximal vessel 

2 Defined as segmental or subsegmental arterial filling defects as the most proximal vessel 

 

Type of 

Complication 

Bacterial 

(n=234) 

Influenza 

(n=80) 

COVID-19 

(n=51) 

Significance 

(p-value) 

Total pulmonary 

arterial filling 

defects seen at 

initiation of ECMO 

 

21/234 (9%) 

3 - central 

5 - lobar 

10 - segmental 

3 - subsegmental 

6/80 (8%) 

2 - central 

0 - lobar 

4 - segmental 

0 – subsegmental 

17/51 (33%) 

3 - central 

2 - lobar 

6 - segmental 

6 – subsegmental 

<0.001 

Small vessel 

arterial filling 

defect1 

13/234 (6%) 4/80 (5%) 12/51 (24%) <0.001 

Large vessel 

arterial filling 

defect2 

8/234 (3%) 2/80 (3%) 5/51 (10%) 0.08 

Intracranial 

haemorrhage 

present at 

initiation of ECMO 

23/234 (10%) 

16 - Subarachnoid 

4 - Parenchymal 

3 – Subdural 

9/80 (11%) 

8 - Subarachnoid 

1 - Parenchymal 

 

8/51 (16%) 

7 - Subarachnoid 

1 - Subdural 

0.43 

Non-Intracranial 

Major 

Haemorrhage 

during ECMO 

30/234 (13%) 14/80 (18%) 7/51 (14%) 0.58 

Deep vein 

thrombosis seen on 

US Doppler at 

decannulation 

22/177 (12%) 15/60 (25%) 20/38 (53%) <0.001 
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2.4.7 Routine Coagulation Testing According to Infectious Aetiology during 

Extracorporeal Membrane Oxygenation 

Hyperfibrinogenaemia and significantly elevated D-dimer levels were seen across all three 

disease aetiologies, which are shown in Table 10. In patients with COVID-19 pneumonia at 

initiation of ECMO, there were shorter APTTr and PTr, higher platelet counts and higher levels 

of fibrinogen than in influenza and bacterial pneumonias. There were no patients with DIC 

according to the ’Overt DIC’ ISTH criteria compared to 6% in patients with influenza and 12% 

of patients with bacterial pneumonia. D-dimer levels were significantly elevated in all diseases 

but were more significantly elevated in COVID-19 pneumonia (p<0.001). 

The routine laboratory parameters according to infectious aetiology with and without 

pulmonary artery filling defects are shown in Table 11. Patients with bacterial pneumonia and 

COVID-19 pneumonia had significantly higher D-dimer levels than those without. There was 

no statistically significant difference in D-dimer levels in patients with influenza pneumonia 

with and without pulmonary artery filling defects. Fibrinogen levels in patients with bacterial 

pneumonia were lower in those with filling defect that those without. 
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Table 10 Routine coagulation parameters according to infectious aetiology at the initiation of ECMO 

   

Characteristics Bacterial (n=234) Influenza (n=85) COVID-19 (n=51) p-value 

Median Admission APTTr 

(normal range 0.8-1.2) 

2.19 (1.93-2.49) 2.65 (2.13-3.16) 1.61 (1.35-1.89) 0.012 

Median Admission PTr 

(normal range 0.8-1.2) 

1.22 (1.18-1.26) 1.17 (1.09-1.25) 1.10 (1.05-1.13) 0.026 

Mean Admission 

Platelets (normal range 

150 – 400 x 109/L) 

182 (165-198) 171 (151-192) 254 (224-285) <0.001 

Mean Admission 

Fibrinogen (normal range 

1.7-3.9 g/L) 

5.65 (5.3-6.0) 4.99 (4.5-5.4) 7.2 (6.5-7.8) <0.001 

Mean Admission D-dimer 

(normal range 0 – 0.55 

mg/L FEU) 

12.4 (10.2-14.7) 13.3 (9.9-16.6) 24.0 (16.8-31.2) <0.001 

Presence of Overt DIC 

(ISTH Score ≥5) 

23 (11.7%) 5 (6.4%) 0 0.022 
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Table 11 Coagulation parameters in patients with and without filling defects on CT Pulmonary 
Angiography at initiation of ECMO with severe ARDS due to bacterial, Influenza & COVID-19 infections 

 

 

* Difference between those with and without filling defects by disease aetiology with p < 

0.05  

Coagulation 

Parameter 

Bacterial Influenza COVID-19 

 
Arterial 

filling defect 

(n=21) 

No filling 

defect 

(n=213) 

Arterial 

filling defect 

(n=6) 

No filling 

defect 

(n=72) 

Arterial 

filling defect 

(n=19) 

No filling 

defect 

(n=39) 

Median 

Platelets 

(x109/L) 

(IQR) 

213 

(61.5-264) 

152 

(82.5-257) 

183 

(169-344) 

252 

(169-344) 

252 

(169-344) 

223 

(170-310) 

Median PTr 

(IQR) 

1.1 

(1.05-1.3) 

1.1 

(1.0-1.3) 

1.1 

(1.0-1.2) 

1.1 

(1.0-1.2) 

1.1 

(1.0-1.2) 

1.1 

(1.0-1.1) 

Median D-

dimer 

(mg/L FEU) 

(IQR) 

12.4 

(8.2-44.6) 

6.0 

(4.0-11.8) 

16.2 

(9.5-21.5) 
 

6.9 

(3.5-18.1)* 

33.3 

(7.0-69.1) 

7.2 

(3.2-28.3) * 

Median 

Fibrinogen 

(g/L) (IQR) 

4.6 

(2.8-6.6) 

5.5 

(4-7.3) * 

4.4 

(3.8-6.6) 

5.0 

(3.4-6.4) 

7.4 

(5.3-8.6) 

6.9 

(5.5-9.0) 
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2.5 Discussion 

This cohort of patients with SRF requiring VV ECMO demonstrates that the development of 

thrombotic and haemorrhagic complications vary at differing time points. This is shown 

schematically in Figure 14. The development of thrombosis was influenced by various factors 

particularly the underlying disease aetiology as described in section 2.4.6. 

 

 

Distinct events were seen throughout the use of ECMO. ICH and pulmonary artery filling 

defects were typically seen at the initiation of ECMO. NICMH was seen throughout the use of 

ECMO although further ICH events were limited. DVT was seen at the end of ECMO in 21% of 

patients surviving to decannulation with the use of routine US doppler imaging. Thrombosis 

at other sites were infrequent during ECMO. 

Thrombosis in the pulmonary vasculature is seen at the initiation of ECMO with low rates of 

symptomatic events occurring subsequently during ECMO. The nature of these thrombi is yet 

to be delineated but it seems likely that ‘immunothrombosis’ is a key component of this. 

Immunothrombosis is the development of localised fibrin deposition at sites of significant 

inflammation typified by activation of platelets, endothelial cells, neutrophils and the 

Figure 14: Schematic representation of thrombotic and major haemorrhagic complications 
over time during the use of ECMO 
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coagulation system86. Features of severe inflammatory patterns of lung disease seen at the 

commencement of ECMO, elevated serological infection markers such as CRP and 

procalcitonin, small volume thrombi on CT imaging and the lack of associated DVT to cause 

embolisation are in keeping with this process in the patient cohort. There was an association 

with preceding PE at the initiation of ECMO with those subsequently developing DVT after 

the use of ECMO suggestive that these patients may have an increased prothrombotic 

tendency. However, at present, there are no standardised clinical definitions or markers of 

immunothrombosis in the antemortem setting185. Of note, the rate of DVT was not higher in 

those with preceding major haemorrhage, for whom systemic anticoagulation is typically 

held, suggesting that anticoagulation may not fully protect against the development of this 

complication. 

ICH is an early event in the treatment period of ECMO, typically seen within the first 12 hours 

of commencement seen on screening CT scans in this cohort. These rates were similar to 

previous levels described by Lockie et al and Arachchillage et al126,127. However, rates were 

significantly higher than previously described in patients not requiring ECMO with critical 

illness at 0.4%25. The incidence of ICH at initiation of ECMO does not vary between disease 

aetiologies suggesting these events may be attributed to the severity of organ failure and 

preceding brain injury, the use of heparin boluses at the time of ECMO initiation or due to 

changes in coagulation that did not vary between conditions186. Hunsicker et al have recently 

described that platelet counts >100x9/L are associated with lower rates of ICH187. Their study 

did not demonstrate differences in critical illness severity scores or markers of injury to other 

organs with ICH. In this cohort and those described by others, the most common type of ICH 

was SAH, which outside of ECMO and critical care, are mainly caused by aneurysm rupture. 

However, SAH seen are typically small with an absence of intraventricular bleeding in ECMO 
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if screened at initiation such as in this cohort. SAH was instead associated with 

intraparenchymal bleeding in 23% of patients. ICH detected at initiation with subsequent 

changes to clinical management showed similar survival rates to discharge from ICU to those 

without ICH. These finding are similar to those described previously by Lockie et al126. 

However, a small number of patients who had progressive ICH despite these measures 

demonstrated a lower rate of survival. These results however conflict with the meta-analysis 

by Sutter et al showing high rates of mortality with ICH122. This may be because the timing of 

diagnosis and subsequent management of ICH were not reviewed as part of the analysis for 

its impact upon survival. This cohort demonstrates that the short-term mortality was largely 

in those that had extension of ICH within the first few days of ECMO, which was not reviewed 

in the meta-analysis. These results show there are no clear defining features of the patients 

who had ICH extension by clinical features, routine laboratory tests nor treatments given. The 

survival outcomes of these patients were in keeping with lower survival rates described by 

Sutter et al and at centres performing cranial imaging at time of developing neurological 

complications as opposed to universal screening122,129,188. This may therefore reflect a similar 

group of patients rather than the small asymptomatic ICH detected in this cohort. Routine 

haemostatic markers were similar between those with and without ICH progression and were 

therefore not of clinical use in screening for patients that may be at increased risk of mortality.  

Previously described risk factors associated with the development of ICH include RRT and 

severe hypercarbia, which may indicate cerebral hypoxia and injury as being key changes to 

cause these events. Markers of cerebral injury, such as S100B and MMP-9 are predictive of 

haemorrhagic transformation of ischaemic stroke189,190. S100B has also been demonstrated 

as a marker of ICH in patients requiring ECMO and therefore these markers may be more 
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useful in predicting those at risk of ICH progression than routine coagulation 

parameters191,192. 

NICMH is recognised as a significant complication of ECMO. However, its development is 

described in a limited nature with predominantly retrospective single-centre cohort studies. 

Although these data are of a similar study design and retrospective in data collection, this is 

the largest cohort describing this type of complication during ECMO and uses a recognised 

standardised definition by ELSO169. The development of NICMH is associated with a 

significantly prolonged duration of ECMO similar to previous findings193. Patients that have 

prolonged treatment duration may have an increased period in which these haemorrhagic 

events can occur and may be prone to susceptible bleeding events such as stress ulceration 

and surgical intervention. 

However, these results do not show a significant difference between ECBF in those with and 

with major haemorrhagic events. It has been demonstrated that ECMO reduces vWF activity 

and the presence of high molecular weight multimers in comparison to control155. However, 

it is unclear the levels that these changes become significant to cause bleeding during ECMO 

and the changes in ECBF rates required for a fall in vWF activity to occur. Therefore, further 

evaluation of ECBF and vWF changes is needed with correlation to haemorrhage. Accrued 

vWF dysfunction and platelet GP damage may be relevant in these patients, particularly with 

higher flow rates causing shear stress in the days after starting ECMO149,193. This is suggested 

in this cohort by a predominance of bleeding at mucosal sites such as the respiratory and 

gastrointestinal tracts, which is frequently seen in defects of primary haemostasis. Mazzeffi 

et al described rates of 25% of serious bleeding during ECMO that was predominantly from 

the gastrointestinal tract (36%), chest (28%) and upper respiratory tract (16%) 194. Similarly, 
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there were higher rates of in-hospital mortality at 33% with major bleeding during VV ECMO. 

With VA ECMO, serious bleeding occurred in 69% with a mortality rate of 59%. Kreyer et al 

also showed a predominance of bleeding from the respiratory tract with high rates of bleeding 

from cannulae sites. They included both non-major and major haemorrhage were include131. 

This analysis focuses upon infectious causes to SRF due to their predominance in being the 

main indications for VV ECMO in around 30% of cases195. When reviewing those with 

infectious pathologies, one of the key features was variability in the rates in thrombosis 

depending on the type of pathogen. High rates of pulmonary artery filling defects are seen in 

COVID-19 pneumonia followed by influenza then bacterial pneumonia. Radiological review of 

the filling defect sizes showed a high rate of small vessel involvement in the segmental and 

subsegmental pulmonary arteries. Although routine US Doppler scanning was not applied 

prior to ECMO in this cohort, there was an absence of preceding DVT in these patients to 

suggest embolization, although this cannot be excluded. This has similarly been shown by Le 

Berre et al who demonstrated higher levels of pulmonary perfusion defects with the exclusion 

of PE in COVID-19 (60%) in comparison to other disease processes (27%)196. 

Patients with SRF requiring ECMO have extensive pulmonary changes that support the 

hypothesis that these changes represent immunothrombosis, as discussed above. As a 

syndrome, ARDS is heterogeneous depending on the underlying aetiology and the 

inflammatory response of the patient197. COVID-19 has been demonstrated to cause platelet, 

endothelial and complement activation as well as provoking a significant acute phase 

response198–200.The features of the latter have been demonstrated in COVID-19 with elevated 

levels of fibrinogen, CRP and ferritin levels, in keeping with a significant acute phase response 

that is seen in patients without DIC201. In contrast, the incidence of DIC in patients with 
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bacterial pneumonia was 12% at the initiation of ECMO, which is similar to previously 

describes rates of DIC in bacterial-related sepsis202,203.  

The imaging approach utilised in this cohort was whole-body CT imaging at the time of ECMO 

initiation, which in part was to screen for bleeding and thrombotic complications to guide 

subsequent anticoagulation and blood product support. At present, there is no 

standardisation of imaging practice in ECMO. Sutter et al suggest that cranial CT is performed 

if indicated by a deterioration in neurological status122. With an incidence of ICH at 11% and 

at 12% for pulmonary artery filling defects at initiation in this cohort, it seems appropriate 

that the approach of CT screening would favour earlier detection to improve survival 

outcomes. Imaging is also used at this time for other indications such as cannulae site location 

and assessment of lung injury. Due to the lower detection rates of ICH and other sites of 

thrombosis and haemorrhage during ECMO, it seems appropriate to reserve imaging for a 

change in clinical status although further studies are required to assess this. Similarly, 

screening US Doppler scans after decannulation identified an incidence of 21% in this cohort 

and significant rates in other centres118,119. As the diagnosis of DVT guides subsequent 

continued anticoagulation use, if DVT is detected to reduce the risk of complications such as 

post-thrombotic syndrome and PE, it appears rational from this data to use US Doppler at this 

time point. 

The key limitations of this analysis are the retrospective nature and limitation to a single 

centre. This invariably introduces bias into the outcomes reported and the practice of one 

centre with a lack of alternatives for comparison. For example, detection of thrombosis during 

ECMO may be different if routine imaging was used, rather than based on clinical changes in 

the cohort described above. Similarly, anticoagulation use at a single centre may not reflect 
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outcomes at other centres with other anticoagulation regimens. As such, either multicentre 

observational cohort studies or randomised-cohort studies would be optimal in this situation. 

We have aimed to limit the confounding effect of multiple disease aetiologies by reviewing 

three infectious disease processes, which are common indications for ECMO and 

subsequently performed subgroup analysis to review the complications. 

2.6 Conclusions 

This retrospective review has identified that there are different temporal patterns of 

haemorrhagic and thrombotic events during ECMO. These are particularly more prevalent for 

thrombotic events with COVID-19 infection than bacterial pneumonia. Major bleeding, both 

intracranial and non-intracranial, remained similar regardless of the underlying disease 

aetiology. Routine coagulation testing was not related to the development of these events 

and D-dimer levels, although elevated were not specific in this cohort of critically ill patients 

requiring ECMO. This suggests that further haemostatic parameters and markers of organ 

injury are required to understand and predict these complications. Universal screening 

imaging appears to be an acceptable approach for these events if available due to high 

prevalence rates and impact upon subsequent anticoagulation use. 
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Chapter 3 – Blood Component Use during 

Extracorporeal Membrane Oxygenation 

3.1 Introduction 

The utilisation of blood components during ECMO is variable between patients but in general, 

the requirements are higher than other patients in critical care204–206. At present, there is an 

absence of prospective trial data to guide the use of different blood components and 

therefore their use has been extrapolated from other studies in critical care or based upon 

consensus expert opinion. A recent meta-analysis has largely highlighted that current 

evidence has been based upon single centre studies207. 

The indications for transfusion of blood components during ECMO can be considered in two 

broad categories: 1) as prophylaxis to maintain clinically appropriate target levels in the 

setting of anaemia, thrombocytopenia or coagulopathy, or 2) for treatment during episodes 

of major bleeding to achieve haemostasis and maintain tissue oxygen delivery. The 

transfusion targets for the former are poorly defined although guidance is given by ELSO 

based on consensus opinion and retrospective data208 (Table 12). The Canadian 

Extracorporeal Life Support program recently suggested more restrictive approaches to 

transfusion threshold (Hb <70-50g/L, platelets <50 x109/L and no routine use of Fresh Frozen 

Plasma (FFP) in non-bleeding patients)209. The latter is based upon evidence from major 

studies outside the use of ECMO in the setting of critical care and high-risk cardiothoracic 

surgery210,211. However as discussed in Chapter 1, the nature of bleeding is complex during 

the use of ECMO and therefore transfusion protocols in this setting of haemorrhage may have 
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different requirements. At present, large-scale prospective randomised studies are lacking on 

patient blood management during ECMO. 

Recent studies have demonstrated the association of poorer survival outcomes with high 

transfusion rates use during ECMO shown in Table 13. Guimbretière et al showed that blood 

transfusion rates were higher in adults requiring VA in comparison to VV ECMO and those  

defined as being ‘high users’ of transfusion (19 units RBC, 5 units platelets and/or 12 units 

FFP) had a risk of mortality in excess of 80%212. 

Table 12 Blood Transfusion Triggers during ECMO (Adapted from ELSO Anticoagulation Guidelines 
2014 and ELSO Red Book) 

Blood Component Transfusion Trigger(s) 169,213 

Red Blood Cell 

Concentrate 

Haematocrit >35-40% or haemoglobin 120-140g/L 

Platelets Platelet count <100x109/L 

Fresh Frozen Plasma PTr >1.5-2.0 and/or if there is significant bleeding 

Cryoprecipitate Fibrinogen <100-150g/L 
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Table 13 Studies describing the Use of Transfusion in Extracorporeal Membrane Oxygenation 

Study Cohort Size Events Outcome(s) Comments 

Guimbretiere, 

Perfusion. 2019212 

509 

(VA ECMO 81%) 

VA vs VV for: 

30-day survival 

6-month survival 

FFP Use 

Platelet Use 

 

58 vs 71% 

41 vs 51% 

61 vs 32% 

62 vs 34% 

Retrospective 

Single centre 

High mortality in high 

transfused group 

(80%) 

Cashen, 

Ped Crit Care Med. 

2020214 

511 children Daily platelet 

transfusion volume: 

Mortality 

Thrombosis 

Haemorrhage 

All p ≤ 0.01 

 

OR 1.05 

OR 1.01 

OR 1.01 

Retrospective 

Multicentre 

Henriquez-

Henriquez, 

Int J Art Organs. 

2014215 

98 adults 

(VA ECMO 92%) 

Daily blood product 

use: 

RBC 

Platelets 

FFP 

Cryoprecipitate 

 

 

39.5ml/kg 

34.3ml/kg 

12.9ml/kg 

1.4ml/kg 

Single centre 

Retrospective 

Smith, 

Perfusion. 2012216 

484 ECMO runs in 

children 

Characteristics of 

survivors and non-

survivors 

RBC use: 

16 vs 27 ml/kg/d 

Platelet use: 

17 vs 23 ml/kg/d 

Haemorrhage: 

27 vs 49% 

Single centre 

Retrospective 

Swol, 

Perfusion. 2018217 

81 adults Risk of ICU death: 

Haematocrit 

Units of RBC/day 

56% ICU survival 

>31% - RR 1.73 

RR 4.4 

Single centre 

Retrospective 

Esper, 

Vox Sang. 2018218 

676 adults Risk of mortality 

according to blood 

product use 

Increased 90-day (OR 

1.05) and 1-year 

mortality (OR 1.05) with 

platelet transfusion 

Large single centre 

series 

Retrospective 

Hughes, 

Membranes. 

2021219 

54 publications 

(2 prospective 

and 2 multi-

centre) 

3808 patients 

RBC transfusion per 

patient per day 

2.6 /day 

VA: 3.9/day 

VV: 1.2/day 

Wide variation in use: 

0.15 - 17.8/ /day 

Systematic Review 

Unable to assess 

affect on mortality 
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3.1.1 Red Blood Cell Transfusion during Extracorporeal Membrane Oxygenation 

Red cell transfusion has been used as a strategy to maximise oxygen delivery during periods 

of SRF. Matucci et al surveyed 447 clinicians globally for their use RBC transfusion triggers 

during ECMO220. They highlighted that there was an absence of pre-defined haemoglobin 

triggers for 54% of clinicians and that centres with higher number of ECMO runs per annum 

had lower transfusion triggers (84g/L in centres with > 24 runs per year and 94g/L in centres 

with <12 runs per year). Clinicians also used haemoglobin transfusion triggers that were 

higher than other patients in critical care not requiring ECMO.  

Current guidelines suggest targeting a haemoglobin level greater than 150 g/L although in 

clinical practice, practitioners use significantly lower thresholds as illustrated by the findings 

of Martucci et al220,221. This threshold suggested by ELSO is proposed as an optimal cut-off 

balancing the risks of transfusion and increased circuit flow rates to maintain adequate 

oxygen delivery222. Patients receiving ECMO require higher usage of RBC transfusions204. The 

intended benefit of transfusion is to improve DO2 at lower rates of ECBF223. High rates of ECBF 

can result in excessive negative pressure on the drainage side of the circuit causing 

haemolysis. In extreme cases, this can cause pump-related cavitation causing significant 

negative pressure in the access line, and subsequent failure of forward flow potentially 

causing cardiac arrest. Practically, ECBF is frequently limited by the size and position of the 

drainage cannula and the patient’s intravascular volume224. 

In contrast, there is an increasing awareness to limit the use of transfusion particularly to 

achieve physiologically ‘normal’ levels of haemoglobin or coagulation profiles. The 

complications of transfusion include haemolytic reactions, blood group incompatibility, 

volume overload, transfusion-associated acute lung injury, immunomodulation, human 
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leukocyte antigen (HLA) and RBC antigen sensitisation, and transfusion-transmitted 

infection223. Therefore, patient blood management (PBM) strategies have been devised to 

apply an evidence base to blood transfusion use. However, this has not been done in the 

setting of ECMO although retrospective studies have shown that this approach can reduce 

blood utilisation without affecting recovery225,226. 

Several large, randomised control trials (TRIC, TRICS-III, and TITRe2) have consistently 

demonstrated that a ‘restrictive’ RBC transfusion strategy, typically maintaining haemoglobin 

concentration between 70 and 90 g/L is non-inferior to a ‘liberal’ transfusion strategy 

maintaining haemoglobin between 100 and 120 g/L in critically ill adults227–229. However, 

patients receiving ECMO were not included in these studies. Retrospective studies have 

suggested that lower haematocrit and haemoglobin concentration may provide acceptable 

clinical outcomes during ECMO217,230. High volumes of RBC transfusion during ECMO have 

been associated with increased mortality and morbidity including thrombosis, acute renal 

impairment, and sepsis, although the causality of this relationship is unclear as major 

haemorrhage may be a significant confounder217,231. The utilisation of ‘restrictive’ RBC 

transfusion practice with a lower haemoglobin level trigger for transfusion is therefore a key 

clinical quandary over recommended ‘liberal’ ones with a higher trigger. 

3.1.2 Cryoprecipitate, Fresh Frozen Plasma and Platelet Transfusion Use during 

Extracorporeal Membrane Oxygenation 

The development of coagulopathy and thrombocytopenia is common during ECMO use in 

both asymptomatic patients and patients with haemorrhage. The EOLIA study demonstrated 

that thrombocytopenia of varying levels was more common in patients using ECMO than in 

those having alternative respiratory support methods for SRF204. 
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The description of non-RBC transfusions (i.e. platelets, FFP and cryoprecipitate) in the setting 

of ECMO is poorly defined and again largely based upon retrospective single centre data in 

adults214,215,232. Transfusion rates of these products were high but variable between these 

groups. In both paediatric and adult cohorts, transfusion requirements increased with cardiac 

indications for ECMO. Additional identified risk factors for transfusion are thrombocytopenia, 

older age in children, bleeding, recent antiplatelet use and longer duration of ECMO. As with 

RBC transfusion, the transfusion of platelets, cryoprecipitate and FFP can be associated with 

transfusion-related reactions. 

A large multi-centre review of platelet transfusion use during ECMO in paediatric patients 

showed high rates of transfusion (>96%) with increased platelet transfusion volumes 

associated with increased mortality rates and both higher rates of thrombosis and bleeding 

particularly in the neonatal population214.  Similarly, Karam et al showed high use of non-RBC 

transfusions during ECMO in children with their use related to bleeding or predefined 

transfusion targets233. Both studies failed to show a relationship between preceding platelet 

counts and bleeding although recognised discrepancies between blood sampling times and 

subsequent time to transfusion. Esper et al demonstrated a high rate of mortality at 90-day 

and 1-year in adult patients requiring platelet transfusion during VA ECMO (odds ratio 1.05) 

but not in VV ECMO nor with other non-RBC blood components218. However, this did not take 

in to account major haemorrhage, which is a significant determinant of platelet use and 

survival during ECMO234–236. 

The current data suggests that the use of non-RBC transfusions during ECMO may have 

adverse outcomes, including mortality, despite the intention to reduce haemostatic 

complications and improve survival rates with current transfusion practices. Due to this, a 
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retrospective cohort of adult patients requiring VV ECMO at Guy’s & St Thomas’ NHS 

Foundation Trust was reviewed for transfusion practice, the factors relating to transfusion 

use and the subsequent impact on clinical outcomes. 

3.2 Aims 

1) To compare the survival outcomes of patients with ‘liberal’ versus ‘restrictive’ red blood 

cell transfusion approaches during ECMO 

2) To assess the survival outcomes of patients receiving platelet, FFP and 

cryoprecipitate/fibrinogen concentrate transfusions during ECMO 

3.3 Methods 

3.3.1 Study Design 

A retrospective review of patients requiring VV ECMO was performed for the use of RBC, 

platelet, FFP, fibrinogen concentrate and cryoprecipitate transfusions. The period of review 

was for 7 years between 1st January 2011 and 31st December 2017 for initiation of ECMO. For 

RBC transfusion, there was a change in haemoglobin transfusion triggers in January 2014 and 

therefore a retrospective cohort study was performed between these two groups. For non-

RBC transfusions, the groups were compared to those who required and did not require 

transfusion of these blood components as a retrospective cohort study. 

3.3.2 Ethical Approval 

Approval by an ethics committee was not required in accordance with NHS Health Research 

Agency (http://www.hra-decisiontools.org.uk/ethics/). The study was registered and 

approved as a clinical audit (reference number 10129) with the Trust Research department. 
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3.3.3 Inclusion Criteria 

Patients requiring in VV ECMO at Guy’s and St Thomas NHS Foundation Trust in the review 

period. 

3.3.4 Exclusion Criteria 

Patients were excluded if they were less than 16 years old and if the ECMO run was less than 

24 hours. If a patient received more than one ECMO run, the initial run was included, and the 

subsequent ones were excluded. Patients that required plasma exchange (PEX) were not 

included in the analysis of FFP use on survival outcomes. 

3.3.5 Data Collection 

Subject clinical details were extracted using R Version 3.5.1 (R Foundation for Statistical 

Computing, Auckland, New Zealand; http://www.r-project.org/) from electronic records on 

Phillips ICIP Intellispace CCA (Amsterdam, The Netherlands). Clinical details including gender, 

age at initiation of ECMO, cause of respiratory failure, APACHE II score at initiation, duration 

of ECMO, and the use of RRT were recorded. Transfusions were identified from the patients’ 

electronic health record which records units transfused by pack serial number to prevent 

double counting of transfusions.  

3.3.6 Details of Extracorporeal Membrane Oxygenation Circuit 

All patients reviewed in this study received VV ECMO. The oxygenator circuit used at was the 

Cardiohelp system (Getinge, Gothenburg, Sweden) and BE HLS 7.0 oxygenator (Getinge). 

Cannulation was routinely performed using bifemoral Biomedicus cannulae (Medtronic, 

Dublin, Ireland). Anticoagulation at the time of the study was with an IV UFH with 50 IU/kg as 

a bolus at the time of cannulation with 2,500 units in the priming fluid for the circuit. A 
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subsequent UFH infusion was monitored by the APTTr targeting a level of 1.5–2.0—unless 

there was clinical or radiological evidence of bleeding. This was also guided by a preceding 

history bleeding or thrombotic complications and whole-body CT performed at the time of 

cannulation. 

3.3.7 Transfusion Indications and Targets 

RBC transfusion were given due to either anaemia or bleeding with 1 unit having an 

approximate volume of 350ml. Between January 2011 and December 2013, Hb targets in the 

patient with stable parameters were of 100–120 g/L. Between January 2014 to December 

2017, Hb targets were 80–90 g/L but for stable patients and particularly in those where the 

concerns about HLA sensitization were important (as a limitation to potential lung 

transplantation if anti-HLA antibodies developed causing acute graft rejection), a transfusion 

target of 70 g/L or less is used. For clinically unstable patients with difficult oxygenation, 

higher RBC transfusion triggers were defined by the attending physicians. For patients with 

active bleeding, a pragmatic target Hb of 80–90 g/L was used. 

Patients given platelet transfusions when platelet counts were < 50 x 109/L if there were no 

signs of bleeding. Patients with active bleeding when platelets were <  80-100 x 109/L. A single 

platelet unit has an approximate volume of 200ml. 

Patients who were not bleeding were transfused FFP when PTr was greater than 1.5. Patients 

were given FFP with active bleeding when APTTr or PTr was greater than 1.5. A single FFP unit 

has an approximate volume of 350ml and was given at a dose of 15-20ml/kg. Adult patients 

will therefore receive typically 2-4 units of FFP for one transfusion episode. 

Patients were transfused cryoprecipitate or fibrinogen concentrate without bleeding when 

Clauss fibrinogen levels were <1.5 g/L. Patients were given these products with active 
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bleeding when fibrinogen levels were <2.0 g/L. A single cryoprecipitate unit has an 

approximate volume of 300ml and is given at a dose of 15ml/kg. Adult patients will therefore 

receive typically 2-3 units of one transfusion episode. Fibrinogen concentrate (Riastap, CSL 

Behring, USA) was given as a 1g infusion with 50ml volume used in patients with fluid 

overload. 

3.3.8 Outcome Variables 

When assessing the use of a ‘restrictive’ versus ‘liberal’ RBC transfusion practice, the primary 

outcomes were survival to decannulation, survival to discharge from the ICU and survival at 

6 months after discharge. Patients with incomplete follow-up at 6 months were not included 

in the outcome frequencies at that time point. The data was collected prospectively from 

entry to a local registry and reviewed retrospectively for the purpose of this study. 

The primary outcome was transfusion rates of platelet, FFP and cryoprecipitate in survivors 

and non-survivors from ECMO decannulation, discharge from ICU and follow-up at 6-months. 

The secondary outcomes were 1) the use of these products with the presence or absence of 

Ca-DVT at the time of ECMO decannulation, 2) those with and without ≥1 episode of MH 

during ECMO 3) the corresponding parameter (platelet count, PTr and fibrinogen level 

respectively) at which the transfusion was given and 4) the day of ECMO use that transfusion 

was received. Bleeding assessment was performed qualitatively during ECMO by the clinical 

care team and recorded contemporaneously in the electronic medical record. MH for the 

purpose of this study was defined as the transfusion of ≥ 4 units of RBC transfusion within a 

24-hour period with clinical evidence of bleeding. Large volume RBC transfusion not due to 

bleeding were not included in this analysis. 
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3.3.9 Laboratory Blood Testing Values and Assays 

A full blood count (FBC) is routinely performed once daily for patients receiving ECMO and 

additionally if there are other clinical indications such as bleeding, preoperatively or following 

circuit change. All FBC results from venous samples were included in this study to give a 

median Hb concentration and haematocrit during ECMO for further statistical analysis. 

Results were reviewed for outliers, and these were then reviewed manually with clinical 

records for errors. FBC testing was performed using DxH 900 Hematology (Beckman Coulter, 

Brea, CA) to provide haemoglobin concentration and haematocrit results at our centre. 

Testing for APTT, PT, D-dimer and fibrinogen were performed using Sysmex CS2100i 

(Norderstedt, Germany) as per manufacturer protocols. 

3.3.10 Statistical Considerations 

Statistical analysis was performed using R Statistics Version 3.5.1 (R Foundation for Statistical 

Computing) and SPSS version 27 (IBM, USA). Descriptive analysis of continuous variables was 

given as medians and interquartile ranges. Categorical variables were given as numbers of 

individuals/events and percentages. Null hypothesis significance testing was employed to 

examine variable distributions between the two time periods. Mann-Whitney U tests were 

performed to assess continuous variables, and chi-square goodness-of-fit tests were 

performed to assess categorical variables. Logistic regression was performed to examine 

independent variables associated with the development of the investigated outcomes. The 

regression model covariates were selected with consideration for plausible and known 

predictors of these outcomes. A significance level of alpha equals to 0.05 was used for all 

statistical tests. 
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3.4 Results 

During the study period, 411 patients received VV ECMO for SRF. Nine patients were excluded 

from the analysis: six patients survived less than 24 hours and two patients were under 16 

years old. One patient was placed on ECMO twice, their second run was not included in the 

analysis. Figure 15 shows the study cohort and their outcomes. In total 402 patients were 

reviewed with a total of 5438 days (14.9 years) of ECMO. Nine patients were excluded for 

analysis of FFP usage due to the indication of PEX during ECMO. 

Figure 15 Flow Diagram with Patient Outcomes during use of ECMO between 2011 - 2017 
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3.4.1 ‘Liberal’ versus ‘Restrictive’ Red Blood Cell Transfusion Practice during 

Extracorporeal Membrane Oxygenation 

Ninety-nine patients were treated between 2011 and 2013 and 303 patients between 2014 

and 2017. The characteristics of the groups are shown in Table 14. The characteristics 

between the groups are similar with no statistically significant differences in age, APACHE 

score at admission, the use of RRT, and survival outcomes to decannulation, discharge from 

ICU and survival at 6 months. The most common reason for patients to require VV ECMO was 

bacterial pneumonia and thereafter viral pneumonia. The occurrence rate of ICH was 16 

patients (16.2%) receiving VV ECMO between 2011 and 2013 and 41 (13.5%) between 2014 

and 2017. Major haemorrhage occurred in 21 (21.2%) and 50 (16.5%) respectively with no 

statistically significant difference with both types of bleeding events in the two time periods. 

After the introduction of ‘restrictive’ transfusion practice in 2014, the median Hb 

concentration decreased from 97 to 87 g/L (p < 0.001) shown in Figure 16(a). The average 

number of units transfused to patients when a restrictive approach was used fell from 0.66 

RBC units per ECMO day to 0.44 (p < 0.001). Thereafter, the median flow rate on ECMO 

between the groups as ECBF is a key determinant of systemic oxygenation. The mean ECBF 

during the first 7 days of those receiving ECMO was higher in the initial group at 4.0 L/min 

(range, 3.4–4.5 L/min) receiving a ‘liberal’ transfusion approach and lower at 3.5 L/min (3.2–

4.2 L/min) (p < 0.05) in the ‘restrictive’ transfusion period (Figure 16(b)). 

Multiple logistic regression analysis for all patients in the study showed that APACHE II score, 

age at cannulation, and number of RBC were factors independently associated with survival 

to decannulation, whereas the period that they received ECMO was not (Table 15). 
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The number of RBC units transfused in patients who had survived or died to ECMO 

decannulation in the two time periods is shown in Figure 17. The rates of transfusion among 

survivors were similar in the two groups (p=0.38). Patients in the later period with a 

‘restrictive’ approach showed that those patients who died received more RBC transfusions 

compared with those who survived. 

Figure 16 Comparison of haemoglobin and extracorporeal membrane oxygenation (ECMO) 
blood flow rates between ‘liberal’ and ‘restrictive’ transfusion practices. (a) Median 
haemoglobin concentration; (b) Extracorporeal blood flow during the first 7 days during VV 
ECMO between 2011 and 2013 and 2014–2017 
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Table 14 Clinical features of patients receiving ECMO comparing patients between 2011-2013 
(‘liberal’ RBC transfusion approach) to 2014-2017 (‘restrictive’ RBC transfusion approach) 

Clinical Features Total Liberal Restrictive p-value 

Number of patients 402 99 303 - 

Gender (Male) 227 (56.5%) 49 (49.5%) 178 (58.7%) 0.135 

Median Age (IQR) 45 (34 – 56) 46 (35 – 55) 45 (34 – 56) 0.822 

Median APACHE II Score (IQR) 18 (15 – 21) 18 (15 – 21) 18 (15 – 21) 0.817 

Median duration of ECMO, 

days (, IQR) 

8 (5 – 14) 9 (5.5 – 14) 8 (5 – 14) 0.84 

Use of RRT 227 (56.5%) 51 (51.5%) 176 (58.1%) 0.304 

ECMO Survival 328 (77.1%) 78 (78.8%) 250 (82.5%) 0.497 

ICU Survival 310 (77.1%) 73 (73.7%) 237 (78.2%) 0.433 

6-Month Survival 291 (73.9%) 70 (72.9%) 221 (74.2%) 0.914 

Primary respiratory diagnosis     

Pneumonia – Bacterial 163 47 (47.5%) 116 (38.3%) 0.335 

Pneumonia – Viral 71 18 (18.2%) 53 (17.5%) 

Extra-pulmonary ARDS 37 8 (8.1%) 29 (9.6%) 

Asthma 29 8 (8.1%) 21 (6.9%) 

Other causes 102 18 (18.2%) 84 (27.7%) 

Median Haemoglobin during 

ECMO g/L (IQR) 

89.5 (83 – 99) 97.0 (91.3 – 106.0) 87.0 (82 – 92.3) <0.001 

Haematocrit % (IQR) 28.2 (25.8 – 30.7) 30.3 (28.1 – 33.1) 27.1 (25.2 – 30.0) <0.001 

Median ECMO blood flow 

L/min (IQR)  

3.67 (3.17 – 4.28) 4.01 (3.36 – 4.50) 3.51 (3.16 – 4.17) 0.001 

Intracranial Haemorrhage 57 (14.2%) 16 (16.2%) 41 (13.5%) 0.627 

Major Haemorrhage 71 (17.7%) 21 (21.2%) 50 (16.5%) 0.36 
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Table 15 Multiple Logistic Regression Showing the Odds Ratio and Confidence Intervals for Variables 
for Mortality While Receiving Extracorporeal Membrane Oxygenation 

Characteristics Odds ratio Confidence Intervals (95%) 

Sex (Female) 0.78 0.44 – 1.37 

Age  1.04* 1.02 – 1.06 

APACHE II Score 1.09* 1.03 – 1.16  

Duration of ECMO 0.99 0.97 – 1.01 

Median haemoglobin 0.99 0.96 – 1.02 

Admission after 2014 0.88 0.43 – 1.83 

Number of RBC Transfusions 1.07* 1.03 – 1.11 

* p-value < 0.05 

Figure 17 Rate of red blood cell transfusion and survival to decannulation from extracorporeal 
membrane oxygenation (ECMO) over the two study time periods 

 

  



 

123 
 

3.4.2 Platelet Transfusion during Extracorporeal Membrane Oxygenation 

A total of 1261 units of platelets were transfused over the study period during ECMO. 163/402 

patients (40.5%) received platelet transfusions at any time point and it was used on 753/5438 

(13.8%) days of ECMO. The median number of platelet transfusions transfused during ECMO, 

if used, was 5 units per run. The median platelet count prior to transfusion was 49 x109/L (IQR 

36-67 x109/L). The median time from the preceding platelet count to transfusion was 3.9 

hours (IQR 2.5 - 6.1 hours). Table 16 shows the comparison of platelet transfusion rates 

against survival outcomes, MH and development of Ca-DVT following decannulation from 

ECMO. 

Table 16 Clinical Outcomes according to the use of platelet transfusion during ECMO 

Clinical Outcome Platelet Transfusion 

(n=163) 

No Platelet Transfusion 

(n=239) 

p-value 

Median Duration of ECMO 10 days 7 days 0.001 

Survival to Decannulation 116 (71.2%) 212 (88.7%) <0.001 

Survival to Discharge from 

ICU 

107 (65.6%) 203 (84.9%) <0.001 

Survival at 6 months 100 (61.3%) 191 (79.9%) <0.001 

Major Haemorrhage 49 (30.1 %) 20 (8.4%) <0.001 

Deep Vein Thrombosis 22/105 (20.9%) 32/186 (17.2%) 0.42 

 

Figure 18 shows the amounts of platelets used between survivors to non-survivors of ECMO 

decannulation. There was a mean use of 2.5 platelet transfusion in survivors in comparison 

to 6.0 platelet transfusions in non-survivors (p<0.001). 
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Figure 18 The Number of Platelet Transfusions between Survivors and Non-Survivors to decannulation 
from ECMO 

 
 

3.4.3 Fresh Frozen Plasma use during Extracorporeal Membrane Oxygenation 

A total of 772 units of FFP were transfused over the study period during ECMO. Nine patients 

(2.2%) received PEX requiring a total of 338 units of FFP. This was 46.8% of the total use of 

FFP in patients requiring ECMO. The indications for PEX were for pulmonary vasculitis (8 

cases) and dermatomyositis (1 case). The remaining 393 patients that did not require PEX, 61 

patients (15.5%) received 434 units of FFP and they were used on 81/5352 (1.5%) total ECMO 

days The median number of FFP transfusions during ECMO if used was 6 units per run. The 

median PTr prior to transfusion was 1.4 (IQR 1.2-1.7) prior to FFP transfusion. The median 

time from the preceding PTr test to transfusion was 4.4 hours (IQR 3.0 – 6.6 hours). Table 17 

shows the comparison of FFP transfusion rates against survival outcomes, MH, and 

development of Ca-DVT following decannulation from ECMO.T 

Figure 19 shows the amounts of FFP used between survivors to non-survivors of ECMO 

decannulation. There was a mean use of 0.9 FFP transfusions in survivors in comparison to 

1.9 FFP transfusions in non-survivors (p=0.017). 
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Table 17 Clinical Outcomes according to the use of FFP transfusion during ECMO 

Clinical Outcome FFP Transfusion 

(n=61) 

No FFP Transfusion 

(n=332) 

p-value 

Median Duration of ECMO 8 days 8 days 0.36 

Survival to Decannulation 41 (67.2%) 287 (86.4%) <0.001 

Survival to Discharge from ICU 37 (55.2%) 273 (82.2%) <0.001 

Survival at 6 months 32 (52.5%) 259 (78.0%) <0.001 

Major Haemorrhage 29 (47.5%) 41 (12.3%) <0.001 

Deep Vein Thrombosis 6/34 (17.6%) 48/257 (18.7%) 0.9 

 

 

Figure 19 The Number of Fresh Frozen Plasma Transfusions between Survivors and Non-
Survivors to decannulation from ECMO 
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3.4.4 Fibrinogen Replacement use during Extracorporeal Membrane 

Oxygenation 

A total of 490 units of cryoprecipitate and 70 vials of fibrinogen concentrate (both will be 

referred subsequently to as ‘fibrinogen replacement’) were transfused over the study period 

during ECMO. 100/402 patients (24.9%) received fibrinogen replacement at any time point 

and it was used on 215/5438 (3.9%) total ECMO days. The median number of units of 

fibrinogen replacement for those who were transfused was 4 units per ECMO run. The median 

fibrinogen level prior to transfusion was 1.3g/L (IQR 1.0-1.7g/L). The median time from 

fibrinogen level to transfusion was 4.1 hours (IQR 2.8-8.7 hours). Table 18 shows the 

comparison of fibrinogen replacement against survival outcomes, MH, and development of 

Ca-DVT following decannulation from ECMO. 

Table 18 Clinical Outcomes according to the use of Cryoprecipitate and Fibrinogen concentrate 
transfusion during ECMO 

Clinical Outcome Fibrinogen 

Replacement 

(n=100) 

No Fibrinogen 

Replacement 

(n=302) 

p-value 

Median Duration of ECMO 12 days 8 days <0.001 

Survival to Decannulation 68 (68.0%) 260 (86.1%) <0.001 

Survival to Discharge from 

ICU 

63 (63.0%) 247 (81.8%) <0.001 

Survival at 6 months 58 (58.0%) 233 (77.2%) <0.001 

Major Haemorrhage 38 (38.0%) 32 (10.6%) <0.001 

Deep Vein Thrombosis 18/62 (29.0%) 36/229 (15.7%) 0.02 
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Figure 20 shows the amounts of fibrinogen replacement used between survivors to non-

survivors of patients to ECMO decannulation. There was a mean use of 1.1 fibrinogen 

transfusions in survivors in comparison to 3.0 fibrinogen transfusions in non-survivors 

(p<0.001). 

Figure 20 The Number of Fibrinogen Replacement Transfusions between Survivors and Non-
Survivors to decannulation from ECMO 

 

Binary logistic regression was performed on all patients in the study for the duration of ECMO, 

the use of platelet, FFP and fibrinogen replacement transfusions during ECMO, the presence 

of MH during ECMO and the use of PEX during ECMO. For survival outcomes, the use of 

platelet transfusions was statistically significant with a reduced survival to ECMO 

decannulation (p = 0.006, OR 0.43, 95% CI 0.24 – 0.79), discharge from ICU (p = 0.006, OR 

0.46, 95% CI 0.27 – 0.80) and survival at 6-months (p = 0.016, OR 0.52, 95% CI 0.30 – 0.88). 

Furthermore, the number of platelet transfusions was also found to be statistically significant 

(p = 0.018, OR 0.95, 95% CI – 0.92 – 0.99) for decreased survival to decannulation. This was 

not significant for other blood transfusion products or the presence of MH in this multivariate 
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analysis. Duration of ECMO was found to be significant to survival at 6 months (p = 0.003, OR 

0.98, 95% CI 0.96 – 0.99) but not for the other shorter-term survival outcomes. 

The use of fibrinogen replacement as a risk factor for the development of lower limb Ca-DVT 

at decannulation sites was not found to be statistically significant (p = 0.054, OR 2.13 CI 95% 

0.99 – 4.60) using multivariable regression. Additionally, this was not associated with the total 

amount of fibrinogen used (p = 0.93) or the mean use of fibrinogen replacement per day (p = 

0.50) 

3.5 Discussion 

3.5.1 ‘Liberal’ versus ‘Restrictive’ Red Blood Cell Transfusion Practice during 

Extracorporeal Membrane Oxygenation 

This is a large single-centre retrospective study examining RBC transfusion practice in adults 

receiving VV ECMO for SRF. A restrictive approach was historically adopted on the basis of the 

known risks of RBC transfusions and the increasing number of studies demonstrating RBC 

transfusions linked with significantly increased mortality and morbidity in critical 

illness219,227,229,237. However, this practice had not been reviewed and these studies did not 

include patients using ECMO. These data demonstrate that a ‘restrictive’ approach to 

transfusion in ECMO is not associated with an inferior survival outcome to decannulation from 

ECMO, survival to ICU discharge and survival at 6 months. Additionally, mortality rates are 

comparable to those of the ELSO registry and national and international studies204,238. The 

average number of units transfused to patients with a restrictive approach fell by 0.2 RBC 

units per ECMO day equating to approximately 1-2 units per ECMO run. This has the potential 

to generate a significant cost saving and minimise unnecessary blood component use. 
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Despite a lower transfusion threshold, the average ECBF in the first 7 days was 500 mL/min 

higher in those patients where a ‘liberal’ transfusion practice was used. This contradicts 

modelling to suggests that an  elevated Hb increases DO2 during ECMO239.The reason for this 

is unclear and further analysis to include DO2 and VO2 pre- and post-transfusion may assist in 

understanding this. At this centre, it is clinical practice to provide the fractional delivery (Fd) 

of oxygen at 100% in the ECMO circuits and with an aim to maintain blood flows between 3 - 

4.5 L / min to target an SaO2 > 88%. Weaning is commenced with an improved clinical state 

to allow local ‘weaning’ protocols from ECMO to be used. For this, ECBF is generally 

maintained >3L / min to reduce the risk of thrombosis and circuit loss, which are associated 

with low ECBF rates240. The discrepancy in this practice and previous modelling by Spinelli and 

Bartlett may account for some of the differences observed between the expected and 

observed flow rates with differing RBC transfusion practices224. 

These results are consistent with two other retrospective studies of ECMO that have shown 

non-inferiority survival for patients with lower Hb concentration and haematocrit targets with 

a small proportion being maintained with an average haematocrit above the targeted 40% 

during treatment217,230. There was a higher use of RBC transfusion in non-survivors at all 

survival time points following a change to a restrictive transfusion approach. This is consistent 

with previous studies in critical care241. Although age and severity of illness at presentation 

were associated with an increased risk of mortality prior to decannulation, the mean Hb level 

during ECMO was not. Associated events such as bleeding and increased efforts to improve 

cardiovascular stability in those not responding to ECMO support may have contributed to a 

higher use of RBC transfusions in non-survivors. 

This retrospective study suggests that ‘restrictive’ transfusion practice (Hb concentration 

target 80–90 g/L) may have comparable survival rates to a ‘liberal’ transfusion strategy (target 
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100–120 g/L) with regards to decannulation from ECMO, discharge from ICU and survival at 6 

months. This is yet to be fully evaluated in prospective multi-centre randomised studies, in 

addition to other areas such as duration of RBC storage that may also be worth exploring242. 

3.5.2 Transfusion of Platelets during Extracorporeal Membrane Oxygenation 

The use of non-RBC transfusions during ECMO appears to be variable. Platelet transfusions 

were used in the largest number of patients and for more days of ECMO, followed by 

fibrinogen replacement then FFP. All blood product types were used more frequently in those 

who had major haemorrhage in comparison to those who did not. These results suggest 

platelet transfusions were given more extensively for a ‘prophylactic’ intent as there were 

higher numbers of transfusions and preceding platelet counts showed severe 

thrombocytopenia. 

Short- and longer-term survivorship from ECMO was affected by the transfusion of platelets 

on multivariate analysis. The odds of this were higher in the short-term. This was independent 

of those with MH, which is a significant potential confounder for increased mortality as shown 

in Chapter 2 and other cohorts131,182. Kreyer et al demonstrated higher critical illness severity 

scores in those experiencing MH131. 

Other recent studies have highlighted that mortality rates may be related to the use of 

platelet transfusions in both adult and paediatric cohorts requiring ECMO. This cohort has 

similar rates of platelet transfusions for adult patients to other centres such Guimbretriere et 

al who described 34% of patients requiring them during VV ECMO212. Esper et al did not 

demonstrate an association with platelet transfusion and mortality during VV ECMO but did 

with VA ECMO218. However, the number of patients included was smaller and did not control 

for the presence of major haemorrhage. Aubron et al showed platelet transfusions were 
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associated with non-survivorship from ECMO in a 5-year retrospective review from VV 

ECMO243. Rates of platelet transfusion in this cohort were lower than in these paediatric 

cohorts214,233,234. Platelet transfusion triggers are typically higher in children due to the 

concerns of neonatal intracranial haemorrhage and an underdeveloped haemostatic system.  

However, survival outcomes in neonates and children requiring platelet transfusions during 

ECMO are also reduced214,233,244. Other previously identified risk factors for platelet 

transfusions are antiplatelet use and Hb level falls of >55 g/L232. It appears that further 

understanding of the role of platelet transfusion during ECMO is required due to its potential 

association with mortality.  

The use of platelet transfusion has shown conflicting outcomes in other indications for 

transfusion. The PlaNET2 and PATCH studies showed adverse survival outcomes in those with 

lower platelet transfusion thresholds in neonates and adults taking antiplatelets following 

cerebral haemorrhage respectively245,246. There have also been further studies suggesting 

either lower or non-superior survivorship in those requiring platelet transfusions in the 

setting of traumatic brain injury, following cardiac surgery, patients with cancer and after 

haemopoietic stem cell transplantation247–250. Additionally, the use of prophylactic platelet 

transfusion prior to invasive procedure increases the short-term risk of thrombosis251. 

However, these retrospective studies are likely underrepresenting key confounders such as 

disease severity and haemorrhagic events. 

The haemostatic function of transfused platelets in ECMO as a therapeutic option is still to be 

fully evaluated. In bleeding patients undergoing CPB, the extracorporeal circuit increases 

platelet aggregation by TRAP and arachidonic acid following platelet transfusion252. Similarly 

in those with severe thrombocytopenia, platelet transfusion increased platelet aggregation 
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to various activators253. However in major trauma, the use of platelet transfusion with large 

volume RBC transfusion has not shown increased platelet aggregation but attenuated 

fibrinolysis on TEG254. Increased levels of PAI-1 and decreased in tPA were seen that may 

cause this effect, likely attributable to release of PAI-1 following platelet activation. Previous 

groups have also described platelet activation as a marker of disease severity in sepsis255,256. 

This raises the concern of platelet activation during ECMO, particularly in those without 

bleeding, severe thrombocytopenia and inflammatory conditions, and may be a potential 

mechanism leading to the increased mortality seen in relation to platelet transfusion. The 

paradox of platelet activation and reduced platelet adhesion due to the shedding of key 

adhesion molecules such as GPIbα as a result of mechanical circuit may mean that transfused 

platelets may not correct coagulopathic changes and cause potential harm147.  

3.5.3 Transfusion of Fresh Frozen Plasma during Extracorporeal Membrane 

Oxygenation 

FFP was used at higher rates in those with major haemorrhage than other blood components. 

Risk stratification tools to assess bleeding risk during ECMO have been developed, which 

correlate to the use of plasma products, but have been not widely adopted257. The average 

PTr prior to administration did not meet a transfusion trigger of >1.5 suggesting an empirical 

use in MH may have been employed. The use of FFP transfusion was lower in our cohort than 

that described by others215. Historically, FFP use has been associated with inappropriate use 

and demonstrates less correction in coagulation time in those with lower PTr or APTTr258. In 

addition, the use of prophylactic FFP use has not been associated with reduced rates of RBC 

use during critical care admission259. A recent randomised control study by McMichael et al 

showed that the prophylactic use of FFP did not alter the lifespan of an ECMO circuit and did 
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not increase the rate of thrombosis260. Additionally, a ratio of RBC:FFP during ECMO >1.0 is 

associated with a higher rate of in-hospital mortality during major haemorrhage261. This data 

supports the suggestion that its use should be mainly used during bleeding. It is probable that 

those with procoagulant deficiencies also have concurrent deficiencies in natural 

anticoagulants262.  

In previous retrospective studies, higher rates of FFP use was seen in patients developing DVT 

after cardiac surgery, liver transplantation and pelvic surgery for cancer263–265. This was not 

demonstrated in this cohort and may be attributable to different transfusion thresholds. 

3.5.4 Transfusion of Fibrinogen Replacement Products during Extracorporeal 

Membrane Oxygenation 

The use of fibrinogen replacement may also have an impact upon short-term survival and the 

development of post-decannulation DVT although this was not shown to be statistically 

significant on multivariate analysis. Plasma fibrinogen levels have not been correlated with 

the development of DVT although a smaller reduction in D-dimer levels after decannulation 

was associated with DVT179. In Chapter 2, the results showed higher rates of Ca-DVT following 

decannulation in patients with COVID-19 pneumonia, which had higher levels of fibrinogen in 

comparison to bacterial and viral pneumonias. Furthermore, cryoprecipitate also contains 

other procoagulant factors such as FVIII and vWF that may cause an additive effect to 

fibrinogen in this risk of thrombus formation. 

In other clinical scenarios, there is a suggestion that fibrinogen replacement increases the risk 

of thrombosis. Shams et al showed that fibrinogen replacement increased clot stability during 

cardiopulmonary bypass252. Emuakhagbon et al showed that the use of intra-operative FFP 

and cryoprecipitate during liver transplantation was a risk factor for VTE post-operatively265. 
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Exploration of thrombotic events therefore warrants further evaluation in the setting of 

fibrinogen replacement during ECMO. 

Lower transfusion thresholds for non-RBC transfusions have been adopted during ECMO use 

due to concerns from clinicians that the additional use of anticoagulation may result in major 

bleeding. Chung et al have shown retrospectively that there is no increased risk of thrombosis 

or circuit occlusion if anticoagulation is held due to bleeding, severe thrombocytopenia or 

peri-operatively266. Similarly, Kurihara et al have shown that VV ECMO can be used without 

anticoagulation without adverse outcomes in a retrospective matched cohort267. Therefore, 

a more ‘permissive’ approach to transfusion triggers could be explored in patients featuring 

coagulopathy by laboratory parameters only. 

3.5.5 Limitations 

This study is a single-centre retrospective analysis and is therefore prone to bias and physician 

selection, which may not have been identifiable. Furthermore, this study did not include VA 

ECMO, which have been shown to use larger amounts of RBC transfusion207,219,231. The 

indications and appropriateness for transfusion were not assessed individually in this cohort 

and this is recognised as a serious limitation of this study. Also, the use of transfusion in 

clinically relevant non-major bleeding (CRNMB) has not been described with a focus on major 

haemorrhage in the cohort due its impact upon survival. CRNMB has not been defined by 

ELSO in the setting of ECMO and other definitions by ISTH may be difficult to adopt in this 

setting169,268. Analysis of the APACHE II score as a potential confounder may be inaccurate as 

they were calculated using data collected from this centre once patients have been retrieved 

from another hospital. Therefore, most patients had already been placed on ECMO before 

the initial APACHE II score was calculated impacting upon recorded parameters. 
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With regards to RBC transfusions, there is also substantial physiologic rationale to support a 

higher transfusion threshold in patients with SRF, who in the majority have approached or 

exceeded a critical threshold of DO2. Hb concentrations do not inform a clinician of a patient’s 

DO2, and a once- or twice-daily measurement has limited utility. Another limitation was the 

inability to differentiate if survival outcomes with respect to Hb concentrations were 

confounded by MH in individual cases, although these rates were not statistically different 

between the two time periods. With regards to non-RBC transfusions, transfusion thresholds 

did not change over the review period although clinician experience may have changed 

transfusion practice over this period. 

3.6 Conclusions 

This retrospective single centre cohort corresponds with other similar studies suggesting that 

a more ‘restrictive’ approach to blood component transfusion could be considered during 

ECMO due to either similar survival rates or potential increases in mortality with ‘liberal’ use. 

This was principally seen with RBC and platelet transfusions, which had the highest 

transfusion rates over the review period. Prospective multicentre studies for transfusion 

triggers to identify when to use blood components should be used 1) during major 

haemorrhage, 2) as prophylaxis to prevent bleeding and additionally 3) anticoagulation 

targets with the aim to reduce the bleeding events, are needed. With the second point, it may 

also be considered that changes in transfusion triggers are required throughout the circuit 

run. Further consideration for other methods of measuring haemostasis and anticoagulant 

activity, such as TEG, vWF and antithrombin (AT) assays, during ECMO should be considered 

to optimise the balance between thrombosis, haemorrhage, and risk of mortality.  
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Chapter 4 – Methods for Assessing Haemostatic 

Changes in Ex Vivo Circuits and Patients During 

Extracorporeal Membrane Oxygenation 

4. 1 Study Outline 

Blood samples from patients in a small prospective observational study during ECMO were 

compared to samples from ex vivo circuits run over 24-hours (design and set-up described in 

Chapter 5). Similar markers of thrombin generation, fibrinolysis and circulating histones were 

reviewed in both groups. 

4.2 Study Design for Assessing Haemostatic Changes in Patients 

Consecutive patients were enrolled prospectively at a single centre observational study at St 

Thomas’ Hospital, London between March 2020 and February 2021 (Coagulopathy of Patients 

Receiving Extracorporeal Membrane Oxygenation – CYCLE Study). Blood sampling was taken 

prior to, during and at cessation of ECMO use. 

4.3 Ethical Approval and Consent 

Ethical approval for collection of patient blood samples and clinical information was reviewed 

and approved by the London NHS REC (Reference Number – 19/LO/1016) and King’s College 

London as part of the CYCLE Study. Consent was gained from the patient or a nominated 

professional and personal consultee prior to starting ECMO. If capacity was regained, 

retrospective consent from the patient was sought. 
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4.4 Inclusion and Exclusion Criteria for Patients 

The inclusion criteria for patient recruitment were: 

• Patients receiving ECMO 

• Aged >18 years 

The exclusion criteria for recruitment were: 

• Patients with a known inherited bleeding disorder 

• Plasma exchange within previous 24 hours 

4.5 Blood Sampling from Patients 

Blood samples were taken at the following time points for each patient (Figure 21): 

• Prior to starting ECMO (1), 1 hour after starting ECMO (2), 1 day after starting ECMO 

(3), 2 days after starting ECMO (4) and once weekly after starting ECMO (5) 

• Prior to stopping ECMO (6), 1 hour after stopping ECMO (7) and 1 day after ECMO (8) 

• During an episode of major haemorrhage (MH - defined as >20ml/kg RBC transfusion 

used within a 24-hour period)169 

 

  

Figure 21: Timepoints for blood samples from patients receiving ECMO 

 
Cannulation Decannulation 

Deterioration ECMO Support Recovery 

1   2    3     4                     5 …          6   7   8 
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Samples were collected by arterial lines used as part of routine clinical care into 3.2% sodium 

citrate (11 ml collected) and EDTA (3ml) vacutainers. They were immediately spun at 3000 

rpm at room temperature for 15 minutes with aliquots of platelet-poor plasma removed. This 

platelet-poor plasma was then spun again at 3000 rpm for a further 15 minutes and aliquots 

of this platelet free plasma (PFP) were used for subsequent analysis. Samples were stored at 

-80°C until further analysis described below. Details of samples collected on listed in 

Appendix. 

4.6 Data Collection for Patients 

Patient information was collected prospectively from electronic care records. Information 

collected included demographics and clinical details of the patients (age, gender, cause of SRF 

and critical illness severity score). Routine laboratory parameters were collected from FBC 

(Hb, platelet and white cell count (WCC) [Unicell DxH 800, Beckman Coulter, High Wycombe, 

UK]), coagulation times (APTTr and PTr) and anti-Xa levels (CS-2100i, Sysmex, Milton Keynes, 

UK). Information on clinical care and ECMO support were collected daily (ECBF rates, 

anticoagulation type and dosing and blood products transfused). Imaging was reviewed 

throughout the period of ECMO use and the day following decannulation for each patient (CT 

imaging of the whole body at initiation of ECMO, US Doppler scans following decannulation 

and any other additional images). Clinical features and complications are described in more 

detail Appendix. 
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4.7 Measurement of Haemostatic Factors using Enzyme-Linked 

Immunosorbent Assays 

These assays were performed on samples from patients and the ex vivo circuit with results 

described in Chapters 6, 7 and 8. The assays performed were for D-dimer, TAT (Thrombin-

Antithrombin complex), PAP (Plasmin-Antiplasmin Complex), PF1+2 (Prothrombin Fragments 

1+2), PAI-1, TAFI, tPA, uPA, Histone H3.1 and Histone H3R8. 

4.7.1 Principles of Enzyme-Linked Immunosorbent Assays 

In the first stage of the enzyme-linked immunosorbent assays (ELISA), sample plasma is added 

to the wells of a pre-coated plate containing antibodies binding to the protein/complex of 

interest (a monoclonal antibody for an epitope of the protein). Following an initial incubation 

during which any of the protein/complex in the sample binds to the antibody coating the well, 

a wash step removes any unbound material. In the second stage, a second antibody to the 

specific protein/complex is then added, which binds to any protein/complex immobilised in 

the first step, with a subsequent wash step. The second antibody is linked to a fluorescent 

enzyme. In the third stage, a substrate is added which undergoes a reaction with the 

fluorescent enzyme. This reaction is subsequently stopped chemically, and the resulting 

colour intensity measured spectrophotochemically. The measured colour intensity is 

proportional to the amount of protein/complex in the sample. 

4.7.2 Details of D-Dimer ELISA 

Materials and Reagents: High-sensitivity D-dimer kit (Hyphen Biomed, Neuville-sur-Oise, 

France) consisting of 

• Antibody coated microwells 
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• D-Dimer Standards 

• Low and High controls 

• Stop Solution (containing sulphuric acid) 

• Wash Solution 

• Specimen Diluent 

• TMB Substrate with hydrogen peroxide 

• Conjugate 

The kit was brought to room temperature prior to use. Citrated plasma samples, standards 

and controls were diluted with diluent solution to 1:50. 200 µL of samples, standards, and 

control were added to the wells and left to incubate for 1 hour at room temperature. 

Following incubation, plates were washed 5 times using 300 µL wash solution (20-fold diluted 

with distilled water), after which 200µL conjugate was added to each well. Following a further 

1-hour incubation at room temperature, plates were washed again 5 times using 300 µL wash 

solution. 200 µL substrate was added to each well, followed by a 5-minute incubation at room 

temperature. 50 µL Stop solution was then added to each well, and plates read at 450nm. 

4.7.3 Details of Thrombin-Antithrombin ELISA 

Materials and Reagents:  TAT kit (Sysmex, Milton Keynes, UK) consisting of 

• Antibody coated microwells 

• TAT Standards 

• Control plasma 

• Stop Solution (containing sulphuric acid) 

• Wash Solution  

• Working Chromogen solution 

• Substrate with hydrogen peroxide 
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50 µL of TAT Buffer solution were added to each well followed by 50 µL of undiluted citrated 

plasma, standards and controls, and left to incubate for 15 minutes at 37◦C.  300 µL Wash 

Solution was added to the wells for 3 washes after which 100 µL conjugate was added to each 

well. Following a further 15 minutes incubation at 37◦C, plates were washed again 3 times as 

described above. 100 µL Working Chromogen solution was added to each well, followed by a 

30-minute incubation at room temperature avoiding light. 100 µL Stop solution was then 

added to each well, and plates were read at 492nm. 

4.7.4 Details of Plasmin-Antiplasmin ELISA 

Materials and Reagents: PAP Complex kit (Immuno Diagnostic Systems Ltd (IDS), Tyne & 

Wear, UK) consisting of 

• Antibody coated microwells 

• PAP Standards 

• Control plasma 

• Stop Solution containing sulphuric acid 

• Wash Solution 

• Buffer Solution 

• Conjugate Diluent 

• TMB Substrate 

• Conjugate 

The kit was brought to room temperature prior to use. 50 µL Buffer Solution were added to 

each well followed by 50 µL of undiluted citrated plasma, standards and controls for 15 

minutes at room temperature, after which plates were washed 3 times using 300 µL Wash 

Solution. 100 µL conjugate was added to each well. Following a further 15-minute incubation 

at room temperature, plates were washed again 3 times as described above. 100 µL substrate 
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was added to each well, followed by a 15-minute incubation. 100 µL Stop solution was then 

added to each well, and plates read at 450 nm. 

4.7.5 Details of Prothrombin Fragments 1+2 ELISA 

Materials and Reagents: PF1+2 kit (Sysmex, Milton Keynes, UK) consisting of 

• Antibody coated microwells 

• PF1+2 Standards 

• Control plasma 

• Stop Solution containing sulphuric acid 

• Wash Solution 

• Sample Buffer 

• Conjugate Buffer 

• TMB Substrate 

• TMB Conjugate 

1900 mL distilled water added to the 100 mL Wash Solution Concentrate to make a 2-litre 

solution. Standards and controls were reconstituted with 1ml of distilled water and incubated 

for 15 minutes at 22◦C. 50 µL of Sample Buffer were added to each well followed by 50 µL of 

citrated plasma, standard and controls whilst being agitated and left to incubate for 30-

minutes at 37◦C. Following incubation, plates were washed 2 times using 300 µL wash 

solution, after which 100 µL conjugate was added to each well. Following a further 15-minute 

incubation at 37◦C, plates were washed again 3 times as described above. 100 µL Chromogen 

Buffer/Substrate solution was added to each well, followed by a 15-minute incubation at 

room temperature avoid light. 100 µL Stop solution was then added to each well, and plates 

read at 450 nm. 
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4.7.6 Details of Plasminogen Activator Inhibitor-1 ELISA 

Materials and Reagents: PAI-1 Kit (Diagnostica Stago UK Ltd, Theale, UK) consisting of 

• Antibody coated microwells 

• PAI-1 Standards 

• Stop Solution containing sulphuric acid 

• PET Buffer 

• OPD Substrate Concentrate 

• Hydrogen peroxide 

• Conjugate 

100 µL PET buffer was added to each well with 1-minute of gentle agitation. 20 µL of citrated 

plasma, standards and control (of a known value of the standard) were added undiluted to 

the plate. Following this, 50µL conjugate was added to each well for 2 hours with agitation. 

Wells were then washed used PET buffer 4 times. 300 µL substrate concentrate, 3mL water 

and 300 µL of hydrogen peroxide were mixed and agitated for 15 minutes. 200 µL substrate 

was added to each well, followed by a 15-minute incubation at room temperature on a plate 

shaker. 50 µL Stop solution was then added to each well, and plates read at 492 nm. 

4.7.7 Details of Thrombin-Activatable Fibrinolytic Inhibitor Antigen ELISA 

Materials and Reagents: TAFI kit (Invitech, Huntingdon, UK) consisting of 

• Antibody coated microwells 

• TAFI Calibrator 

• Low and High controls 

• Stop Solution with sulphuric acid 

• PET Wash Solution 
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• Sample Diluent 

• Conjugate Diluent 

• TMB Substrate with hydrogen peroxide 

• Conjugate 

TAFI Calibrator and controls were each reconstituted with 500 µL distilled water and the 

conjugate was reconstituted with conjugate diluent. Samples and controls were diluted using 

sample diluent, to make a 1/50 dilution. 200 µL of diluted citrate plasma, standards and 

controls were added to the plate and left to incubate for 2 hours at 37◦C. Following incubation, 

plates were washed 5 times using 300µL wash solution, after which 200 µL conjugate was 

added to each well. Following a further 1 hour at 37◦C incubation, plates were washed again 

5 times as described above. 200 µL substrate was added to each well, followed by a 5-minute 

incubation at room temperature. 50 µL Stop solution was then added to each well, and plates 

read at 450nm. 

4.7.8 Details of Tissue Plasminogen Activator ELISA 

Materials and Reagents:  tPA antigen kits (R&D Systems, Minneapolis, USA) consisting of 

• Antibody coated microwells 

• tPA Standards 

• Stop Solution containing sulphuric acid 

• Wash Buffer Concentrate 

• Assay Diluent 

• Calibrator Diluent 

• Conjugate 

• Colour Reagents A and B 
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Plasma samples were diluted with Calibrator diluent to a ratio of 1:5. 480 mL distilled water 

were added to 20mL Wash Buffer Concentrate to prepare a volume of 500 mL Wash Buffer 

solution. Colour Reagents were mixed in equal amounts to make the substrate solution. 80 

mL distilled water were added to 20mL Calibrator diluent to prepare a volume of 100 mL 

Calibrator diluent solution. 50 µL Assay diluent were added to each well, after 50µL citrated 

plasma, standards and control (of a known value of the standard) were added to the wells 

and left to incubate for 2 hours at room temperature agitated. Following incubation, plates 

were washed 4 times using 400 µL Wash Buffer solution, after which 200 µL conjugate was 

added to each well. Following a further 2 hours incubation at room temperature agitated, 

plates were washed again 4 times as described above. 200 µL substrate was added to each 

well, followed by a 30-minute incubation at room temperature avoiding light. 50 µL Stop 

solution was then added to each well, and plates read at 450nm. 

4.7.9 Details of Urokinase Plasminogen Activator ELISA 

Materials and Reagents: uPA antigen kit (Bio-Techne, R&D Systems, Minneapolis, USA) 

consisting of 

• Antibody coated microwells 

• uPA Standards 

• Stop Solution containing sulphuric acid 

• Wash Buffer Concentrate 

• Assay Diluent 

• Calibrator Diluent 

• Conjugate 

• Colour Reagents A and B 
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Plasma samples were diluted with Calibrator diluent to a ratio of 1:4. 480mL distilled water 

were added to 20 mL Wash Buffer Concentrate to prepare a volume of 500 mL Wash Buffer 

solution. Colour Reagents were mixed in equal amounts to make the substrate solution. A 

60mL distilled water were added to 20 mL Calibrator diluent to prepare a volume of 80 mL 

Calibrator diluent solution. 100 µL Assay diluent were added to each well, after 50 µL citrated 

plasma, standards and control (of a known value of the standard) were added to the wells 

and left to incubate for 2 hours at room temperature agitated. Following incubation, plates 

were washed 4 times using 400 µL Wash Buffer solution, after which 200 µL conjugate was 

added to each well. Following a further 2 hours incubation at room temperature agitate, 

plates were washed again 4 times as described above. 200 µL substrate was added to each 

well, followed by a 30-minute incubation at room temperature avoiding light. 50µL Stop 

solution was then added to each well, and plates read at 450nm. 

4.7.10 Details of Histone H3.1 ELISA 

Materials and Reagents: H3.1 kit (Volition, Isnes, Belgium) consisting of 

• Antibody coated microwells 

• H3.1 Standards 

• Low and High controls 

• Stop Solution containing hydrochloric acid 

• Wash Buffer 

• Assay Buffer 

• TMB Substrate 

• Conjugate 

1mL distilled water was added to reconstitute each standard and control bottle.  50 mL 

distilled water added to the 450 mL Wash Buffer Concentrate to achieve a 10-fold dilution. 
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The kit was brought to room temperature prior to use. Wells were washed with 200 µL Wash 

Buffer 3 times. 80 µL Assay Buffer were added to each sample. 20 µL of EDTA plasma, 

standards and controls were added to the wells and left to incubate for 150 minutes at room 

temperature agitated. Following incubation, plates were washed 3 times using 200 µL diluted 

wash solution, after which 100 µL conjugate was added to each well. Following a further 90 

minutes incubation at room temperature agitated, plates were washed again 3 times as 

described above. 100 µL substrate was added to each well, followed by a 20-minute 

incubation avoiding light. 100 µL Stop solution was then added to each well, and plates read 

at 450nm. 

4.7.11 Details of Citrullinated Histone H3R8 ELISA 

Materials and Reagents: H3R8 kit (Volition, Isnes, Belgium) consisting of 

• Antibody coated microwells 

• H3.1 Standards 

• Low and High controls 

• Stop Solution containing hydrochloric acid 

• Wash Buffer 

• Assay Buffer 

• TMB Substrate 

• Conjugate 

50mL distilled water was added to the 450 mL Wash Buffer Concentrate to achieve a 10-fold 

dilution. The kit was brought to room temperature prior to use. 80 µL Assay Buffer were 

added to each sample. 20µL of EDTA plasma, standards and controls were added to the wells 

and left to incubate for 2.5 hours at room temperature agitated. Following incubation, plates 

were washed 3 times using 200 µL diluted wash solution, after which 100 µL conjugate was 
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added to each well. Following a further 1.5 hours incubation at room temperature agitated, 

plates were washed again 3 times as described above. 100 µL substrate was added to each 

well, followed by a 20-minute incubation avoiding light. 100 µL Stop solution was then added 

to each well, and plates read at 450nm. 

4.7.12 Result Interpretation of ELISA Assays 

The mean of each duplicate absorbance value was taken. A standard curve was generated by 

plotting the absorbance value (y-axis) versus its corresponding protein/complex 

concentration (x-axis). 

The obtained intra- and inter-assay co-efficient of variation (CV) for these assays were – D-

dimers: 3.0% and 4.0%, PF 1+2: 6.0% and 9.0%, TAT: 5.0% and 8.0%, tPA 5.5% and 5.3%, 

uPA2% and 6.8%, PAP 4.2% and 7.3%, PAI-1 3.3% and 2.9%, TAFI 5.9% and 8.4%, H3.1: 7.6% 

and 11.8% and H3R8: 4.5% and 8.2%. 

4.7.13 Calculation of Results 

A curve fit was applied to the dilution and standard and the amount of each protein/complex 

in the plasma samples was determined. The results were multiplied by any dilution factors 

used in the assay to obtain the concentration of protein/complex in the neat sample. 

4.7.14 Details of Clauss Fibrinogen Assay 

Class fibrinogen levels were based on a clotting-based assay. The principle of the assay is that 

diluted platelet-poor plasma is activated by high concentration of thrombin to allow fibrin-

rich clot formation. Optical densimetry is used to measure the end point of clot formation 

once it has exceeded a threshold. A reference sample is used at varying dilutions to form a 

calibration curve, to which the concentration of test plasma levels is deduced. 
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They were performed using the ACL TOP 350 analyser (Werfen, Warrington, UK) using 

HemosIL reagents (Werfen) according to manufacturer’s protocols. Assays were performed 

in duplicate. The intra-assay CV was 3.5% and inter-assay CV was 4.2%. 

4.8 Statistical Analysis 

Statistical analysis was performed using SPSS version 27 (IBM, USA). Descriptive analysis of 

continuous variables was given as medians and interquartile ranges. Categorical variables 

were given as numbers of individuals/events and percentages. Null hypothesis significance 

testing was employed to examine variable distributions between the two time periods. Mann-

Whitney U tests for unrelated and Wilcoxon U tests for related samples were performed to 

assess continuous variables. A significance level of alpha equals to 0.05 was used for all 

statistical tests. 
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Chapter 5 - Ex vivo Circuits to Assess Haemostatic 

Changes during ECMO 

5.1 Introduction 

Changes in haemostasis can be considered as attributable to either the circuit or the patient 

during ECMO with an interplay between the two. To understand this further, ensuring 

homogeneity in both these components is needed. Clinical studies can be impacted by a 

variety of diseases causing cardiorespiratory failure and their associated haemostatic 

changes, similar to those described in Chapter 2. Consequently, a specific disease cohort or 

large sample size are needed to overcome these confounders. Animal models can also be 

used to assess disease processes and circuit function although these need large animal 

models to allow the use of the circuits, identification of species with similar haemostatic 

systems to humans to replicate changes during ECMO, and the institutional set-up and cost 

considerations to perform these studies. Therefore, ex vivo models can be considered as a 

plausible and attractive alternative to assess the circuit-attributable changes of ECMO. 

Malfertheiner et al have described various ex vivo circuit models for studying changes during 

ECMO. These studies have focussed on the assessment of oxygenator performance, pump 

performance, haemostasis and drug pharmacokinetics269. Haemostatic and anticoagulation 

management is not standardised between centres using ECMO in clinical practice. Therefore, 

ex vivo models assessing these areas can be heterogenous. The cornerstones of these circuit 

designs consisted of a pump, membrane oxygenator, tubing and a flexible reservoir for blood 

sampling. Some models included additional pump drivers for additives and drug 

administration270,271. 
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Various components must therefore be considered during the design and use of these circuits 

to achieve the study outcome, whilst also being functional: anticoagulation, the size and type 

of pump, the size and volume of the circuit, the type of priming fluid and subsequent 

haemodilution, source and volume of blood, and blood flow rates. Table 19 summarises 

published ex vivo circuit models focusing on haemostatic and platelet-related changes. There 

is variety in the use of heparin for these models although a dose of 1 IU/mL was frequently 

used, although circuits using citrate alone have been described269,271. Anticoagulation 

strategies frequently depends on whether the development of thrombus formation was an 

outcome of the study. There was a median duration of 6-hours for the run time and circuit 

occlusion was described in a small number of these studies272. Paediatric circuits have lower 

circulating volumes so haemodilution becomes less significant in comparison to adult circuits. 
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Table 19 Studies describes haemostatic changes in ex vivo ECMO circuits and components of their design 

Study Measure(s) Anticoagulation Circuit & Pump Blood source Priming fluid and 

haemodilution 

Outcome(s) 

Ki et al. Int 

Care Med 

Exp. 2019273 

N = 10 

Free Hb 

vWF Multimers 

Platelet 

aggregation 

ROTEM 

Coagulation 

assays 

Flow cytometry 

UFH 400IU and 

calcium chloride 

(3.33mg/ml) at 

time of blood 

addition to circuit 

PLS (Maquet, 

Germany) 

Rotaflow 

centrigual pump 

BIOLINE coating 

Donated 

human whole 

blood from 

top-bottom 

bags with 

CPD 

0.9% sodium chloride 

No pre-haemodilution 

level for comparison 

Post haemodilution Hb 

98 – 102 g/L 

Assessment of high flow 

(4L/min) (n = 5) to low 

flow (1.5L/min) rates 

over 6-hours (n = 5) 

Teligui. 

Perfusion. 

2016.274 

N = 10 

CD40L 

C3a 

Β-

thromboglobulin 

TF, FVIIa & FXII 

PF1+2 

UFH 400IU 

(1IU/ml) at time 

with ACT 

maintained ≥ 500s 

Roller pump 

(COBE Perfusion 

system, USA) 

Paediatric 

oxygenator 

(Affinity) 

Donated 

human whole 

blood 450-

480ml with 

66.5ml CPD 

175ml 1.4% sodium 

bicarbonate and 325ml 

0.9% sodium 

bicarbonate 

Haemodilution 39±3% 

Changes over 2-hours 

Meyer. J 

Thromb 

TEG 

Flow cytometry 

Thrombogram 

UFH 1IU/ml at 

time of blood 

collection 

COBE CV Roller 

Pump (Sorin) 

Donated 

human whole 

blood 

No priming fluid 

No discussion of 

haemodilution 

Assessment of low 

(0.3ml/min), medium 
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Haem. 

2020.272* 

N = 15 

Electron 

microscopy of 

oxygenator 

KIDS D100 

Oxygenator 

(Sorin) 

400±50ml 

with UFH in 

collection 

bag 

(0.5ml/min) and high 

(0.7ml/min) flow rates 

Assessment of thrombus 

in oxygenator after 6-

hours 

Meyer. 

Pediatr Crit 

Care Med. 

2012.275* 

N = 20 

Platelet count 

Free Hb 

Flow cytometry 

UFH 4IU/ml Jostra Rotaflow 

vs Jostra rotator 

(Maquet) pump 

Quadrox D 

(Maquet) vs 

silicone 

membrane 

(Medtronic, USA) 

oxygenator 

Porcine 

whole blood 

No discussion 

of volume or 

additives 

No discussion of 

priming fluid or 

haemodilution 

Assessment of 4 

combinations of 

centrifugal and rotator 

pumps, and 

polymethylpentene and 

silicone oygenators after 

6-hours 

Van Pouche. 

Art Organs. 

2016.276 

N = 3 

Platelet count 

Platelet 

aggregation 

ROTEM 

Not discussed Not discussed Donated 

human whole 

blood 

Not discussed Changes with 

hypothermia and 

rewarming after 6-hours 
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Bleilevens. 

ASAIO J. 

2014.271* 

N = 8 

Platelet counts 

Free Hb 

Coagulation times 

TEG 

Flow cytometry 

VWF and IL-β 

Citrate sodium 

hydrogen 

phosphate 

(5.66mg/mL) 

ID-Pediatric 

Oxygenator 

(Maquet) and 

centrifugal pump 

(MEDOS, 

Germany) 

Porcine 

whole blood 

No priming fluid 

Isovolaemic fluid 

replacement after 

blood sampling  

Comparison of 

unmodified ex vivo 

model vs modified with 

CO2-enhanced gas and 

additive nutrient 

solution over 12-hours 

Winnersbach. 

Perfusion. 

2021.270* 

N = 5 

Platelet count 

Free Hb 

Flow cytometry 

ROTEM 

MPO-DNA 

Electron 

microscopy 

No additional UFH 

with continuous 

protamine infusion 

for first 2 hours 

Delta Stream DP-

II pump & 

uncoated hilite 

800 LT 

oxygenation 

(Xenos AG, 

Germany) 

Donated 

human whole 

blood 

75ml per 

circuit 

3.75IU/mL UFH at 

sample collection with 

75ml crystalloid 

Post haemodilution Hb 

70-80 g/L 

Comparison between 

platelet-rich and platelet 

poor circuits over 6-

hours 
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5.2 Aims 

• To assess the feasibility of an ex vivo circuit of ECMO without unfractionated heparin 

• To assess haemostatic parameters and blood gas parameters in an ex vivo circuit 

5.3 Methods 

5.3.1 Study Design 

An ex vivo circuit was designed and performed in six circuits at the same flow rates using 

donated human whole blood. Serial blood samples were taken to assess for changes in 

haemostatic parameters. Blood samples were compared to controls that were constantly 

rotated but not used in the circuit but from the same donor. 

5.3.2 Ethical Approval 

The study was reviewed and approved by the local Research Departments at Guy’s & St 

Thomas’ NHS Foundation Trust and King’s College London. Approval by an ethics committee 

was not required in accordance with NHS Health Research Agency (http://www.hra-

decisiontools.org.uk/ethics/) with subsequent confirmation. 

5.3.3 Blood Donation 

450ml whole blood were venesected from adult donors >18 years as part of disease treatment 

for hereditary haemochromatosis at Guy’s & St Thomas NHS Foundation Trust. The blood is 

routinely discarded as part of clinical care. Donations were taken in a sealed venesection bag 

containing 50ml of 3.2% trisodium citrate. Donors were excluded if there was a medical 

history of an inherited coagulation disorder or the use of anticoagulant or antiplatelet drugs 
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in the preceding 5 days. The time from blood donation to circuit commencement was <1 hour 

in all circuit runs. A 15ml aliquot was taken at this time as a baseline control sample. 

5.3.4 Circuit Design 

An adult HLS 7L Cardiohelp system (Maquet, Germany) and centrifugal pump were attached 

to a flexible plastic reservoir bag using BIOLINE-coated tubing (Figure 22). The returning 

tubing was reduced to 90cm in length and the leaving tubing was reduced to 70cm in length 

to give a functioning circulating volume of 600ml without cavitation occurring in the reservoir 

bag. The circuit was primed with 1000ml Plasma Lyte 148 (Baxter Healthcare Ltd, Thetford, 

UK) and tested for 5 minutes to assess circuit function and allow for heating of the priming 

fluid. 800ml of priming fluid was subsequently removed as the whole blood was added to the 

circuit simultaneously. Through the study period, a flow rate of 4L/min and temperature of 

37◦C via an in-built heater within the pump were maintained. Each circuit was run for 24-

hours. A total of six circuits were used with the same design and were gifted from Maquet. 
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Figure 22 Ex vivo circuit model set-up A) Membrane Oxygenator B) Centrifugal Pump C) 
Returning Tubing D) Leaving Tubing E) Reservoir Bag 

 

 

5.3.5 Control Samples 

The circuit was run at a low flow rate (0.5ml/min) for 1 minute after the addition of blood. Six 

aliquots of 15ml were taken from the circuit into 20ml plastic containers without additional 

additives. One was centrifuged immediately to function as a post-haemodilution control 

sample. The remaining five aliquots were constantly rotated using an SRT6 analogue tube 

roller (Stuart, Stone, UK) for the duration of the ex vivo circuit run to function as controls 

maintained at 37◦C. 

A B 

C D 

E 
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5.3.6 Blood Sampling 

15 mL blood samples were taken from an outlet in the oxygenator after 1-hour, 4-hours, 8-

hours, 12-hours, and 24-hours. A 15 mL aliquoted control sample was taken from the tube 

rotator at the same time point. For both the circuit sample and control sample, 2.5 mL were 

taken for FBC in an EDTA vacuntainer and 1.5mL blood gas analysis in a syringe. The remaining 

11 mL samples were centrifuged at 17◦C at 3000 rpm for 15 minutes on two occasions to 

obtain platelet-poor plasma. After the first centrifugal spin, 5mm of plasma above the buffy 

coat were discarded. 

5.3.7 Outcome Variables 

Serial time samples were compared for changes from the initial post-haemodilution sample 

in 1) the circuit samples and 2) the control samples. Circuit samples were compared to time-

matched control samples from the same donor sample. 

5.3.8 Laboratory Testing and Assays 

Samples taken for FBC testing were processed within 30 minutes for testing. This was 

performed on pocH-100i Automated Hematology Analyzer with pocH-pack 65 regents 

(Sysmex, Kobe, Japan) in accordance with manufacturers’ guidance. Blood gas parameters 

were analysed using the Cobas b 221 system (Roche, Rotkreuz, Switzerland) in accordance 

with manufacturers’ guidance. Coagulation times (APTT and PT) were performed using ACL 

Top 300 (Werfen, Warrington, UK). Other haemostatic assays performed are described in 

Chapter 4. 

5.3.9 Statistical Considerations 

Statistical analysis was performed using SPSS version 27 (IBM, USA). Descriptive analysis of 

continuous variables was given as medians and interquartile ranges. Categorical variables 
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were given as numbers of individuals/events and percentages. Null hypothesis significance 

testing was employed to examine variable distributions between the two time periods. 

Wilcoxon Rank Sum tests were performed to assess continuous variables due to small sample 

size and related samples. A significance level of alpha equals to 0.05 was used for all statistical 

tests. 

5.4 Results 

No circuit occlusion or thrombus deposition was seen macroscopically after 24-hours in the 

six circuits. Gross haemolysis was seen at the end of the 24-hour period in the circuit samples 

in comparison to the control (Figure 23). 

Figure 23 Macroscopic appearance after 24-hour in (A) Control sample and (B) Circuit sample 

 

Full Blood Count 

There was significant haemodilution seen after the circuit was perfused with Plasma Lyte 

showing a median haematocrit decrease from 0.40 L/L to 0.19 L/L (-53%) (Figure 24(a)). There 

was no subsequent change following this in either the circuit or control samples after 24-

A B 
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hours. There was a similar degree of dilution in median white cell counts (WCC) of 4.3x109/L 

to 2.2x109/L (-49%) however this continued to decline in the circuit samples by from 2.2x109/L 

to 1.4 x109/L (-36%) after 1-hour but remained stable at 2.1 x109/L in the control samples 

(Figure 24(b)). There were no subsequent changes in WCC and neutrophils over 24-hours in 

both circuit and control samples (Figure 24(b & d)). Platelet counts showed a dilution with a 

median decline from 226x109/L to 104x109/L (-54%), however there were no further changes 

over the subsequent 24-hours (Figure 24(c)). There was an increase in mean corpuscular 

volume (MCV) in both control (median 98 fL) and circuit samples (median 101 fL) over 24-

hours however this increase was greater in circuit sample (94 fL at initiation). There was no 

significant change in red cell distribution width (Figure 24(e & f)). 

Coagulation Times 

Routine coagulation times (activated partial thromboplastin time (APTT) and prothrombin 

time (PT)) were attempted, however as expected after haemodilution, both parameters 

were longer than the detectable end point of the automated tests in all samples (> 300 

seconds). 

Blood Gas Parameters 

pH in the control samples decreased showing a progressive acidosis over the 24-hour period 

from 7.33 to 7.12 with an increase pCO2 from 2.7 to 4.1 kPa (Figure 25(a & c)). In comparison, 

the median pH was similar in the circuit samples at 7.39 and the pCO2 decreased to 1.0 kPa. 

There was a decrease in bicarbonate levels in both circuit and control samples over 24-hours 

from 10.7 mEq/L to 4.4 and 4.5 mEq/L respectively (Figure 25(d)). Potassium levels showed a 

significant increase in the circuit samples after 24-hours from 3.9 to 8.5 mmol/L whereas 

these remained stable in the control samples at 3.9 mmol/L at 24-hours (Figure 25(e)). 
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Glucose levels decreased over the study period from 2.7 mmol/L but decreased more rapidly 

in the circuit samples after 4-hours to 1.7 but after 12-hours in control samples to 1.8 (Figure 

25(f)). Glucose levels decreased to 0.6 and 0.9 mmol/L in the circuit and control samples 

respectively after 24-hours. Lactate levels increased from 1.3 at initiation but increased earlier 

in the circuit samples at 4-hours to 3.8 mmol/L in comparison to the controls after 12-hours 

of 3.2 mmol/L (Figure 25(g)). Lactate levels increased to 6.5 and 4.9 mmol/L in the circuit and 

control samples respectively at 24-hours. 
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Figure 24 Median changes in full blood count parameters in ex vivo circuit versus control samples over 24-hours (a) Haematocrit (L/L) (b) White 

Cell Count (x106/L) (c) Platelets (x109/L) (d) Neutrophils (x106/L) (e) Mean corpuscular volume (fL) (f) Red Cell Distribution Width (%) 

(a)   (b)  

 

        (c)   (d)  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

-1 4 9 14 19 24

Time (Hours)
Circuit Control

0.0

1.0

2.0

3.0

4.0

5.0

-1 4 9 14 19 24

Time (Hours)

Circuit Control

0

50

100

150

200

250

-1 4 9 14 19 24

Time (Hours)

Circuit Control

0

0.5

1

1.5

2

2.5

-1 4 9 14 19 24

Time (Hours)

Circuit Control



 

163 
 

(e)   (f)  
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Figure 25 Changes in blood gas parameters in ex vivo circuit versus control samples over 24-hours (a) pH (b) pO2 (kPa) (c) pCO2 (kPa) (d) 
Bicarbonate (mEq/L) (e) Potassium (mmol/L) (f) Glucose (mmol/L) (g) Lactate (mmol/L) 

(a)   (b)  

(c)   (d)  
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(e)   (f)  

(g) 

0.0

2.0

4.0

6.0

8.0

10.0

0 5 10 15 20 25

Time (Hours)

Circuit Control

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20 25

Time (Hours)

Circuit Control

0

1

2

3

4

5

6

7

0 5 10 15 20 25

Time (Hours)

Circuit Control



 

166 
 

5.5 Discussion 

This study was to investigate haematological changes in a non-heparinised ex vivo circuit. All 

circuits functioned over a 24-hour period without circuit occlusion occurring.  

The salient changes in the full blood counts were a haemodilution of approximately 50%, a 

WCC decline during the first hour of the circuit run and an increase in the red cell MCV. This 

has reflected the concern of other ex vivo models of ECMO that also demonstrated significant 

haemodilution270,273. This was seen in a significant prolongation in both APTT and PT following 

haemodilution. Similarly, these issues are seen in CPB and dilutional coagulopathy of 

trauma274,277,278. 

In addition to haemodilution as affecting coagulation testing, leaching of surface-bound 

heparin may have added to this effect274. This has previously been recognised by Bleilevens 

et al with prolonged of APTT and TEG by INTEM and reversal with heparinase and subsequent 

investigations by their group using uncoated surfaces that did not demonstrate this 

effect270,271. 

The predominant changes in the blood gas parameters were a fall in pCO2 in the circuit 

samples with a preserved pH. In comparison, control samples showed a rise in pCO2 and 

subsequent acidosis over 24-hours. Although this circuit design did not use supplemental 

oxygen or carbon dioxide, it is probable that carbon dioxide was removed due to blood flow 

through the membrane oxygenator279. Similar designs have shown alkalosis when additional 

carbon dioxide was not added271. In samples with normothermia, acidosis has been shown 

not to affect coagulation profiles in whole blood with relation to the acidosis seen in control 

samples when compared to the circuit samples.280. 
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Although free Hb was not measured in this study, the significant levels of hyperkalaemia is 

attributable to intracellular release by haemolysis271–273. This is not reflected by Hb and 

derived haematocrit levels seen in this study, which remained stable. This may be due to the 

lack of clearance of circulating free Hb in the circuit by adequate level of haptoglobin and 

subsequent hepatic clearance that would be expected to occur physiologically, and therefore 

detected by optical methods of assessing Hb281. Additionally, the high flow rate of 4L/minute 

may cause additional RBC damage and haemolysis given the circulating volume was 

considerably lower in this model, more than that occurring in patients. This means that the 

blood in the circuit had increased exposure to the effects of the pump and oxygenator. 

A more rapid decline in glucose and an associated increase in lactate levels suggest that RBC 

from the circuits may have an increased stress and therefore energy requirements than those 

in the control samples. Bleilevens et al have demonstrated that additional nutrient solution 

(phosphate-adenine-glucose-guanosine-saline-mannitol) to the circuit priming fluid may 

optimise RBC survival271. 

The limitation of this study was principally of the haemodilution described above that may 

affect the interpretation of testing and the rheological properties of blood changing axial flow 

and cellular adhesion to the circuit surfaces. The use of quantitive based assays such as ELISA 

may therefore be preferred to functional/clotting-based assays. The use of paediatric circuits 

may ameliorate the problem of haemodilution although membrane surface areas would be 

smaller. This circuit model also used sodium citrate for its anticoagulant effect, which has 

been described previously, although heparin is typically used for patient care during ECMO 

but is also increasing in haemodialysis271.  Further modifications to explore ex vivo circuits 

models can be considered, such as the addition of calcium to whole blood in the primed 
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circuit, adding prothrombotic stimulants such as thromboplastin or the use of uncoated 

circuits, particularly if the purpose of the study is to activate the coagulation pathway to 

achieve pump or membrane occlusion282. There was also no additive oxygen or carbon dioxide 

to this circuit. Due to the short duration of the study using normal whole blood, it was felt 

appropriate to not incorporate supplemental oxygen. Additionally, providing carbon dioxide 

would require including further components potentially increasing the complexity the circuit. 

5.6 Conclusions 

Ex vivo circuits can be an option when investigating specific components of ECMO, in this case 

haemostatic changes. As highlighted by the circuit designed for this study, non-physiological 

changes can occur and limitations may affect extrapolation to clinical studies, particularly with 

haemodilution, when using adult sized components. 
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Chapter 6 – Thrombin Generation during ECMO 

6.1 Introduction 

Thrombin is a serine protease formed by the cleavage of prothrombin. Its generation is 

essential in achieving secondary haemostasis cleaving fibrinogen to fibrin, allowing fibrin 

multimers to form at the site of vessel injury. Thrombin has other haemostatic and 

inflammatory roles including the activation of platelets by binding to PAR1 and PAR4, 

activating FXIII, binding to thrombomodulin to APC, inhibiting fibrinolysis by activating TAFI, 

and activating white cells and endothelium. Inadequate generation with low thrombin 

concentrations cause the formation of low density, thin fibrin strands increasing the risk of 

bleeding283. However, excessive thrombin generation is associated with thrombosis284. 

Thrombin generation can be assessed using several in vivo markers and functional assays285. 

Prothrombin fragments 1+2 (PF1+2) and Thrombin-Antithrombin complexes (TAT) are 

markers of thrombin generation. Both have short half-lives (90 minutes and 10 minutes 

respectively)286,287. Fibrinopeptide A can be used as a marker of thrombin activity as a 

cleavage product of its substrate, fibrinogen. D-dimer levels reflect both activation of 

coagulation and fibrinolysis, of which thrombin generation is a component. D-dimer as a 

marker, has a longer half-life of 7-8 hours. Figure 26 demonstrates the assays available to 

assess thrombin generation. Global thrombin generation can be assessed ex vivo using a 

calibrated automated thrombogram or thrombin generation assays (TGA) by measuring the 

cleavage of a fluorogenic substrate measuring several parameters including endogenous 

thrombin potential (ETP) and peak thrombin generation. 
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Thrombin generation during ECMO has been shown to be increased due to both the 

procoagulant state of the critically ill patient and by synthetic extracorporeal circuits288. These 

changes have been evaluated in CPB more extensively287. Patients requiring CPB typically do 

not have the extensive proinflammatory state as those requiring ECMO. Thrombin generation 

increases during the use of CPB with an initial decrease in haemostatic factors, predominantly 

of fibrinogen, due to haemodilution286,287. Haemodilution can distort interpretation of TGA 

during the initiation period287. During CPB, lower levels of thrombin generation and 

hypofibrinogenaemia have been associated with increased rates of post-operative bleeding 

and higher blood product usage whereas higher concentrations have been associated with 

post-operative thrombotic complications such as graft occlusion135,289–291. Bursts of thrombin 

generation during major cardiac surgery are temporally related to surgical incision and the 

commencement of the extracorporeal circuit, and remain elevated in the post-operative 

period for several days286,287,292–294. This occurs in the presence of standard anticoagulation 

during the period of extracorporeal circuit use and thrombin generation is not related to the 

amount of anticoagulant used295. Some suggest this is as result of tissue factor induced-

activation from blood vessel injury although further data is conflicting suggesting that contact 
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pathway activation from the artificial surface of the circuit or tissue factor from circulating 

activated monocytes are drivers5,292,296.  

During ECMO, thrombin generation is increased as described in Table 20. Hundalani et al 

showed that in neonates <30 days older have a significant increase in thrombin generation 

markers after 5 days of ECMO compared to baseline although was not significantly increased 

in babies >30 days old. These results were replicated by Arnold et al in another small cohort 

of neonates requiring ECMO in spite of decreased concentrations of procoagulant factors, 

predominantly FV, FVII and fibrinogen over the first 6-hours of ECMO use297. Similarly, 

Hékiman et al showed increases from Day 1 to Day 7 of ECMO use predominantly in PF1+2, 

fibrin monomers and D-dimer levels in both patients with COVID-19 pneumonia and other 

causes of SRF298. They also described 3 patients with mortality due to major haemorrhage, 

who had elevated levels of thrombin generation without over-anticoagulation. 

Studies describing the changes of thrombin generation are largely limited to ECMO initiation, 

but its role at later time points including following decannulation have not been described. In 

addition, the role of thrombin generation during bleeding and thrombotic events during 

ECMO events have been poorly described298. 
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Table 20 Studies describing thrombin generation markers during use of extracorporeal circuits 

Study Cohort Size Events Outcome(s) 

Mazzeffi. 

Anesth Analg. 

2019.299 

20 adult patients requiring VA ECMO in 

comparison to controls 

Changes in thrombin 

generation with and without 

thrombomodulin (TM) 

Increased peak thrombin generation and endogenous thrombin 

potential. 

Resistance to TM with ECMO 

Hundalani. Ped 

Crit Care. 

2014.288 

29 neonates requiring ECMO Changes of TAT, PF1+2 and D-

dimer on Day 1 to Day 5 in 

<30 days neonates and >30 

days babies 

Increased levels in all assays from day 1 to 5 in <30 days (18.7 to 

55.6 µg/L, 2,038 vs 377.5 pmol/L and 1.45 vs 2.96 µmol/L 

respectively). These changes were not seen in >30 days. 

Markers did not correlate to heparin dose or anti-Xa activity. 

Hékimian. Coag 

Fibrinol. 

2021.298 

20 adult patients with COVID-19 infection 

and 10 without requiring ECMO 

Changes in PF1+2, TAT, fibrin 

monomers and D-dimers at 

Day 1 and Day between to 

both groups 

There were higher levels of PF1+2 and TAT prior to ECMO in 

both groups. 

There was a significant increase in PF1+2 and D-dimer from Day 

1 to 7 in both groups 

Arnold. Int Care 

Med. 2001297 

10 neonates with severe hypoxaemia Changes in D-dimer, PF1+2 

and TAT prior to ECMO, after 

6- and 24-hours 

Significant increase in D-dimer, PF1+2 and TAT after 6 hours. 

 

Larsson. Sci 

Transl Med. 

2014300 

Lapine model using ECMO Thrombin generation by TGA 

with and without 3F7, a FXIIa 

inhibitor 

Thrombin generation and events of thrombosis and 

haemorrhage were lower with the use of 3F7 
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6.2 Aims 

1) To assess the changes in thrombin generation markers over 24-hours in an ex vivo 

ECMO circuit 

2) To assess the changes in thrombin generation markers in adult patients prior to, 

during and following decannulation from ECMO 

3) To assess whether there is a relationship between changes in thrombin generation 

markers in thrombotic and haemorrhagic events during ECMO 

6.3 Methods 

The methods described pertain to both samples collected from an ex vivo ECMO circuit and 

serial samples collected from patients. The details of the design and set-up of the ex vivo 

circuit have previously been described in Chapter 5. The methods for performing ELISA to 

assess markers of thrombin generation during ECMO are described in Chapter 4. Anti-Xa 

levels were obtained from clinical samples analysed using Sysmex CS2100i (Norderstedt, 

Germany) according to manufacturer’s protocol. 

6.3.1 Outcome Variables 

The primary outcome for both the ex vivo circuits and patients were the changes in markers 

of thrombin generation from the baseline level prior to starting ECMO. Secondary outcomes 

for the patient samples were the changes in markers of thrombin generation in those 

developing thrombosis, haemorrhage and membrane occlusion to those not developing these 

complications and correlation between anti-Xa levels and markers of thrombin generation in 

patients using ECMO. 
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6.4 Results 

6.4.1 Thrombin Generation in an ex vivo model of ECMO 

Prothrombin Fragments 1 + 2 

Following the initiation of the ex vivo circuit, there was no change in PF 1+2 levels (reference 

range 200-1200 pmol/L) from initiation of the circuit (median 97 pmol/L) to 24-hours (median 

101 pmol/L, p = 0.5) shown in Figure 27(a). There was a small decrease seen in the control 

samples over the same period (97 pmol/L to 80 pmol/L respectively, p = 0.043). There was no 

statistically significant difference between controls and circuit samples at 24-hours (p = 0.92). 

Thrombin-Antithrombin Complexes 

Following the initiation of the ex vivo circuit, there was no change in TAT levels (reference 

range 0.8-3.8µg/L) from initiation of the circuit (median 4.2 µg/L) to 24-hours after (2.6 µg/L, 

p=0.3) shown in Figure 27(b). There was no change seen in the control samples over the same 

period (4.2 µg/L to 4.6 ng/mL respectively, p = 0.92). There was no statistically significant 

difference between controls and circuit samples at 24-hours (p = 0.92). 
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Figure 27 Changes in (a) PF1+2 and (b) TAT over 24-hours in an ex vivo extracorporeal model 

(a)   

(b)  

 

These results for D-dimer levels are shown in Section 7.4.1. There was no significant change 

over the 24-hour duration in the circuits and no difference in comparison between the ex vivo 

circuit and control sample at 24-hours. 

6.4.2 Changes in thrombin generation in adult patients receiving ECMO 

Seventeen participants were reviewed in this analysis. 
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Temporal Changes in Prothrombin Fragments 1+2  

The normal reference range for PF1+2 derived from 38 control samples was 200 – 1200 

pmol/L. PF1+2 levels were within normal ranges prior to ECMO (median 729 pmol/L, IQR 530 

– 1150 pmol/L) (Figure 28(a)). There was a subsequent increased in PF1+2 levels after 1 hour, 

Day 1 and Day 2 of ECMO in comparison to pre-ECMO (median PF1+2 after 1-hour: 1107 

pmol/L, IQR 735 – 1250 pmol/L, p = 0.039, median on day 1: 1305 pmol/L, IQR 955 – 1859 

pmol/L, p = 0.034 and median on Day 2: 1337 pmol/L, IQR 857 – 1706 pmol/L, p = 0.020) 

(Figure 28(b)). There were no subsequent increases from Day 1 to Day 2 and Day 7 (median 

on Day 7: 1325 pmol/L, IQR 504 – 2195 pmol/L, p = 0.58) (Figure 28(c)). At the time of 

decannulation, PF1+2 levels were elevated with a decrease 1 day after, which returned to 

normal ranges (median prior to decannulation: 1453 pmol/L and 1 day following 

decannulation: 658 pmol/L, p < 0.001) shown in Figure 28(d). 
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Figure 28 Box plots for changes over time in PF1+2 levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

(c)  (d)
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Temporal change in Thrombin-Antithrombin Complexes 

The normal reference ranges for TAT levels were 0.8 – 3.8µg/L. TAT levels were elevated 

above reference ranges prior to ECMO (median 19.5µg/L, IQR 16.5 – 35.7µg/L) (Figure 29(a)). 

There was a subsequent non-statistically significant increase in TAT levels 1 hour, Day 1 and 

Day 2 of ECMO in comparison to pre-ECMO (median TAT after 1 hour: 30.7µg/L, IQR 12.2-

64.1µg/L, p = 0.44, median on day 1: 36.9µg/L, IQR 10.9 – 62.0µg/L, p = 0.68 and median on 

Day 2: 32.9µg/L, IQR 13.8 – 64.3, p = 0.36) (Figure 29(b)). There were no subsequent increases 

from Day 1 to Day 2 and Day 7 (median on Day 7: 38.3µg/L, p = 0.48) (Figure 29(c)). At the 

time of decannulation, TAT levels were elevated with a decrease 1-hour and 1-day afterwards 

(median prior to decannulation: 40.1µg/L, median 1-hour following: 20.8, p = 0.10, and 1-day 

following decannulation: 11.7 µg/L, p < 0.001) (Figure 29(d)). 

Correlation between D-Dimers and other Markers of Thrombin Generation and Plasmin 

Activation 

There was a positive correlation between D-dimer levels and PF1+2 (Pearson rank, r = +0.67, 

p <0.001) and D-dimer levels and TAT (r = +0.57, p<0.001) in samples taken after 1 day of 

ECMO as shown in Figure 30(a) and (b). There was also a positive correlation between D-dimer 

levels and PAP, a marker of fibrinolysis, (r = +0.77, p <0.001) shown in Figure 30(c) and 

discussed further in Chapter 7. These all remained positively correlated regardless of the 

period that the samples were taken at. 
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Figure 29 Box plots for changes over time in TAT levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a) (b)  

 

 

(c) (d)  
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Figure 30 Correlation between (a) D-dimer and PF1+2 (b) D-dimer and TAT (c) D-dimer and PAP 

(a) (b)  
 

(c)  
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6.4.3 Markers of Thrombin Generation during haemorrhagic and thrombotic 

complications of Extracorporeal Membrane Oxygenation 

Pulmonary Embolism 

Blood samples reviewed were those taken prior to initiation or 1-hour after initiating ECMO. 

PF1+2 (median 749 vs 729 pmol/L, p = 0.77) and TAT levels (median 19.5 vs 26.1 µg/L, p = 

0.77) were not statistically different in those without PE (n = 13) to those with PE (n = 4) before 

starting ECMO. There was no difference after 1-hour after starting ECMO (PF1+2 1142 vs 1145 

pmol/L, p = 0.41) (TAT 22.0 vs 37.6 µg/L, p = 0.79) 

Deep Vein Thrombosis 

Blood samples reviewed were those taken prior to decannulation from ECMO. PF1+2 (median 

1681 vs 1085 pmol/L, p = 0.45), and TAT levels (median 54.4 vs 22.6 µg/L, p = 0.45) were not 

statistically different in those with DVT (n = 7) to those without DVT (n = 13) prior to ceasing 

ECMO. 

Intracranial Haemorrhage 

Blood samples reviewed were those taken prior to initiation or 1-hour after initiating ECMO. 

PF1+2 (median 781 vs 691 pmol/L, p = 0.32), and TAT levels (median 17.7 vs 21.2 µg/L, p = 

0.95) were not statistically different in those with ICH (n = 4) to those without ICH (n = 13) 

before starting ECMO. There was no difference in these levels 1-hour after starting ECMO 

(PF1+2 1079 vs 1373 pmol/L, p = 0.20) (TAT 29.4 vs 49.6 µg/L, p = 0.55). There was a larger 

increase in PF1+2 in those with intracranial haemorrhage (+614 pmol/L) from preceding 

ECMO to 1-hour after ECMO in comparison to those without ICH (+224 pmol/L, p = 0.031). 
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This amount of change was not seen with TAT levels (1.0 without ICH vs 23.3 µg/L with ICH, 

p=0.37). 

Non-Intracranial Haemorrhage 

There were 3 patients with NICMH with 6 relevant blood samples to assess. In those with 

NICMH, PF1+2 levels (n = 3, median 1253 pmol/L, p = 0.79) to those who did not have bleeding 

(n = 14, median 1260 pmol/L). TAT levels were similar in those with NICMH during these 

episodes (median 51.4 µg/L, p = 0.44) to those who did not (median 34.9 µg/L). 

There were 10 patients that had clinically relevant non-major bleeding (CRNMB) with 12 

relevant blood samples to assess. At the time of CRNMB, levels of PF1+2 were non-

significantly higher in than those that had bleeding (median 1484 pmol/L, p = 0.33) than those 

without bleeding (median 1197 pmol/L). There were higher TAT levels in those CRNMB than 

those without (81.5 vs 25.3 µg/L, p = 0.004). 

Circuit Change 

There were 5 patients that had 6 circuit changes during their ECMO runs although samples 

were limited to 4 patients. There was no identified difference in PF1+2 and TAT levels in those 

who had circuit changes and those that did not on matched days (p = 0.12 and 0.31 

respectively). There were non-significantly higher levels of PF1+2 (2158 vs 1240 pmol/L, 

p=0.11) and TAT (119.6 vs 40.2 µg/L, p = 0.14) in samples preceding a circuit change to those 

who did not. There was a decrease in level of PF1+2 (2160 to 1057 pmol/L, p = 0.11) and TAT 

(119.6 to 75.1 µg/L, p=0.29) pre- and 1-day post-circuit change although this was not 

statistically significant due to small patient numbers. 
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6.4.4 Markers of Thrombin Generation in comparison to Unfractionated 

Heparin use 

PF1+2 and TAT levels were compared to concurrent anti-Xa levels to monitor UFH infusion 

levels. Samples were excluded from the first day of ECMO due to boluses of UFH given around 

the time of cannulation and following decannulation. The total number of samples available 

for assessment was 56. There was a positive correlation between unfractionated heparin 

dosing and anti-Xa levels during ECMO use (Pearson r rank = +0.58, p < 0.001) shown in Figure 

31. There was no correlation between TAT (Pearson rank = -0.095, p = 0.49) and PF1+2 

(Pearson r rank = -0.096, p = 0.48) with UFH dosing (Figure 32(a) and (b)). There was no 

correlation found between TAT (Pearson rank = -0.2, p = 0.14) and PF1+2 (Pearson r rank = -

0.11, p = 0.43) with anti-Xa levels (Figure 32(c) and (d).  

When comparison was made between day 2 of ECMO (as an earlier time point in ECMO use), 

and prior to decannulation (as a later time point), there was a difference in PF1+2 levels 

between those that had no anticoagulation, low levels of UFH (anti-Xa <0.5 IU/mL) and high 

levels of UFH (anti-Xa ≥0.5 IU/mL) (Kruskall-Wallis test, p = 0.038) although this was not seen 

in TAT level (p = 0.21) as shown in Figure 33(a) and (b). There was no difference in either 

PF1+2 (p = 0.89) and TAT (p = 0.93) levels prior to decannulation according to the level of UFH. 
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Figure 31 Correlation of Anti-Xa levels to unfractionated heparin dosing during ECMO 
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Figure 32 Comparison of unfractionated heparin dose (IU/kg) to (a)PF1+2 (b)TAT & intensity of anticoagulation by anti-Xa to (c)PF1+2 (d) TAT  

(a) (b)  

 

 

(c) (d)  



 

186 
 

Figure 33 Intensity of anticoagulation by unfractionated heparin according to anti-Xa on Day 2 of 
ECMO and prior to decannulation (a) PF1+2 (b) TAT 

(a)  

 

 

(b)  
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6.5 Discussion 

Changes in thrombin generation have been described during ECMO, predominantly in the 

neonatal population and during the first few days of its use. The purpose of this study was 

to assess markers of thrombin generation throughout the entirety of ECMO use and to see if 

there was a correlation between bleeding and thrombotic events and with anticoagulation. 

The ex vivo circuit showed there were relatively static markers of thrombin generation over a 

24-hour period. This circuit design used citrate as opposed to heparin as an anticoagulant. 

However, haemodialysis circuits can routinely use citrate unlike ECMO. Wiegele et al 

described the absence of thrombin generation using tissue factor activated TGA during 

haemodialysis in critical care using citrate, despite the endogenous thrombin potential being 

higher in these patients than normal controls301.  

In comparison to the ex vivo model of ECMO, there were elevated levels of PF1+2 prior to 

cannulation in patients with SRF. There were subsequent increases during the first 2 days of 

ECMO. These levels remained elevated but did not continue to increase at day 7 of ECMO. 

TAT complex levels did not change to a similar extent over the first 2 days. An acquired 

antithrombin deficiency is recognised in the early stages of ECMO so may therefore impact 

upon TAT level interpretation298.  These increases in thrombin generation are similar to the 

result described by other similar studies288,297. There was subsequently a significant decrease 

following decannulation to normal ranges in both PF1+2 and TAT. This suggests that both 

removal of the extracorporeal circuit and recovery from critical illness both contribute to 

thrombin generation, as has been demonstrated in severe sepsis previously302. 

The role of D-dimer levels reflects both coagulation and fibrinolytic activity. In the setting of 

ECMO, there was a positive correlation of thrombin generation markers as shown in CPB. 
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However, there was a stronger positive correlation with PAP complexes suggesting that the 

role of D-dimer should not only be considered as marker of thrombotic generation solely 

during ECMO, but additionally indicative of fibrinolytic activity. 

There was no clear relationship with PF1+2, TAT and D-dimer levels in this cohort relating to 

thrombotic complications. However, in Chapter 2 with a large patient cohort there was an 

association of D-dimer levels with pulmonary emboli at the time of cannulation. This may be 

because of a small cohort size with PE in this cohort. With respect to circuit changes, there 

was a small number of events that failed to show a difference in markers of thrombin 

generation around circuit change in comparison to patients that did not require one. 

However, if considered there was a decrease in these markers following decannulation, it 

seems plausible that these may be significant if a larger number of samples around the time 

of circuit changes were reviewed. D-dimer levels have been shown to correlate to clot size 

within the membrane oxygenator and as an early marker to predict subsequent circuit 

change303,304. As D-dimer has been shown to be non-specific during ECMO for coagulation and 

fibrinolysis, both PF1+2 and PAP could be explored further as being a more specific marker of 

this. 

In bleeding events, there was a larger increase in PF1+2 levels prior to and 1-hour cannulation 

in those with ICH in comparison to those without. There was a trend-to-significant increase in 

D-dimer levels in those with ICH than those without, but this was not seen in PAP levels 

(discussed further in Chapter 7). Similarly, higher levels of D-dimer and fibrin monomers have 

seen in those with progressive traumatic brain injury and associated subsequent trauma-

related coagulopathy305–307. Furthermore, this was described in Chapter 2 with higher D-

dimer levels in those with ICH than those without in a large retrospective patient group 
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shortly after ECMO cannulation. This suggests that there are similarities in the coagulation of 

ICH during ECMO to that of trauma. Higher levels of TAT complexes were seen in those with 

CRNMB. This may be a compensatory response to achieve haemostasis and has been 

described in CPB with higher TAT levels being related to increased levels of post-operative 

blood loss308. 

There was a correlation between with anti-Xa and UFH doses during ECMO after cannulation. 

However, there was no relationship seen between TAT and PF1+2 and unfractionated heparin 

dosing. PF1+2 levels correlated with intensity of anticoagulation or no anticoagulation in early 

ECMO use but this was not seen in prior to decannulation. In CPB, there is also a poor 

relationship between both anticoagulation and thrombin generation markers with 

progressively higher levels throughout the use of the extracorporeal circuit295,309. Of concern 

in Chapter 2, bleeding was demonstrated to have an impact upon survival during ECMO use 

and therefore fastidious anticoagulation to reduce thrombin generation may not be 

appropriate, although this requires further evaluation in prospective studies. 

There were several limitations to this study. Firstly, there was the small patient cohort and 

subsequent small number of clinical events. However, the purpose of this study was for 

hypothesis generation to further assess potential haemostatic changes that may require 

further evaluation. Despite these small numbers, significant changes could be seen. Secondly, 

this study used two specific markers of thrombin generation, PF1+2 and TAT, alongside D-

dimer levels, which are widely used in clinical practice although they are non-specific. The 

rationale for this as part of the study design was mainly due to the ability of sampling and 

processing in the early time points of ECMO use, which occurred at other hospital sites prior 

to transfer to the study centre. TGA would provide further details of changes in coagulation 
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during ECMO, which were not performed as part of this study due to the ability to analyse 

early sample within an appropriate period. Correlation between PF1+2 and results from TGA 

have been described so it was felt appropriate to explore this in this study285. 

6.6 Conclusions 

Thrombin generation appears to change dynamically in patients requiring ECMO for SRF, 

particularly when using PF1+2 as a marker, although these were not seen in an ex vivo 

extracorporeal model using citrate anticoagulation. Different ex vivo model designs using 

heparin may be therefore required if thrombin generation from the circuit is to be fully 

evaluated. Additionally, this pilot study suggests there are increases in these thrombin 

generation markers during bleeding events although large patient cohorts are needed to 

explore this further. The intensity of anticoagulation appears to have a poor correlation with 

thrombin generation particularly in the latter days of ECMO use. Given more significant 

findings found with relation to PF1+2, this may be a more suitable marker for further analysis 

than TAT. 
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Chapter 7 – Fibrinolysis during ECMO 

7.1 Introduction 

The physiological role of the fibrinolytic system is to breakdown fibrin clot to prevents its 

excessive accumulation. This is regulated by pro-fibrinolytic (tPA and uPA) and anti-fibrinolytic 

enzymes (PAI-1, α-2-antiplasmin, α-2-macroglobulin and TAFI) ultimately regulating plasmin 

activity, which breaks down cross-linked fibrin multimers (Figure 2). Primary fibrinolysis is 

independent of other components of haemostasis whereas secondary fibrinolysis occurs 

because of haemostatic activation and thrombin generation. 

Dysregulation of the fibrinolytic system can lead to bleeding or predispose to thrombosis 

depending on the overall balance of fibrinolytic proteins. Hyperfibrinolysis is an over-

activation of the fibrinolytic pathway associated with bleeding. Hypofibrinolysis or ‘fibrinolytic 

shutdown’ is an under-activation of the pathway, which occurs in various disease states and 

may be associated with thrombosis, fibrin deposition and multi-organ injury in critical illness. 

Defects in the pathway can be assessed by 1) antigen and activity levels of the component 

enzymes of the fibrinolytic system, 2) complexes and markers of recent fibrinolytic activity 

such as plasmin-antiplasmin (PAP) complexes and D-dimers, and 3) functional assessments of 

fibrinolytic activity such as clot lysis time by TEG. 

Acquired fibrinolytic defects are recognised as a component of several disease states with 

organ injury and ischaemia. Trauma is one such condition in which both hyperfibrinolysis and 

fibrinolytic shutdown occur. Early after injury, there is stimulation of tPA release with patients 

having markedly increased levels associated with increased mortality. Later, as part of the 

inflammatory response increased levels of PAI-1 result in fibrinolytic shutdown310. Defects of 
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fibrinolysis are also seen in sepsis and acute lung injury (ALI). Fibrin deposition is recognised 

as a pathological pattern in ALI, due to immunothrombosis. Both PAI-1 and uPA secreted from 

the pneumocytes and macrophages play roles in the development of localised fibrinolytic 

dysregulation311–313. Furthermore, TNFα, IL-1 and IL-6, as key mediators of an the 

inflammatory state can upregulate PAI-1 levels in endothelial injury314–316. This suggests that 

preceding lung injury and sepsis prior to ECMO may play a role in subsequent fibrinolytic 

changes during its use.  

The changes in fibrinolysis attributable to ECMO circuits are less well described (Table 21). 

Hundalini et al showed that PAP complexes were increased in infants with bleeding 

complications after five days of use288. As expected, PAP levels correlated to D-dimer levels 

as well as TAT complexes, suggesting that part of the increment in fibrinolytic activation was 

due to secondary fibrinolysis. McVeen et al showed that PAI-1 levels are increased prior to 

starting ECMO in 13 children in comparison to controls317. These levels subsequently fell 

during ECMO. tPA levels were also elevated prior to ECMO in this cohort. These studies were 

in neonates and infants who are recognised as having impaired fibrinolytic activity in 

comparison to adults318,319. 

In the setting of CPB, plasmin generation and D-dimer production increase significantly during 

its use. Chandler et al showed in vivo increases of 100-200-fold within the first 5 minutes of 

CPB with a subsequent elevation of 20-30-fold during the remainder of its use320. However, 

plasmin generation was not affected earlier in surgery prior to CPB, including following 

sternotomy, suggesting a key role of the extracorporeal circuit in this process. tPA levels 

increased early during CPB with later increases in PAI-1 causing a reduction in tPA although 
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this remained elevated in comparison to baseline levels with heterogeneity between 

patients321–323. However, plasma uPA levels did not change in patients during CPB323. 

Antifibrinolytic drugs can be given to reduce bleeding. Their use is established in trauma-

associated, post-partum and major haemorrhage although there is lack of randomised-

controlled trials in ECMO. A case-control study by Wilson et al showed 56 infants given the 

antifibrinolytic agent, aminocaproic acid as a regular infusion during ECMO, compared to 52 

without, had reduced rates of bleeding and blood product use324. Similarly, the use of 

antifibrinolytic agents has been demonstrated in multiple randomised control studies to 

safely reduce bleeding, blood product use and surgical reintervention during CPB and major 

surgery325,326. 

The most frequent haemostatic complications seen during VV ECMO are PE, DVT and ICH, 

which have been described in Chapter 2. Changes in fibrinolysis have been demonstrated in 

ICH as part of a bleeding phenotype as a possible consequence of blood-brain barrier injury. 

Hyperfibrinolysis is not seen as an early clinical feature in patients with spontaneous ICH and 

SAH327. However, early fibrinolytic activity is seen in those with progressive ICH following 

traumatic brain injury in both patients and murine models with correlation to elevated levels 

of tPA, uPA and D-dimers328,329. 
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Table 21 Studies describing fibrinolytic changes during ECMO 

Study Cohort Size Events Outcome(s) Comments 

Hudalani, Ped Crit 

Care. 2014288 

29 neonates 

 

5% bleeding 

14% thrombosis 

10% bleeding & thrombosis 

Day 5 PAP levels increased in neonates >30 days with bleeding 

Day 5 PAP levels increased in <30 days with/out bleeding 

D-dimers correlated with PAP & TAT on D1 & D5 in >30 days old 

Case-control study 

Single centre 

McVeen, Am J 

Hemat. 1991317 

13 infants tPA and PAI-1 levels pre-, 

during and post-ECMO  

Elevated levels of PAI-1 and tPA prior to ECMO 

Decline in PAI-1 and tPA during ECMO 

Single centre 

No correlation to clinical 

outcomes 

Kreyer, J Thor Dis. 

2017330 

36 adults Haemorrhage 

74 events 

14 patients: severe 

22 patients: mild 

Lower survival with severe haemorrhage 

Maximum daily D-dimer levels does not correlate with RBC 

transfusion 

No assessment of other 

fibrinolytic proteins 

Lubnow, J Crit 

Care. 2014304 

24 adults 34 membrane oxygenator 

(MO) changes 

Increased D-dimer levels prior to MO change No assessment of other 

fibrinolytic proteins 

Dornia, Artif 

Organs. 2015303 

 Presence of thrombus within 

MO 

Elevated D-dimers with an absence of other causes was associated 

with presence of MO thrombus 

Decrease in D-dimers with circuit change after 48 hours 

D-dimer was only marker 

assessed for MO thrombus 

Passmore, Crit 

Care. 2017134 

27 sheep 

 

Changes in haemostatic 

factors over 24-hours in 

smoke-lung injury vs. sham 

injury and ventilation, ECMO 

vs. no ventilation 

No changes in D-dimers after 24 hours of ECMO and no differences 

between ECMO and controls 

Decrease in fibrinogen following 24 hours use of ECMO 

Haemostatic events were 

not described/occurred 
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7.2 Aim 

4) To assess the changes in fibrinolysis over 24-hours in an ex vivo ECMO circuit 

5) To assess the changes in fibrinolysis in adult patients prior to, during and following 

decannulation from ECMO 

6) To assess whether there is a relationship between fibrinolysis and the presence of 

thrombotic and haemorrhagic events during ECMO 

7.3 Methods 

The methods described pertain to both samples collected from an ex vivo ECMO circuit and 

serial samples collected from patients. The details of the design and set-up of the ex vivo 

circuit have previously been described in Chapter 4. The methods for performing ELISA to 

assess fibrinolysis during ECMO are described in Chapter 5. 

7.3.1 Outcome Variables 

The primary outcome for both the ex vivo circuits and patients were the changes in each 

fibrinolytic parameter from the baseline level prior to starting ECMO. Secondary outcomes 

for the patient samples were the changes in each fibrinolytic parameter in those developing 

thrombosis, haemorrhage and membrane occlusion to those not developing these 

complications. 

7.4 Results 

7.4.1 Fibrinolytic factors in an ex vivo model of ECMO 

Haemodilution 
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Haemodilution following circuit priming was seen in all the assessed fibrinolytic assays 

although some varied in comparison to haematocrit. Table 22 shows the percentage changes 

following haemodilution of the circuit representing circuit priming in vivo. The largest 

percentage change was seen in fibrinogen, likely due to adhesion of the fibrinogen too the 

circuit in addition to haemodilution, however this was not statistically significant due to small 

valid sample size (n = 3). In comparison to haematocrit, there were smaller percentage 

changes following haemodilution in D-dimer levels, PAP complexes and TAFI. Haemodilution 

of tPA and PAI-1 was similar to the haematocrit. 

Table 22 Median percentage change in fibrinolytic parameters after dilution for circuit priming 
compared the time of blood collection 

Fibrinolytic Assay Median % change  

Haematocrit 

Fibrinogen 

D-dimer 

tPA 

PAP 

PAI-1 

TAFI 

-52.1% 

-73.4% 

-11.8% 

-56.5% 

-5.7% 

-55.1% 

-35.5% 

 

D-Dimers 

There was an increase over the 24-hour period in D-dimer level in comparison to initiation 

although this was not statistically significant (461 ng/mL FEU [Fibrinogen Equivalent Units] at 

initiation 505 ng/mL FEU after 24-hours, p = 0.35) as shown in Figure 34(a). There was no 

observed difference at matched time points between the circuit and controls (505 ng/mL 

circuit FEU and 465 ng/mL control at 24-hours respectively, p = 0.67). 
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Plasmin-Antiplasmin Complexes 

There were no significant changes in PAP complex levels over the 24-hour period in the ex 

vivo circuits (55.0 µg/L at initiation and 54.5 µg/L after 24-hours) show in Figure 34(b). There 

was no significant difference over the 24-hour period between the samples from ex vivo 

circuits and controls (54.5 µg/L vs 57.8 µg/L respectively at 24 hours). 

Clauss Fibrinogen 

There were no changes over the 24-hour period in fibrinogen levels in comparison with 

initiation of the circuit and the subsequent samples (1.0g/L at initiation and 1.1g/L at 24-

hours) shown in Figure 34(c). There was no observed difference at matched time points 

between the circuit and controls (1.1 g/L circuit and 0.9 g/L control at 24-hours). 

tPA Antigen 

There was a decrease over time in tPA levels that was seen after 4 hours in the ex vivo circuit 

samples (1185 pg/mL at initiation to 815 pg/mL at 24-hours, p = 0.028) and 24-hours in the 

control samples (1185 pg/mL at initiation to 1103 pg/mL at 24-hours, p = 0.028) shown in 

Figure 34(d). There was a smaller decrease with controls over the 24-hour period in 

comparison to the ex vivo circuit (1103 vs 571 pg/mL respectively at 24 hours, p = 0.028). 

PAI-1 

There was an increase in PAI-1 levels over time in both the ex vivo circuits (27.6 ng/mL at 

initiation and 52.1 ng/mL at 24-hours, p=0.028) and controls (27.6 ng/mL initiation and 37.8 

ng/mL at 24-hours, p=0.027) at 24 hours shown in Figure 34(e). The median levels of PAI-1 

were higher in the ex vivo circuits (52.1 ng/mL) in comparison to the controls (37.8 ng/mL, p 

= 0.028). There was a progressive increase in PAI-1 over time in all circuits. 
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TAFI Antigen 

There was a non-statistically significant increase in TAFI levels from initiation to 24-hours in 

the ex vivo circuit (65.3 to 73.4%, p = 0.12) and control samples (65.3 to 76.8%, p = 0.16) 

shown in Figure 34(f). There was no statistically significant difference at any of the time point 

between the ex vivo circuits and control samples (73.4% circuits and 76.8% controls at 24-

hours).



 

199 
 

Figure 34 Changes in fibrinolysis over 24-hours in an ex vivo extracorporeal model (a) D-dimer (b) Plasmin-Antiplasmin (c) Fibrinogen (d) tPA (e) 
PAI-1 (f) TAFI 
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7.4.2 Fibrinolysis in adult patients during ECMO 

Seventeen participants were reviewed in this analysis. 

Temporal Changes in D-Dimer during ECMO 

Normal reference range for D-dimer levels derived from 38 control samples were <400ng/mL. 

D-dimer levels were elevated at initiation of ECMO (median 7398 ng/mL FEU, IQR 5360 – 

9721) shown in Figure 35. These levels continued to increase during the first two days of 

ECMO in comparison pre-ECMO (median D-dimer on Day 1: 9903 ng/mL FEU, IQR 4454 – 

15,800, p = 0.036, median D-dimer on Day 2: 13,300 ng/mL FEU, IQR 7031 – 18,275, p = 0.023) 

but did not change after one week on ECMO. At the time of decannulation, D-dimer levels 

significantly decreased one day after but were elevated in comparison to normal levels 

(median prior to decannulation: 16,100 ng/mL FEU and day following decannulation: 11,200 

ng/mL FEU, p = 0.05). 

Temporal Changes in Plasmin-Antiplasmin Complexes 

Normal PAP levels were 150-800 µg/L. PAP levels were mildly increased at the initiation of 

ECMO (median 1022 µg/L, IQR 757 - 2023) shown in Figure 36. These levels began to increase 

from day 2 of ECMO use (median 1797 µg/L, IQR 1309 - 2434, p = 0.023) and continued to 

increase further after 7 days (median 2776 µg/L, IQR 1400 – 3772, p = 0.05). There was a 

significant fall in PAP levels one day after decannulation (median prior to decannulation: 3378 

µg/L and day following decannulation: 1756 µg/L, p = 0.006). 
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Figure 35 Box plots for changes over time in D-Dimer levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a) (b)  

 

 

(c) (d)  
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Figure 36 Box plots for changes over time in PAP levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

(c)  (d)  
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There was a strongly positive correlation show in Figure 37 between D-dimer levels and PAP 

in all samples (R = +0.6, p < 0.001). This did not change whether the samples were assessed 

from the time of ECMO initiation, during its use and around decannulation. 

Figure 37 Scatter plot comparing D-dimer to PAP levels during ECMO 

 

Temporal Changes in Fibrinogen 

Normal levels of Clauss fibrinogen were 2.0 – 4.1 g/L. Fibrinogen levels were elevated prior to 

the initiation of ECMO (median 4.6 g/L, IQR 3.5 – 6.1) as expected in critical illness shown in 

Figure 38. These levels fell significantly following the first hour of ECMO use (median 3.3 g/L, 

IQR 2.5 – 4.3, p = 0.02), reflecting circuit adherence or haemodilution from circuit priming. 

Fibrinogen levels continued to remain low subsequently (median at Day 2: 3.34 g/L, p = 0.20 

and median at Day 7: 2.51 g/L, p = 0.58). There was no significant change in fibrinogen levels 

following decannulation (median prior to decannulation: 2.3 g/L, one day after decannulation: 

2.3 g/L, p = 0.19). Cryoprecipitate was given to 7/17 (41.2%) patients during ECMO. 
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Temporal Changes in tPA Antigen 

Normal levels of tPA were <6531 pg/mL. tPA antigen levels were mildly elevated prior to 

ECMO use (median 9687 pg/mL, IQR 4265 - 14603) shown in Figure 39. These levels did not 

change following ECMO initiation nor during the subsequent 7 days (median 16,283 pg/mL, 

IQR 7619 - 19272). At decannulation, there was a small increase in tPA levels after 1 hour 

(median prior to decannulation: 6275 pg/mL, 1-hour after decannulation: 6385 pg/mL, p = 

0.04) although this change did not persist to one day following this (median 5711 pg/mL). 

Temporal Changes in uPA 

Normal levels of uPA were 150 – 4799 pg/mL. uPA antigen levels were not increased prior to 

the initiation of ECMO (median 2517 pg/mL, IQR 1413 – 2780) as shown in Figure 40. These 

levels did not change following ECMO initiation, during its use and following decannulation. 

Following decannulation, uPA levels remained within normal ranges (median prior to 

decannulation: 2423 pg/mL, day following decannulation: 2090 pg/mL). 

Temporal Changes in PAI-1 

Normal levels of PAI-1 were <33 ng/mL. PAI-1 level were elevated prior to ECMO use (median 

59.7 ng/mL, IQR 50.8 - 94) as expected in critically ill patients shown in Figure 41. Following 

initiation of ECMO, these levels did not change over the first two days (median at Day 2: 42.6 

ng/mL, p = 0.10 and after one week: 66.6 ng/mL). There were no significant changes in PAI-1 

levels following decannulation (median prior to decannulation: 35.5 ng/mL and day follow 

decannulation: 30.4 ng/mL, p = 0.89). 
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Temporal Changes in TAFI 

Normal levels of TAFI were 42 – 154%. TAFI antigen levels were not increased prior to the 

initiation of ECMO (122%, IQR 113 – 148%) shown in Figure 42. These levels did not change 

following ECMO initiation (median at day 2 149%), during its use (median at Day 7 164%) and 

prior to decannulation (median day following decannulation 168%). Following decannulation, 

TAFI levels were mildly elevated (165%). 
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Figure 38 Box plots for changes over time in fibrinogen levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 

 

(c) (d)  
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Figure 39 Box plots for changes over time in tPA levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 

(c)  (d)  
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Figure 40 Box plots for changes over time in uPA levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 

(c)  (d)  
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Figure 41 Box plots for changes over time in PAI-1 levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 

(c)  (d)  
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Figure 42 Box plots for changes over time in TAFI levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a) (b)  

 

 

 

(c)  (d)  
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7.4.3 Fibrinolysis during haemorrhagic and thrombotic complications of 

Extracorporeal Membrane Oxygenation 

Intracranial Haemorrhage 

Blood samples used were those prior to starting ECMO and 1-hour after starting ECMO. All 

ICH were detected at screening imaging within 6-hours of ECMO initiation. There was no 

significant difference between the previously described fibrinolytic parameters prior to ECMO 

or 1-hour after the commencement of ECMO in those with ICH (n=4) to those without (n=13). 

When comparing the difference in fibrinolytic parameters between these time points there 

was no significant difference. There was a trend to significance for the change in D-dimer 

levels prior to and 1-hour following ECMO being increased in those with ICH (median change 

with ICH +2421 ng/mL FEU, median change without ICH = -705 ng/mL FEU, p = 0.069, Z-test 

statistic -1.82) (Figure 43). This was not reflected by a similar change in PAP (median change 

with ICH 202 µg/L and without ICH 70 µg/L, p = 0.68) 

Pulmonary Embolism 

Blood samples reviewed were those taken prior to initiation or 1-hour after initiating ECMO. 

All PEs were detected on initial screening CT scans. D-dimer levels were significantly increased 

in those with PE (n = 4) to those without PE (n = 13) after 1 hour of starting ECMO (median 

with PE 9948 ng/mL FE and median without PE 6192 ng/mL, p = 0.047) with a trend to 

significance prior to ECMO (p = 0.10) shown in Figure 44. There was a trend to significance for 

higher levels of PAP prior to and 1-hour after starting ECMO in those with PE (Median prior 

to ECMO with PE 2194 µg/L and without PE 1003 µg/L, p = 0.078. Median 1-hour after ECMO 

with PE 1836 µg/L and without PE 1008 µg/L, p = 0.10) and fibrinogen levels prior to ECMO 

(median with PE 4.42 g/L and without PE 4.25 g/L, p = 0.08). 



 

213 
 

Deep Vein Thrombosis 

Fibrinogen levels prior to decannulation were higher in those with Ca-DVT (n = 7, median = 

3.9 g/L) diagnosed after decannulation from ECMO at the cannula insertion sites than those 

without (n = 11, median = 1.5 g/L) (p = 0.05, Z-test statistic = -1.96) (Figure 45(a)). There were 

no other significant differences in fibrinolytic parameters including D-dimer (16100ng/L FEU 

without DVT vs 16350 ng/L FEU with DVT, p = 0.85, Figure 45(b)) prior to decannulation in 

those with or without a subsequent diagnosis of Ca-DVT. 

Non-Intracranial Haemorrhage 

Blood samples occurring on the same day or within 24-hours preceding a bleeding event were 

included. These were compared to all available blood samples from patients who did not have 

bleeding events. Samples were excluded if prior to and 1-hour after starting ECMO in the 

absence of bleeding, following decannulation and within 1-day of a circuit change. 

There were 3 patients with NICMH with 6 relevant blood samples to assess shown in Figure 

46. In those with NICMH, TAFI levels were lower in those episodes (n = 3, median = 114.5%, p 

= 0.004) to those who did not have bleeding (n = 14, median = 154.5%). PAI-1 levels were 

higher in those with NICMH during these episodes (median = 111%, p = 0.003) to those who 

did not (median = 54.3%). There was no other statistically significant different between the 

other fibrinolytic parameters for patients with and without NICMH. 

There were 10 patients who had CRNMB with 14 relevant blood samples taken to assess, 

which are shown in Figure 47. At the time of CRNMB, levels of uPA were significantly higher 

in than those that had bleeding (median 3874 pg/mL, p = 0.013) than those without bleeding 

(1439 pg/mL). There was a trend to significance for lower fibrinogen levels in those CRNMB 

than those without (1.5 g/L vs 2.6 g/L, p = 0.10). 
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Circuit Change 

There were five patients who had six circuit changes during their ECMO runs, although the 

samples were limited to four patients. There was no identified difference in fibrinolytic factors 

in those who had circuit changes and those that did not on matched days. There was a trend 

to significance for PAP levels to be increased preceding a circuit change to those who did not 

(p = 0.09). There was a decrease in the level of PAP and D-dimer pre- and post-circuit change, 

although this was not statistically significant due to small patient numbers shown in Figure 

48. 
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Figure 43 Box plots of D-dimer levels in patients with and without ICH (a) Prior to ECMO (b) 1-Hour after ECMO (c) Change between prior to and 1-hour after 
ECMO 

(a)  (b)  

 
 

(c)  
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Figure 44 Box plots of fibrinolytic factor levels in patients with and without PE (a) D-dimers prior to ECMO (b) D-dimers 1-Hour after ECMO (c) Fibrinogen prior 
to ECMO (d) Fibrinogen 1-Hour after ECMO (e) PAP prior to ECMO (f) PAP 1-Hour after ECMO 

 

(a)  (b) (c)  

 
 

 

(d)  (e)  (f)  
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Figure 45 Box plots of fibrinolytic factor levels in patients with and without DVT prior to decannulation (a) Fibrinogen (b) D-Dimer 

(a)  (b)  

 
Figure 46 Box plots of fibrinolytic factor levels in patients preceding and without NICMH (a) TAFI (b) PAI-1 

(a)  (b)  
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Figure 47 Box plots of fibrinolytic factor levels in patients preceding and without CRNMB (a) uPA (b) Fibrinogen 

(a) (b)  
Figure 48 Box plots of fibrinolytic factor levels in patients around ECMO circuit changes (a) PAP (b) D-dimer 

(a) (b)  
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7.5 Discussion 

The role of fibrinolysis during ECMO remains poorly understood along with its subsequent 

impact upon the development of bleeding and thrombosis. The purpose of this study was to 

assess these changes and to identify potential contributing factors. 

Prior to the initiation of ECMO, there were several altered fibrinolytic factors attributable to 

the pro-inflammatory state of the patients. In this cohort, there was a global activation of all 

components of the fibrinolytic pathway with elevated levels of D-dimer, PAP, fibrinogen, tPA 

and PAI-1. This pattern is recognised in sepsis, hypoxia and inflammatory state, in this case 

released from the endothelium as a result of severe lung injury release 331–334. This concurs 

with similar results of elevated tPA and PAI-1 described by McVeen et al in neonates requiring 

ECMO317. In contrast, in elective patients undergoing cardiac surgery using cardiopulmonary 

bypass with  normal preceding inflammatory markers, levels of PAP and D-dimer are not 

elevated until the procedure and CPB commences320. 

Subsequently, various changes were seen in fibrinolysis with the use of ECMO. At initiation, 

the key findings were a decrease in fibrinogen levels during first 2 days of ECMO use in 

patients and in the ex vivo circuits, particularly in the first few hours, and a continued increase 

in D-dimer levels. The decrease in fibrinogen was due to haemodilution of fibrinogen in the 

ex vivo circuits but the fall was greater than seen with the haematocrit, similar to what is seen 

in CPB335. Additionally, there is adhesion of fibrinogen to the extracorporeal circuit explaining 

a larger percentage fall. 

Early elevation of D-dimer levels was seen with relatively normal PAP levels initially. However, 

increases in PAP were seen after the first 2 days of ECMO use with on-going increases in D-
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dimer levels. Hundalini et al also showed a correlation to PAP and D-dimer levels during ECMO 

in neonates and by Chander and Velan during CPB288. However, this change in PAP was not 

seen after 24 hours in the ex vivo circuits suggesting that fibrinolytic activation is secondary 

to thrombin generation. This can be considered in the context of trauma and sepsis were PAP 

levels are elevated in the majority of patients336,337. However, the median PAP levels 

described by Raza et al in severe trauma were also grossly elevated, which reflected the pre-

ECMO state. PAP levels were twice as high at the time of decannulation in this cohort than at 

ECMO initiation. It appears that a combination of the extracorporeal circuit and the 

inflammatory state of the patient aboth interplay during ECMO use to cause hyperfibrinolysis. 

D-dimer levels and PAP subsequently decreased following decannulation in patients 

demonstrating a key role in the extracorporeal circuit in activating fibrinolysis with circuit 

removal or change. Possible causes of this may the secondary activation of the fibrinolytic 

system due to excess thrombin generation because of microclot formation occurring within 

the oxygenator membrane or from the direct activation of blood cellular components such as 

platelet and NETs release or impairing fibrinolytic factors 304,338,339. TAFI for example although 

principally secreted by the liver is released by activated platelets340. There was significant 

change in the individual fibrinolytic markers during ECMO use in patients although there was 

an increase in PAI-1 levels and reduction in t-PA in the circuit model over 24-hours. The 

reduction of the latter may be due to the formation of complexes between tPA and PAI- 1 

although the tPA ELISA assay detected tPA in these complexes. An increase in PAI-1 may be 

attributed to release from α-granules in platelets from shear stress148,149,341,342. Following 

decannulation, tPA and PAI-1 levels had generally normalised whereas PAP and D-dimer levels 

remained elevated although lower than the peak levels during ECMO use. 
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The results are largely similar to those recently described by Hékimian et al when comparing 

fibrinolytic changes in patients with COVID-19 to other causes of respiratory failure during 

ECMO298. One key difference was a statistically significant reduction in PAI-1 levels, which only 

showed a trend to significance in these results. However, in the study by Hékimian et al ECMO 

duration was a median of five days with blood sampling occurring after 1, 7 and 14 days from 

ECMO cannulation with some patients not receiving ECMO at those time points. 

This study looked at the role of uPA as a potential contributing factor to fibrinolytic activation 

during lung injury. Previous studies have shown that uPA is upregulated in the lungs in ALI as 

a result of release by activated macrophages in the injured pulmonary parenchyma312. 

Increased plasma levels of uPA were not demonstrated in this patient cohort requiring ECMO 

for SRF, although it was seen in one patient with haemophagocytic syndrome, a condition 

with gross macrophage activation. However, uPA was measured as a circulating protein rather 

than localised to the pulmonary vasculature, where fibrinolysis is likely to be required due to 

fibrin deposition in the damaged lung312,343. Furthermore, this study has not looked at the role 

of the receptor for uPA, uPAR and the co-factor of S100A which can be upregulated in lung 

injury and sepsis contributing to fibrinolysis344,345. Although not elevated in comparison to 

normal controls, uPA levels were higher in those with a milder bleeding phenotype than those 

without bleeding. 

Despite a small event rate, several fibrinolytic changes were shown to be significant in relation 

to clinical bleeding. The change in D-dimer levels prior to and 1-hour after starting ECMO was 

higher in those with ICH than those without. This may suggest that increased fibrinolysis may 

be a contributing mechanism during the development of ICH as well other risk factors such as 

thrombocytopenia, hypoxic brain injury and anticoagulation. Elevated D-dimer levels have 
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previous been described in those with progression of bleeding following traumatic brain 

injury305. Lower TAFI levels were also seen in NICMH bleeding events conferring an increased 

fibrinolytic state. Of interest, PAI-1 levels were increased following major haemorrhage during 

ECMO although this may be a secondary response to maintain haemostasis346. 

With regards to thrombosis, D-dimer levels were elevated in patients with PE at initiation of 

ECMO. This is in keeping the findings described in Chapter 2. A hyperfibrinogenaemic state 

was seen in those with DVT prior to decannulation. Higher rates of DVT were seen in those 

with cryoprecipitate transfusions as described in Chapter 3, and high rates of DVT in patients 

with COVID-19 who had increased levels of fibrinogen in comparison to other viral and 

bacterial pneumonias described in Chapter 2. Hypofibrinolysis as shown by low PAP levels was 

not seen in this cohort, in keeping with hypofibrinolysis not being a recognised a risk factor 

for thrombosis. 

Several limitations of this study were identified to assess fibrinolytic changes during ECMO. 

There was a small sample size in the patient cohort, which may be under powered to detect 

significant changes, such as PAP, that showed only a trend significance despite different 

median levels. However, as a pilot study this has provided insight into further potential 

markers to assess in larger cohorts. This study is also limited by the lack of global fibrinolytic 

activity such as the euglobulin lysis time and TEG. These assays were not possible due to the 

long transportation time of samples from hospitals where ECMO was initiated; therefore, it 

was decided to use an alternate assay of fibrinolytic activity - PAP complexes. The use of 

cryoprecipitate and FFP may have also distorted results, and a larger change due to 

haemodilution was seen with the ex vivo circuits when compared to patient samples, making 

direct comparison inappropriate as suggested in Chapter 5. 
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7.6 Conclusions 

Fibrinolytic activity changes were observed in both an ex vivo model of ECMO and in patients 

with SRF receiving ECMO. These data show that the continued activation of fibrinolysis during 

ECMO with pilot data suggesting that fibrinolytic activation may be associated with bleeding. 
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Chapter 8 – Circulating Histones during ECMO 

8.1 Introduction 

The role of intracellular histones has been well established as the protein scaffold that allows 

DNA packaging within the nucleus in the form of nucleosomes. However, their role as 

extracellular circulating proteins has become of increasing interest in understanding the 

response to organ injury and infection and their pathogenic role in sepsis, multiorgan failure 

and trauma43,347. They have become implicated in the prothrombotic state that can be seen 

in these conditions. 

Histones can be considered in the subgroups of core histones, H2A, H2B, H3 and H4 and linker 

histones, H1 and H5. The core histones form dimers with either H2A and H2B or H3 and H4. 

These dimer structures subsequently bind together as 4 units to form an octameric 

nucleosome. DNA coils around the nucleosome and is tethered by the linker histone H1. 

Histones, particularly H3 and H4 which have extra-nucleosomal tails, can undergo post-

transcriptional modification by various enzymes. Citrullination by the intranuclear enzyme 

peptidylarginine deiminase 4 (PAD4) adds a keto group to arginine residues on these histone 

tails to form citrulline348. Due to the change in charge following citrullination, DNA can unbind 

from the nucleosome349. 

Upon cellular injury, histones, DNA and other intracellular proteins are released acting a 

DAMPSs allowing for localisation and activation of the innate immune system at the site of 

cellular damage. Neutrophils are typically activated by bacterial lipopolysaccharides, 

complement and toll-like receptors (TLR)-2 and -4 undergo the process of NETosis, a form of 

cell death distinct from apoptosis. During this process, uncondensed neutrophilic DNA is 
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extruded from the cell forming an extracellular matrix. These are known as neutrophil 

extracellular traps (NETs). This process is dependent on the citrullination of histones to allow 

for the extracellular release of neutrophilic DNA. NETs can bind either intracellular or 

circulating histones and other bactericidal proteins, such as neutrophil elastases and 

myeloperoxidase, acting as a surface for the breakdown of pathogens and to act as a physical 

intravascular barrier to stop their spread. Megakaryocytes and platelets have also been found 

to be sources of extranuclear histones although not involved in NETosis350. 

At present, there are no specific assays for NETosis. Total circulating histones and cell-free 

DNA as DAMPs can be reflective of cellular damage or NETosis, which occur as concurrent 

processes in critically unwell patients. However, the measure of citrullinated histones reflects 

the presence of NETosis although citrullination may not occur in all disease conditions 

involving NETosis347,351. 

Circulating histones have been demonstrated as cytotoxic to pulmonary tissues and others 

following trauma and sepsis43,334,352. Xu et al demonstrated that H3 and H4 are the histones 

subtypes associated with cytotoxicity. This effect was reduced with the use of infusions of 

APC in murine models and human studies. APC was suggested to be an in vivo inhibitor by 

directly cleaving H3 and H4 histones43. Circulating histone levels have also been correlated 

with organ injury and illness severity scores in sepsis and trauma352–354. Recently, levels of 

total H3 and citrullinated H3 have been correlated with disease severity in patients with 

COVID-19 infections and shown to be higher than in other causes of critical illness355,356. Injury 

to the blood-brain barrier due to the presence of NETs has been shown to contribute to tPA-

induced cerebral haemorrhage following stroke in murine models357. 



 

226 
 

Histones have been directly implicated in the activation of coagulation, which may contribute 

to mechanisms of organ injury during critical illness. Pozzi et al described the effect of direct 

prothrombin activation and inhibition of the prothrombinase complex by H4 histones358. They 

showed that H4 caused autoactivation of prothrombin in the presence of FXa and absence of 

phospholipids. However, this was inhibited in the presence of FVa. Similarly, Abrams et al 

showed that histones can form an alternative prothrombinase complex with the presence of 

FXa and phospholipid resulting in increased thrombin generation. They also showed that 

histone levels were higher in patients with DIC than those without in ICU, which they suggest 

was mediated by the aforementioned mechanism. A dose-dependent effect of histones is 

seen in thrombin generation with platelet dependence with a reduction of Protein C 

activation by thrombomodulin359,360. Histones also attenuate the effects of different types of 

heparins by predominantly affecting their anti-Xa activity44,361. 

Histones have been shown to cause platelet dysfunction and activation. Thrombocytopenia 

is a common abnormality in patients during critical illness. Alhamdi et al described higher 

levels of circulating histones inversely correlated to platelet counts on admission to critical 

care.45 At a histone levels of >30 µg/mL, there was a sensitivity and specificity of 79% and 89% 

respectively for the subsequent development of thrombocytopenia. Extracellular histones, in 

particular H3 and H4, have also been demonstrated to cause platelet activation and 

aggregation with the secretion of P-selectin, von Willebrand factor and 

phosphatidylserine44,360,362. TLR2 and TLR4 are implicated with histone binding to platelets, 

causing platelet aggregation by fibrinogen binding to GPIIb/IIIa leading to the subsequent 

formation of microaggregates and thrombocytopenia44,362. Protection from this process was 

achieved by a dose-dependent use of unfractionated heparin, which may adsorb circulating 

histones44. Murine models with histone infusions have shown protection from lung injury if 
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heparin was co-administered44. In the setting of trauma, H4 has been demonstrated to cause 

platelet ballooning and platelet microparticle release54. 

Apart from platelets, other cells are affected by circulating histones adding to a 

prothrombotic tendency. Gould et al have shown that histones can cause monocyte 

activation leading to increased tissue factor secretion contributing to thrombin generation, 

which again can be attenuated by heparin363. Histones can cause endothelial activation with 

upregulation of tissue factor and downregulation of thrombomodulin364. These processes 

have been shown again to be dependent on TLR2 and TLR4. 

There are limited studies describing the role of histones in extracorporeal circuits such as 

ECMO and CPB, which have been summarised in Table 23. These studies highlight that histone 

levels correspond to underlying disease severity. Additionally, the use of the extracorporeal 

circuits during surgery can lead to an increase in levels of histones. At present, it is unclear in 

the setting of ECMO whether circulating histones are due to cellular damage from SRF and 

the circuit, or due to neutrophil activation causing NETosis by infectious and inflammatory 

processes. Additionally, histone levels have not been reviewed in those having haemostatic 

complications during ECMO. 
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Table 23 Studies describing extracellular histones during use of extracorporeal circuits 

Study Cohort Size Events Outcome(s) Comments 

Winnersbach. 

Perfusion. 

2021270 

4 ex vivo circuits: 2 

with PRP and 2 with 

PPP 

NET formation (MPO-DNA level), clot 

stability (TEG), platelet activation 

(surface P-selectin) at 1, 2, 4 & 6 

hours. Clot structure in oxygenator 

fibres at 6 hours 

Reduced NET formation, maximal clot firmness and 

fibre density in PPP. Increased platelet activation 

at 1 hour in PRP. 

Significant haemodilution 

demonstrated 

Wen. Perfusion. 

2019365 

56 patients 

requiring ECMO 

Disease severity, inflammatory 

markers and mortality in patients 

with low (<48 µg/mL by Western 

Blot) and high (≥48 µg/mL) histone 

levels 

Higher mortality rate in those with high levels than 

low levels (59 vs 50%), higher inflammatory 

markers and higher SOFA scores 

Single centre 

Inflammatory markers 

assessed: IL-2, IL-6, IL-8, IL-10, 

IL-18, IFN-γ and TNF-α 

Beaubien-

Souligny. CJC 

Open. 2019366 

24 patients 

requiring CPB : 12 

high and 12 low-

risk EuroSCORE 

Change in NET markers pre- and 3-

hours post-CPB 

Increase in NET markers following CPB with 

correlation between markers and duration of CPB 

Single centre 

Markers assessed: MPO-DNA 

complexes, citrullinated H3 

and MPO 

Gao. Interact 

Cardiovasc 

Thorac Surg. 

2016367 

48 patients 

undergoing CPB 

Changes in circulating histones, CRP, 

procalcitonin and NT-proBNP every 

24 hours for 72 hours 

Histone levels correlated positively with other 

laboratory parameters, ICU stay and ventilation 

time 

Single centre 
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8.2 Aims 

1) To assess the changes in circulating histones over 24-hours in an ex vivo ECMO circuit 

2) To assess the changes in circulating histones in adult patients prior to, during and 

following decannulation from ECMO. 

3) To assess the changes in circulating histones in correlation with thrombotic and 

haemorrhagic events. 

8.3 Methods 

The methods described pertain to both samples collected from an ex vivo ECMO circuit and 

serial samples collected from patients. The methods for performing ELISA to assess circulating 

histones during ECMO are described in Chapter 4. The details of the design and set-up of the 

ex vivo circuit have previously been described in Chapter 5.  

8.3.1 Outcome Variables 

The primary outcome for both the ex vivo circuits and patients were the changes in circulating 

histone levels (H3.1 and H3R8, a citrullinated form of H3) from the baseline level prior to 

starting ECMO in both the ex vivo circuits and patient samples. Secondary outcomes for the 

patient samples were the changes in circulating histone levels in those developing 

thrombosis, membrane occlusion and thrombocytopenia to those not developing these 

complications. 

8.4 Results 

8.4.1 Circulating histones in an ex vivo model of ECMO 
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H3.1 

Following the initiation of the ex vivo circuit, there was a statistically significant increase in 

H3.1 levels after 8 hours (median H3.1 levels 8.7 ng/mL at initiation to 44.9 ng/mL at 8 hours, 

p = 0.028) shown in Figure 49. The levels of H3.1 continued to increase significantly to a 

median level of 1604 ng/mL at 24 hours. In the control samples, there was an increase in H3.1 

levels after 24-hours (8.7 ng/mL at initiation and 214 ng/mL at 24-hours, p = 0.028). The 

median levels were significantly higher at 24-hours in the circuit than control samples (p = 

0.028). 

Figure 49 Changes in H3.1 levels over 24-hours in an ex vivo extracorporeal model 

 

H3R8 

There was a small increase in H3R8 levels over time from the initiation of the ex vivo circuits, 

which was statistically different after 24-hours (4.7 ng/mL to 6.2 ng/mL respectively, p = 

0.028) shown in Figure 50. A similar change was also seen in the control samples over the 

same period (4.7 ng/mL to 5.7 ng/mL respectively, p = 0.028). There was no statistically 

significant difference between controls and circuit samples at 24-hours (p = 0.67). 
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Figure 50 Changes in H3R8 levels over 24-hours in an ex vivo extracorporeal model 

 

H3.1/H3R8 Ratio 

The ratio of H3.1 to H3R8 was calculated to indicate if circulating H3.1 was in proportion to 

citrullinated H3R8. There was an increased in the ratio over 24-hours in both the ex vivo 

circuits (1.9 at initiation and 249 at 24-hours, p = 0.028) and controls (1.9 at initiation and 

37.9 at 24-hours, p = 0.028) shown in Figure 51. However, the proportion of H3.1 to H3R8 was 

significantly higher in the ex vivo circuits than control samples (median ratio in circuits – 249, 

controls – 37.8 at 24-hours, p = 0.028). 

Figure 51 Changes in H3.1/H3R8 ratio over 24-hours in an ex vivo extracorporeal model 
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8.4.2 Circulating histones changes in adult patients receiving ECMO 

Seventeen participants were reviewed in this analysis. 

Temporal Changes in H3.1 

The normal reference range for H3.1 derived from 38 control samples was 0 – 48 ng/mL. H3.1 

levels were elevated at initiation of ECMO (median = 1271 ng/mL, IQR 330 - 2380) (Figure 

52(a)). These levels continued to increase during the first two days of ECMO in comparison 

pre-ECMO (median H3.1 on Day 1 1686 ng/mL, IQR 586 – 2330, p=0.034, median H3.1 on Day 

2 1924 ng/mL, IQR 1150 - 2541, p = 0.031) (Figure 52(b)) and after one week on ECMO, they 

did not change in comparison to day 1 after starting ECMO (median H3.1 on Day 7 2067 

ng/mL, p=0.78) (Figure 52(c)). At the time of decannulation, H3.1 levels remained elevated 

with a decrease 1 day afterwards (median prior to decannulation 1321 ng/mL and day 

following decannulation 953 ng/mL, p=0.030) (Figure 52(d)). 

Temporal Changes in H3R8 

The normal reference range derived from 30 control samples was 0 – 4.7 ng/mL. H3R8 levels 

were elevated at initiation of ECMO (median = 49.6 ng/mL, IQR 16.9 – 135.7) (Figure 53(a)). 

These levels continued to increase during the first two days of ECMO in comparison to pre-

ECMO (median H3R8 on Day 1 130.2 ng/mL, IQR 56.5 - 191, p= 0.005, median H3.1 on Day 2 

123.9 ng/mL, IQR 66.8 – 216.8, p = 0.012) (Figure 53(b)) and after one week on ECMO, they 

remainder similar to Day 1 after starting ECMO (median 189.5 ng/mL, IQR 135.1 – 238.6, p = 

0.89) (Figure 53(c)). At the time of decannulation, H3R8 levels remained elevated with a 

decrease 1 day afterwards (median prior to decannulation 58.2 ng/mL and day following 

decannulation 36.0 ng/mL, p=0.01) (Figure 53(d)). 
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Figure 52 Box plots for changes over time in H3.1 levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 

(c) (d)  
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Figure 53 Box plots for changes over time in H3R8 levels (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 

(c)  (d)  
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There was a strong positive correlation between H3.1 and H3R8 levels (Figure 54) in all 

patients were samples throughout ECMO. 

Figure 54 Scatter plot comparing H3.1 to H3R8 levels during ECMO 

 
 

H3.1/H3R8 Histone Ratio 

The normal reference range derived from 30 control samples was 0 – 7.1. The H3.1/H3R8 

histone ratio was elevated at initiation of ECMO (median = 19.7 ng/mL, IQR 9.9 – 30.0) (Figure 

55(a)). These ratios decreased during the first two days of ECMO in comparison to pre-ECMO 

(median ratio on Day 1 11.2, IQR 10.0 – 14.7, p= 0.010, median ratio on Day 2 12.5 ng/mL, IQR 

7.5 – 22.2, p = 0.26) (Figure 55(b)) and after one week on ECMO, they remained similar to Day 

1 after starting ECMO (median 11.3 ng/mL, IQR 9.2 – 14.4, p = 0.89) (Figure 55(c)). At the time 

of decannulation, the histone ratio did not change following decannulation (median prior to 

decannulation 19.5 and day following decannulation 23.3, p=0.25) (Figure 55(d)). 
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Figure 55 Box plots for changes over time in histone ratio (a) Throughout ECMO (b) Initiation of ECMO (c) During ECMO use (d) Around decannulation 

(a)  (b)  

 

 
 

(c)  (d) 
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8.4.3 Circulating Histones during haemorrhagic and thrombotic complications 

of Extracorporeal Membrane Oxygenation 

Disease Severity 

The SOFA and APACHE II scores of patients at the time of ECMO cannulation were assessed 

according H3.1 and H3R8 levels prior to cannulation. The median SOFA score was 7 (IQR 5.5 

– 8) and median APACHE II score was 16 (IQR 14 – 20) in this cohort. 

Although levels were higher, there was no statistical difference in the H3.1 in those with a 

SOFA score of ≤7 (n = 10) to those with >7 (n = 7) (1145 vs 1726 ng/mL, p = 0.71) or APACHE 

II score ≤ 17 (n = 9) to those with >17 (n = 8) (1398 vs 1147 ng/mL, p = 0.96). Similarly, there 

was no statistical difference in the H3R8 in according to SOFA score (36.6 vs 62.5 ng/mL, p = 

0.31) and APACHE II score (36.6 vs 92.9 ng/mL, p = 0.33). 

Pulmonary Embolism 

Blood samples were taken prior to initiation or 1-hour after initiating ECMO as shown in Figure 

56. H3.1 (median 1400 vs 1145 ng/mL, p = 1.0) and H3R8 levels (median 55.8 vs 32.1 ng/mL, 

p = 0.68) and histone ratios (median 15.5 vs 24.2, p = 0.32) were not significantly different in 

those without PE (n = 13) to those with PE (n = 4) before starting ECMO. There was no 

difference after 1-hour after starting ECMO (H3.1 1897 vs 1463 ng/mL, p = 0.62) (H3R8 120.2 

vs 63.6 ng/mL, p = 0.41) (histone ratio 11.2 vs 22.2, p = 0.16). 
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Figure 56 Box plots of histone levels in patients with and without PE (a) H3.1 prior to ECMO (b) H3.1 1-hour after ECMO (c) H3R8 prior to ECMO (d) H3R8 1-
hour after ECMO (e) Histone ratio prior to ECMO (f) Histone ratio 1-hour after ECMO 

 

(a) (b) (c)  

 

 

 

(d)  (e) (f)  
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Deep Vein Thrombosis 

Blood samples reviewed were those taken prior to decannulation from ECMO. H3.1 (1290 vs 

1374 ng/mL, p = 0.68), and H3R8 levels (54.0 vs 58.2 ng/mL, p = 0.77) and histone ratios (19.2 

vs 19.5, p = 0.77) were not statistically different in those with Ca-DVT (n = 7) to those without 

(n = 13) prior to ceasing ECMO. 

Intracranial Haemorrhage 

Blood samples reviewed were those taken prior to initiation and 1-hour after initiating ECMO. 

H3.1 (median 1398 vs 1147 ng/mL, p = 0.95), and H3R8 levels (median 30.0 vs 55.8 ng/mL, p 

= 0.38) and histone ratios (median 68.3 vs 13.8 ng/mL, p = 0.10) were not statistically different 

in those with ICH (n = 4) to those without ICH (n = 13) before starting ECMO. There was no 

difference in these levels 1-hour after starting ECMO (H3.1 1665 vs 1565 ng/mL, p = 0.79) 

(H3R8 95.9 vs 120.2 ng/mL, p = 0.70) (histone ratio 30.0 vs 11.2, p = 0.35). 

Circuit Change 

Blood samples reviewed were those taken prior to circuit changes to those not requiring 

circuits with samples pre- and post-cannulation not included. Blood samples were also 

compared pre- and 1-hour 1-day following circuit changes in those requiring circuit changes 

(n = 5) to those not (n = 17). H3.1 (medians levels 2296, 2083, 1807,1532 ng/mL respectively, 

p = 0.58, Figure 57(a)), and H3R8 (median levels 137, 110.9, 104.9, 104.1 ng/mL respectively, 

p = 0.95, Figure 57(b)) levels and histone ratios (median 15.8, 26.5, 22.3, 14.5 respectively, p 

= 0.36) were not statistically different show in Figure 57(c). 
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Figure 57 Box plots of histone levels in patients around circuit change (a) H3.1 (b) H3R8 (c) Histone ratio 

(a) (b)  

 

(c)  
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Thrombocytopenia 

Thirteen of 17 patients developed thrombocytopenia during ECMO use. Two had mild 

thrombocytopenia (platelet 100-149x109/L, seven had moderate thrombocytopenia (50-99 

x109/L) and four had severe thrombocytopenia (< 50 x109/L) at their lowest platelet counts. 

Seven had thrombocytopenia at the time of ECMO cannulation and the median time to most 

severe thrombocytopenia was day 5 (IQR 4-8 days). 

Histone levels at the time of ECMO cannulation and after 1-day of ECMO were compared to 

the development of subsequent thrombocytopenia after 2-days of ECMO as shown in Figure 

58. There was no difference in H3.1 levels at 24-hour (1564 vs 2043 p = 0.70) and 48-hours 

(1327 vs 2043, p = 0.64) preceding the development of severe thrombocytopenia (platelets < 

50x109/L) after 2-days of ECMO. There was no difference in the severity of thrombocytopenia 

after 2-days of ECMO in the preceding 24-hours (p = 0.98) and 48-hours (p = 0.80). 

Figure 58 Box plots of H3.1 levels in patients with and without thrombocytopenia (a) 24-hour and (b) 
48-hours preceding (none – platelet count ≥150 x109/L, mild –100-149 x109/L, moderate – 50-99 
x109/L, severe - <50 x109/L) 

(a)  
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(b)  

 

8.5 Discussion 

The changes in circulating extracellular histone levels during ECMO use at present have yet to 

be described. The purpose of this study was to assess their changes during ECMO and whether 

there was a correlation to haemorrhagic and thrombotic events during its use. This study used 

H3.1 and H3R8 as markers of total and citrullinated histones respectively. 

The ex vivo circuit model demonstrated a significant total increase in H3 histones with 

relatively stable levels of citrullinated histones. These results are in keeping with increases 

seen during CPB366,367. This suggests that cellular damage by the extracorporeal circuits cause 

the increase in histones levels as opposed to NETosis. As the only nucleated cells within this 

model, it would appear likely that leucocytes would be a significant source of circulating 

histones although platelets may also contribute350. H3 and H4 histones are present diffusely 

throughout the cytoplasm as opposed to within platelet granules and are higher in patients 

during the early stages of sepsis. Human red blood cells are not a source of histones although 

they are affected by their presence extracellularly368. 
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In patients during ECMO use, the levels of histones were significantly elevated prior to 

initiating ECMO in comparison to control samples. The levels subsequently increased in the 

first two days of ECMO use and decreased following decannulation although were stable at 

later time points of ECMO use. It is likely that circulating extracellular histones are from 

damaged lung tissue in ARDS, other organs in multi-organ failure and cellular damage from 

blood cells by the circuit.  In patients with COVID-19 pneumonia, the levels of H3 histones 

were related to disease severity and mortality356. The H3.1/H3R8 histone ratio remained high 

throughout ECMO suggest that NETosis may not be the predominant process for extracellular 

histone release. As discussed in Chapter 6, thrombin generation markers were not different 

according to anti-Xa levels prior to decannulation from ECMO. As H3 histone levels were 

higher during ECMO from day 2 onwards, histone-attenuation of heparin activity may be a 

proposed mechanism for this. 

With high levels of circulating histones acting as prothrombotic DAMPs, it is hypothesised that 

increased levels of histones would be associated with increased thrombotic complications 

during ECMO. However, there was no statistically significant differences in levels in patients 

with PE at ECMO initiation, or Ca-DVT at decannulation or preceding and following circuit 

change. This may be due to several considerations: firstly, histone levels were elevated in 

16/17 patients prior to ECMO initiation so therefore this may not be discriminatory between 

those developing haemostatic complication but may still be implicated in the pathogenesis. 

Alhamdi et al showed that thrombocytopenia was more prevalent in those with elevated 

histone levels as opposed to those with normal levels, which was not a feature of this cohort 

with significantly elevated levels seen in all but one case45. Secondly, this study looked at only 

DNA-bound H3 histones and not has reviewed H4 histone and unbound circulating histones, 

which have been implicated in these complications54,352. Thirdly, the sample size is small with 



 

244 
 

a low frequency of haemostatic events. Finally, it appears that ALI with cellular damage is 

already well established by the timing that ECMO is initiated so during ECMO, H3 histone 

levels may not be predictive of established changes. 

Further analysis to assess these would include H4 histones and to assess the role of both 

unbound and DNA-bound histones. Histological assessment of clots within the circuit for 

histones may also give further support for this hypothesis.  

8.6 Conclusions 

These data have shown for the first time that circulating histones are released by cellular 

damage due to the extracorporeal circuit itself and are also present in patients preceding 

ECMO as part of DAMP of ALI and multiorgan failure. In this small study, there is no clear link 

between the presence of circulating H3 histones and the development of haemostatic 

complication during ECMO, but further larger studies are required.   
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Chapter 9 – Conclusions and Future Directions 

9.1 Rationale of Study 

Bleeding and thrombosis are recognised as key complications during the use of ECMO, which 

remain a concern with the expansion of the technology globally. Therefore, understanding 

the patterns of these events and potentially contributing changes that may allow better 

screening, monitoring and therapeutic targets will be key in improving survival outcomes. The 

aims of this thesis were to understand the natural history of thrombotic and bleeding 

complications during ECMO, the impact of blood product transfusions on patient outcomes 

and to assess the contributions of haemostatic changes from both patients and the 

extracorporeal circuit in these events. 

9.2 Summary of Findings 

The study has focussed on three components: 1) the prevalence of haemostatic complications 

and the use of blood product transfusions during ECMO and their effects on survival from a 

high-volume, single centre retrospective registry, 2) the use of an ex vivo circuit to assess 

haemostatic changes during ECMO, and 3) the temporal assessment of haemostatic changes 

during ECMO and their association with haemostatic changes in a small observational study 

of patients with SRF. 

In the first component, a large patient cohort was identified that adopted an imaging pathway 

that screened patients for thromboembolism and haemorrhage at initiation and DVT at 

decannulation as part of the care pathway and included additional imaging based upon 

clinical assessment. As part of this, the data demonstrated a 11% incidence of intracranial 

haemorrhage with a predominance of small volume, subarachnoid haemorrhage. Survival 
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rates in these patients were not different unless progression of the haemorrhage was seen in 

the subsequent days (median time to progression – 3 days), which demonstrated poor 

survival rates similar to ICH detected based upon clinical deterioration at similar timepoints. 

In contrast, NICMH was seen throughout ECMO use and was shown to have an impact upon 

survival to ICU discharge. There was a high incidence of small filling defects in pulmonary 

vessels (12% of patients) seen at screening imaging, which given the lack of clinical correlation 

with DVT and temporal relationship to severe lung injury, seemed likely to be due to 

immunothrombosis as opposed to embolisation. The underlying disease aetiology appears to 

be a driver of this with the highest incidence of these filling defects in patients with COVID-

19 infection (33% of patients), which has a significantly pro-inflammatory state. At present, it 

is unclear if individualised anticoagulation strategies are needed according due to disease 

aetiology but merits further exploration. 

In terms of the use of RBC transfusion in this large retrospective cohort, the outcomes also 

reflected that of other studies with no improvement in survival outcomes with higher 

transfusion targets. There was a recognition of a limited evidence base for the use of platelet, 

cryoprecipitate and FFP use during ECMO, and these data suggest concern regarding the use 

of large numbers of platelet transfusions upon short-term ECMO survival. 

The use of an ex vivo circuit demonstrated the significant release of H3 histones likely to be 

from cellular injury as opposed to NETosis demonstrated by a similar ratio increase in 

citrullinated H3 levels. Other molecules such as PAI-1 may also be released from platelets by 

this mechanism of blood cell damage although further evaluation is required. Thrombin 

generation was not shown to be increased with this model, which may be a result of non-

critically ill donor blood or citrate anticoagulation use.  



 

247 
 

In contrast, there was a significant increase in both markers of thrombin generation and 

fibrinolysis in samples from patients requiring ECMO, showing a profile similar to an acute 

phase response prior cannulation as a result of severe ALI. These markers increased with 

circuit use and reduced with its removal. An increase in fibrinolytic activity occurred later 

during the circuit use (typically after day 2) whereas thrombin generation occurred earlier 

(within first two days). Specific factor abnormalities in the fibrinolytic pathway were not 

identified to drive hyperfibrinolysis. Additionally, there was no clear relationship between 

bleeding and thrombosis to haemostatic factors. Elevated D-dimer levels were seen in both 

the retrospective cohort and observational studies with ICH with an increase in PF1+2 in the 

latter, suggestive of a reactive increase in thrombin generation to ICH. 

This study explored the hypothesis that circulating H3 histones may be a potential marker of 

innate immune system activation, due to neutrophil activation from infection and 

inflammation, or cellular injury and may be associated with a prothrombotic state and 

thrombocytopenia. However, there was no clear correlation when using two novel H3 ELISA 

assays. Further analysis to look at histone and DNA deposition within the circuit thrombosis 

is needed. 

9.3 Critiques and Weaknesses of Study 

The results obtained from the registry analysis for thrombotic and bleeding complications and 

transfusion-related outcomes were obtained from a single centre and the data were 

retrospective. Internationally, anticoagulation practice during ECMO is variable between 

centres with different methods of monitoring and administration. The anticoagulation 

practice for ECMO in this thesis used a ‘low intensity’ for those without thrombosis, ‘high 

intensity’ for those with concurrent thrombosis and no anticoagulation for those with 
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intracranial haemorrhage, major haemorrhage or deemed to be at high-bleeding risk such as 

in a post-operative period. In comparison, the EOLIA study had a less intense anticoagulation 

strategy with lower rates of bleeding204. Additionally, the retrospective nature of the study 

meant that the assessment of bleeding had reporting bias, particularly for clinically relevant 

non-major bleeding. 

Clinical definitions of haemorrhage are difficult to apply in the setting of ECMO given 

additional causes of anaemia such as haemodilution and haemolysis. In this cohort between 

0.4 and 0.7 RBC units were transfused per day depending on transfusion targets. Therefore, 

a definition of ≥4 units of RBC units within a 24-hour period was used in keeping with 

definitions by ELSO as opposed to the current ISTH definition of ≥2 units. A statistically 

significant difference in ICU survival rates was seen with this definition showing 63% in 

patients with NICMH vs 82% without. Further exploration is warranted to assess this 

definition for research purposes based upon survival outcomes to help standardisation 

between studies. In addition, due to the lack of an evidence base for transfusion targets in 

the setting of ECMO, clinician preferences and experience may have altered these rates. 

Because of the COVID-19 pandemic, the CYCLE study was suspended for further recruitment 

for a period of 6 months with a smaller than intended recruitment target of >20 patients. 

Additionally, samples of patients with COVID-19 infection were unable to be analysed at the 

time that the study was open for recruitment. There was also concern that the significantly 

prothrombotic state of the condition may have distorted results. 

In terms of the analysis of the haemostatic factors, it was decided to use ELISA-based methods 

due to the prolonged time of processing samples from prior to cannulation and 1-hour post-

cannulation. It was felt that TGA and clot lysis assays would be inaccurate, particularly if there 
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were delays in transportation of the samples and participants in the early timepoints. This 

study also looked at a novel H3 ELISA based assay but did not assess histone H4 and circulating 

free DNA as additional components of NETosis and DAMP. 

As recognised in the evaluation of the ex vivo circuit for assessing haemostasis during ECMO, 

there are several limitations in using the design. Development of a small volume circuit, 

potentially from a paediatric device, would ameliorate the concern of haemodilution whilst 

using a single blood donor. The use of non-human blood may be another alternative. The use 

of a non-heparin coated circuit may also be considered to propagate the process of thrombin 

generation due to the artificial surface although these are now not used in clinical practice. 

9.4 Implications of Study 

The registry cohort study demonstrated that further prospective studies of transfusion 

targets for ECMO are required given adverse outcomes seen in more liberal transfusion 

approaches. This would reflect previously discussed observations seen in RBC transfusion in 

critical care and cardiac surgery and for platelet transfusion in critical care and bleeding with 

antiplatelet agents. This study which is currently underway as a prospective, multi-centre 

study in ECMO may provide these answers to clinicians369. 

These results support the use of screening imaging for bleeding and thrombosis due to an 

absence of specific biomarkers or predictors for thrombosis and haemorrhage during ECMO. 

The observational study showed that although D-dimers were sensitive for identifying 

pulmonary embolism and potentially ICH, they were not specific. Additionally in a small 

patient cohort, PF1+2 and TAT ELISA assays did not demonstrate statistical significance. D-

dimer, PF1+2 and TAT levels were also not different in those with DVT at the time of 
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decannulation despite being commonly seen. Therefore, detailed imaging remains important 

for patient management. 

Fibrinolysis was shown to be activated during ECMO particularly during the later stages of its 

use and although thrombin generation peaked early and remained elevated, there was a lack 

of correlation to anti-Xa monitoring for anticoagulation. Therefore, anticoagulation strategies 

may need to be optimised to consider more intense anticoagulation during the first few days 

of ECMO to prevent circuit occlusion and then reduced or titrated to avoid the risk of bleeding 

at non-intracranial sites, which can occur throughout the use of ECMO. 

9.5 Future Work 

This study reiterates the identification of high rates of bleeding and thrombosis during ECMO 

with a temporal nature to these events with associated changes in fibrinolysis and thrombin 

generation over time. 

One of the key findings was the identification of early, small volume ICH in the registry cohort 

with similar survival rates if extension of bleeding did not occur during ECMO. Other than 

early cranial CT imaging, the potential to develop a biomarker to assess for this prior to ECMO 

use may help to identify patients at high-risk of ICH, and guide when anticoagulation may 

later be reintroduced if ICH has occurred. Specific cerebral biomarkers, such as S100-ß, 

warrant further evaluation as a diagnostic test for this event. 

The role of histones, neutrophil injury and NETosis needs further analysis, particularly in the 

development of thrombosis during ECMO and the DAMP of ALI during its use. 

Immunohistostaining for neutrophil deposition, histones, and DNA in clots from ECMO 

circuits may help to understand alternate mechanisms and subsequent targets to prevent 
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circuit occlusion.  Therapeutic targets may be of use if this is demonstrated to avoid the need 

for anticoagulation to avoid the risk of haemorrhage. 

The role of platelet transfusion remains of interest during ECMO. As both thrombocytopenia 

and platelet activation occur during ECMO, clinical consideration of transfusion targets and 

the age of donated units may be of consideration to improve survival outcomes. The 

underlying cause of poorer survival outcomes in those using platelet transfusions also 

requires further evaluation – is the use of platelet transfusion a marker of disease severity 

and a poor prognostic feature or do the transfused platelets play an active part in 

thromboinflammation during ALI in ECMO? Assessing platelet activation markers and platelet 

extracellular vesicles temporally around the time of platelet transfusion during ECMO may 

provide further details of this. 

Finally, larger, multicentre prospective analysis of imaging strategies are needed to identify 

potential biomarkers for thrombosis and haemorrhage in ECMO. As highlighted, the approach 

in this registry cohort focused on an intensive imaging strategy, which has implications on 

resource provision and high service demands. Comparative retrospective analysis of data on 

thrombotic and bleeding complications between this imaging approach, and data from 

centres that provide imaging based upon when clinical events occur should be evaluated. 

Alternatively, a comparative prospective study to assess these approaches could be 

considered. 

To summarise, this thesis suggests a temporal pattern to bleeding and thrombotic events 

during ECMO with disease aetiology affecting their frequency. The perception of a more 

‘liberal’ transfusion approach for blood product transfusion may not be advantageous and 

needs to be explored further. Finally, thrombin generation and fibrinolysis are increased in 
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both critical illness and by the ECMO circuit as suggested by these exploratory data although 

in this study, their changes during the bleeding and thrombotic events remain unclear.  
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Appendix 

Clinical features of participants recruited in CYCLE Study during ECMO  

Clinical Feature Frequency/Median (Interquartile Range) 

Age at cannulation (years) 45 (22 – 64) 

Gender (Male:Female) 11:6 

Weight (kg) 80 (65 – 90) 

Cause of Severe Respiratory Failure Infection – 7 

Non-infective ARDS – 3 

Autoimmune Lung Disease – 2 

Trauma – 2 

Other – 3 

APACHE II Score 16 (9 – 23) 

SOFA Score 7 (2 – 13) 

Duration of ECMO (days) 9 (4 – 25) 

Mode of ECMO VV – 16 

VVA – 1 

Haemoglobin (g/L) 84 (81 – 88) 

Platelets (x 109/L) 142 (104 – 165) 

White Cell Count (x 106/L) 13.6 x 106/L (10.2 – 16.4) 

APTTr 1.2 (1.1 – 1.6) 

PTr 1.1 (1.1 – 1.1) 

Mortality during ECMO 1/17 (6%) 
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Haemorrhagic and Thrombotic Complications during ECMO of participants recruited in CYCLE Study 

Complications Frequency 

Pulmonary artery filling defect 4 (24%) 

Deep vein thrombosis at cannula sites 7 (41%) 

Thrombosis at other sites 4 (24%) 

Intracranial Haemorrhage 4 (24%) 

Major non-intracranial haemorrhage 3 (18%) 

Clinically relevant non-major bleeding 9 (53%) 

ECMO Circuit Change 5 (29%) 

 

Macroscopic Analysis for Thrombus in ECMO Circuits of participants in CYCLE Study 

Sites of visible 

thrombus on 

Membrane Surface* 

Estimated Pump 

Chamber Coverage 

(%) 

Thrombus Length in 

Red 

Cannulae/Connector 

Thrombus Length in 

Blue 

Cannulae/Connector 

RC & LC 50 2cm 6cm 

FC 75 3cm 1cm 

None 50 7cm 1cm 

IC & LC 25 5cm 10cm 

IC 100 0 3cm 

RC, IC & LC 0 30cm 100cm 

None 0 0 0 

RC & LC 50 36cm 0 

IC & LC 25 61cm 31cm 

* SC – Superior corner, IC – Inferior corner, RC – Right corner, LC – Left corner, FC – Full 

cover of membrane 
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Blood samples collected of participants in CYCLE Study 

Participant Pre-

ECMO 

1-Hour  Day 1 Day 2 Day 7 Day 14 Day 21 Pre-

Decannulation 

1-Hour Day 1 Bleeding Pre-

Change 

1-Hour Day 1 

01 X X X X    X X X     

02 X X X     X  X MH & CRNMB X X X 

03 X X X X X X  X X X  X  X 

04 X X X X X   X X X     

05 X X X X    X X X CRNMB    

06 X X X X    X X X     

07 X X X X X X X X X X CRNMB    

08 X X X X X      MH & CRNMB    

09 X X X     X X X     

10 X X X X    X X X CRNMB    

11 X X X X X   X X X CRNMB    

12 X X X X X   X  X CRNMB X X X 

13  X X X X   X  X MH & CRNMB X X X 

14 X X X X    X X X CRNMB    

15 X X X X    X X X MH    

16 X X X X X X  X X X CRNMB    

17 X X X X    X X X     

Total 16 17 17 15 8 3 1 16 13 16 11 participants 

20 samples 

4 4 4 

 


