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INTRODUCTION
Liver disease is a major cause of the global health burden. Worldwide, 2 billion people 

are infected with hepatitis B virus, of which 400 million have active hepatitis B. 200 

million have active hepatitis C. More than 150 million are affected by alcoholic liver 

disease (ALD) and over 600 million suffer from non-alcoholic fatty liver disease (NAFLD). 

In total, over 1.5 billion people have some form of chronic liver disease (1). This is 20% 

of the world’s population and one-third of them live in China and India. Comparatively, 

acute liver diseases form a distinct group and are rare. In developing countries, 

the most important cause is acute viral hepatitis infection. In the developed world, it is  

paracetamol (Tylenol)-overdose. 

Cirrhosis
Cirrhosis is the end stage of a chronic liver disease, when the structure of the organ is 

remodelled by scarring (fibrosis) and its function becomes negatively affected (i.e., liver 

failure). In compensated cirrhosis, one does not necessarily experience any symptoms as 

there are enough healthy liver cells to make up for the damaged or dead cells. Patients 

might stay in this stable stage for many years. Decompensated cirrhosis is the stage 

that comes after compensated cirrhosis. At this point, the liver has lost so many viable 

hepatocytes (liver cells) and there is so much scarring that patients start to develop 

complications. Yearly, around 1 million people die from cirrhosis. 

Regenerative potential of the liver
The liver is the only organ that can near fully regenerate, even if two-thirds are removed 

surgically. Therefore, liver damage can be restored and progression towards cirrhosis 

can be prevented on the condition that the primary virus/agent damaging the liver is 

removed. There is a cure for the hepatitis C virus but not for hepatitis B. However, it is 

expensive and therefore scarcely available on the global scale. In turn, treatment of ALD 

and NAFLD should be straightforward in principle: stop using the irritant. But, viewed in 

the context of increased availability of foods with high sugar, fat and alcohol-content, 

socio-economic factors dictating personal choice and complexities around substance 

dependency, here too a final solution seems distant if not impossible to attain.

Containing the extent of liver damage, therefore, looks more achievable. By targeting 

secondary pathways in the disease process, either the progression of the disease can be 

slowed down, or liver regeneration can be stimulated. Our surgical research laboratory 

at the University Medical Center Groningen studies both strategies and we propose that 

activation of the coagulation system and thrombosis play a central role herein. 

The normal function of the liver
The liver is situated for the most part on the right side of your abdomen. The largest and 

heaviest organ in the body it weighs around 1.5 kg. Every minute 15 litres of blood passes 
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through. This is 2-3 times the total amount of blood in the body. One of the functions of 

the liver is to filter and detoxify nutrient-rich blood coming from the gut, where digested 

food has been absorbed. The liver is full of immune cells which give it its “gatekeeper” 

function: to remove or contain any food-borne bacteria attempting to enter the body. 

Hence this is why patients with cirrhotic livers are at increased risk of bacterial infections. 

Another function is the production of proteins, which include carrier proteins such as 

albumin, one of the most abundant proteins in the human body. Albumin binds water, 

hence, when albumin levels are low there is decrease in oncotic pressure that allows 

fluid to leak out from the interstitial spaces into the peritoneal cavity, contributing to 

the production of ascites: free fluid in the abdominal cavity that causes an uncomfortable 

distension of the abdomen, a key sign in patients with advanced cirrhosis or  

severe malnutrition.  

The normal function of the haemostatic system
The liver also produces most of the coagulation proteins, which when a blood vessel is 

damaged are activated to form a blood clot that closes the puncture wound and contains 

the bleed. The liver makes thrombopoietin, a hormone that stimulates the making of 

blood platelets in the bone marrow. Blood platelets are the first to detect damage to 

blood vessels: because of their small size (2-3 µm), they are pushed to the outer sides of 

the vessel by the larger 7-8 µm sized oxygen-carrying red blood cells. Under the shear 

forces of high blood pressures in arterial vessels, platelets are more readily activated. They 

then bind to Von Willebrand factor (VWF), a sticky protein released from the damaged 

vessel wall, that unfolds as a sort of landing strip for platelets. This explains why arterial 

blood clots such as those causing heart attacks or brain infarction are rich in platelets, and 

on the other hand why antiplatelet drugs are effective at preventing these events. Upon 

activation, they elongate, degranulate releasing chemotactic agents such as adenosine 

diphosphate (ADP) and display receptors that bind and activate other platelets which then 

assimilate into a loose clot. In turn, platelets facilitate activation of circulating coagulation 

factors. At the end of the coagulation cascade, thrombin is formed. Thrombin activates 

more platelets and converts inactive fibrinogen, another large protein made by the liver, 

into fibrin that makes the meshwork that forms the fabric of a blood clot. Fibrin fibrils 

intertwingle into fibres as they bind each other trapping platelets and red blood cells in 

the process. A clot will continue to expand unless counteracted by the fibrinolytic system, 

which is a set of molecules acting together to dissolve clots. Clot build-up and breakdown 

normally happens simultaneously leading to a controlled or balanced haemostatic 

function, allowing the clot size to be adapted to the dimensions of the puncture wound. 

The haemostatic system in liver failure
In cirrhosis and acute liver failure, levels of circulating platelets and coagulation factors can 

be decreased because of decreased synthesis due to loss of hepatocytes. Less commonly, 
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a consumptive coagulopathy of systemic or intrahepatic origin may contribute (2,3). 

Still, the haemostatic system keeps functioning normally at baseline, despite reduced 

levels of circulating haemostatic factors and despite functional defects discovered in 

some of its components (Table 1). This is because the balance between the pro-and 

antihaemostatic part of the system is maintained: pro-and antihaemostatic factors 

decline in a commensurate manner (4). The more the decline, the less the new balance 

becomes resilient to stress. Ultimately, acute severe or repetitive damage to the liver can 

affect the haemostatic system to such an extent that it activates more easily. This can 

happen in two ways. The first way is sustained activation of the haemostatic system by 

the endothelium, the thin layer of cells lining all blood vessels in the body. When liver 

tissue is damaged, by irritants or infection, it gets inflamed. Pro-inflammatory molecules 

released by inflamed hepatocytes then migrate locally to the endothelium. The now 

inflamed liver endothelium is activated and releases all sorts of molecules that support 

the activation of coagulation and platelets. In acute liver failure, dying hepatocytes 

have even shown to directly activate the coagulation system (5). The second way is 

by destabilising the haemostatic system. Haemostatic stability is dictated by the total 

numbers of haemostatic proteins and by intrinsic mechanisms that control clot build-up/-

down. When the haemostatic stability is compromised, for example by reduced numbers 

of circulating coagulant factors, it is less resilient to stress. An unstable haemostatic 

balance can be “tilted” more easily towards activation, but also inhibition, by extrinsic 

stressors such as infection, renal failure or anticoagulant medication (6-8). 

Old but prevailing ideas on the net effect of haemostatic changes in 
liver failure 
For decades, the common assumption has been that decreased numbers of coagulation 

factors and platelets and an unstable haemostatic system substantially increases the risk 

of bleeding in patients with liver failure. With this in mind, healthcare providers treated 

them similarly as patients with congenital or other acquired bleeding disorders. In 

these patients, it is common practice to correct abnormal haemostatic parameters with 

pro-haemostatic agents, especially before invasive procedures. One clear example is 

the International normal ratio (INR). Originally developed to monitor the effect of warfarin, 

a prolonged INR can reflect reduced levels of some procoagulant factors produced by 

the liver. Consequently, it is often embraced as a marker of bleeding risk. Consecutive 

studies, however, have failed to demonstrate a strong link between the INR and bleeding 

(9). This has cast doubt on the common practice to routinely correct the INR in patients with 

liver failure.

Compensatory mechanisms
The introduction of new laboratory technologies that can measure global haemostatic 

function allowed to demonstrate that the net of effect of haemostatic changes is 
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a rebalanced haemostatic system in all but the most severe cases of liver failure. The new 

assumption is that decreased numbers of coagulation factors and platelets are compensated 

for by other haemotstatic components or mechanisms to support a normal haemostatic 

function (4). This explains why a prolonged INR poorly predicts the risk of bleeding in 

liver failure. The INR was never designed to reflect the dynamic interplay between 

platelets, coagulation factors and inhibitors, and fibrinolytic proteins. Therefore, it cannot 

detect any of the complex compensatory (haemostatic) mechanisms that may offset  

a bleeding risk.

In the clinic, physicians had started to acknowledge that excessive bleeding in many 

surgical cases  is unlikely to be caused mainly by an underlying haemostatic disorder. 

They noticed that, during surgery, bleeding can be prevented largely by the application 

of good surgical techniques, appropriate haemodynamic support and cautious use of 

blood products or fluids that increase plasma volume (10). There was also more attention 

for thrombosis as a complicating factor of liver failure. Strong epidemiological evidence 

links cirrhosis to an increased risk of venous thromboembolism (VTE) and portal vein 

thrombosis (PVT) (11-14).  Patients with cirrhosis are now routinely screened for PVT as 

the complication may be encountered in up to 26% of patients with end-stage disease 

(15). Similarly, in the laboratory scientists found fibrin deposits the microvasculature in 

liver tissue of patients with liver failure (16-17). Based on results of experiments using 

animal models of liver failure (18-22), they proposed that intrahepatic fibrin deposition is 

a direct consequence of a sustained haemostatic activation within the liver.

Thrombosis in liver failure
Thrombosis is when clot or clots, which are made out of platelets and fibrin, occlude 

a blood vessel. The occurrence of thrombosis determined by a shift in any one of 

the components of Virchow’s triad: hypercoagulability, endothelial injury and blood stasis. 

Table 1. Alterations in the hemostatic system in patients with liver disease that impair (left) or promote 
(right) hemostasis.

Changes that impair hemostasis Changes that promote hemostasis

Thrombocytopenia Elevated levels of von Willebrand Factor (VWF)
Platelet function defects  
Enhanced production of nitric oxide  
and prostacyclin

Decreased levels of ADAMTS- 13  
Elevated levels of factor VIII

Low levels of factors II, V, VII, IX, X, and XI Decreased levels of protein C, protein S,
Vitamin K deficiency  
Dysfibrinogenemia

antithrombin, α2- macroglobulin, and heparin 
cofactor II

Low levels of α2- antiplasmin, Low levels of plasminogen
factor XIII, and TAFI Elevated t- PA levels
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Hypercoagulability in liver failure is a consequence of sustained haemostatic activation, 

destabilization of the haemostatic balance and/or loss of inhibitory control mechanisms 

(4-8). There are other risk factors for thrombosis in liver failure that are not directly 

related to disease, but can lead to hypercoagulability and endothelial injury. These include 

bacterial infection, use of pro-thrombotic medication such as hormones, smoking and 

decreased mobility after an illness or surgery, among other factors.  

Whilst thrombosis can happen anywhere in the body, there are local factors that may 

precipitate it. This includes blood vessel wall damage or generally because of changes in 

an organ’s architecture. In cirrhosis, scarring (fibrosis) may compress arteries and veins 

that then lead to higher hepatic blood pressures, or in contrast, to local stasis of blood. 
Stasis of blood activates the coagulation system, which in turn contributes to the local 

development of thrombosis, such as in the portal vein. 

HYPOTHESIS
It has been observed that thrombosis can occur within the liver’s microvasculature. This 

may be due to systemic or local effects, or both. This observation is at the core of a new 

strategy aimed at countering liver disease progression: we propose that when thrombosis 

occurs within the liver microvasculature, the disease progresses more rapidly and hence 

carefully targeted antithrombotics should be able to reverse the negative trend. 

This hypothesis is based partly on our findings that the haemostatic system in liver 

failure is working supernormally, but also on studies showing that systemic thrombosis is 

more prevalent in patients with liver failure compared to the general population (11-13). 
Evidence that a hypercoagulable state drives disease progression comes from studies that 

show that patients with pro-coagulant gene mutations such as Factor V Leiden (FVL) are 

more likely to display a more progressive liver disease course (although not all studies agree) 

(23,24). Conversely, patients with haemophilia appear protected as they display a milder 

disease course (25). In one animal study, mice carrying the FVL mutation demonstrated 

a more progressive disease course and this associated with intrahepatic deposition of 

fibrin (18). In this study, disease progression could be inhibited by treating the mice with 

anticoagulant therapy. Taken together, these studies point towards a possible novel 

role for anticoagulant medications to reverse liver failure progression, potentially by 

preventing the formation of intrahepatic thrombi. By preventing microvascular occlusion 

by thrombosis, hepatocyte death due to a lack of oxygen and nutrients is also prevented 

(3,16,17). There is also evidence that anticoagulant medication can inhibit hepatic stellate 

cells activation directly, specifically by blocking their ability to secrete fibrogenic molecules 

within the liver (27). In turn, this is thought to inhibit fibrosis of the liver.  One small study 

was able to show that when patients with compensated cirrhosis are treated for portal 

vein thrombosis with heparin, this also prevented progression to decompensated cirrhosis 

(26). This is promising evidence that anticoagulant medication can improve outcome in 

patients with liver failure, but this has so far has not been replicated in larger studies. 
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A note of caution should be sounded for conducting large trials with anticoagulation 

medication when their safety profiles in the context of liver failure and the exact 

mechanisms by which they reduce disease progression are not completely understood. 

METHODS
To validate our hypothesis, we aim to study the exact processes that contribute to 

haemostatic activation, to the destabilization of the haemostatic balance and (intrahepatic) 

thrombotic complications. We aim to identify which therapeutic strategy or strategies 

would be both effective and safe enough to administer to patients with cirrhosis. 

Finally, we want to examine which patients or patient groups are more likely to develop 

thrombotic complications and hence have a positive benefit-risk ratio for treatment.

To achieve this we have a wide range of materials and ‘state of the art’ tests of 

haemostasis at our disposal in the laboratory to mimic what happens in blood vessels. 

These include platelet function testing under blood flow, clotting and clot function 

testing as well as clot lysis assays. With these assays, we test the haemostatic function of 

our patients first by taking a blood sample, then isolating and activating platelets or by 

removing blood cells to keep plasma which is then used to test coagulation or fibrinolysis. 

This has already helped to bust some persistent myths of the haemostatic function in 

liver disease, for example, that patients ‘auto-anticoagulate’ themselves, whilst in fact 

their haemostatic function works (super) normally. Using thrombin generation tests, 

for example, we have shown normal-to-increased haemostatic potential in patients 

with chronic and acute liver failure despite prolongation of the PT/INR which is only 

sensitive for a discrete number of pro-coagulant factors (28,29). Using models of platelets 

aggregation in flowing blood, we found that thrombocytopenia which in isolation may 

cause bleeding is rebalanced by a substantial increase in plasma levels of VWF (30). Using 

a global plasma-based assay, we demonstrated that the fibrinolytic system is rebalanced 

due to a commensurate decline in antifibrinolytic and pro-fibrinolytic factors, notably 

plasminogen. We also mix classical and new antithrombotic medications with blood 

samples in vitro to test their effects. Newly gathered knowledge on effectivity and safety 

can then be applied to various animal models, of which we try to minimize the use. 

Collaborations
By applying some of the new concepts generated from tests using the blood of cirrhotic 

patients or patients undergoing liver transplantation to patients with other forms of liver 

disease, but also patients without liver disease, we are discovering that many pathological 

changes in haemostasis overlap. This has led to intra-and interdisciplinary collaboration, 

for example with our colleagues from the Acute Liver Failure study group and from 

the Groningen Lung Transplant program who have sent us samples from their patients. 

Examples of this are described in this thesis. Lung transplantation is associated with high 

postoperative rates of VTE in comparison with the general surgical patient population. 
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This prompted us to ask the same questions about whether the processes that contribute 

to the activation of haemostasis in liver failure and liver transplantation also apply to  

lung transplantation. 

AIM OF THE THESIS
This thesis aimed to further investigate the hypothesis that (over)activation and 

destabilization of the haemostatic system contributes to liver and lung failure progression. 

We reviewed the evidence that upholds or contradicts our hypothesis. We did a wide 

array of in vitro tests with whole or reconstituted blood or with purified platelets and 

coagulation proteins. Dividing the haemostatic system into parts helps identify which 

pathways contribute most to its activation/destabilization. We correlated results with 

clinical endpoints. We conducted experiments using animal models of chronic and acute 

liver failure to investigate haemostatic components that contribute to disease progression. 

Using global visco-elastic properties of whole blood clot formation, we aimed to predict 

clinical outcome. 

 Chapter 1 and 2 are introductions to the pathophysiological changes in platelet and 

coagulation homeostasis during liver failure and how these underlie the increased risk of 

venous, arterial, and portal vein thrombosis. 

In Chapter 3 and 4 we conduct several in vitro experiments to investigate changes 

in platelet function relative to changes in blood levels and activity of its major binding 

protein, VWF. These are done using blood from patients with acute liver failure, 

patients undergoing lung transplantation and from those having coronary artery bypass 

grafting surgery. We then look into whether any of these changes also lead to worse  

outcome parameters. 

Chapter 5 is a comment on a study of colleagues who showed that plasmin, 

a fibrinolytic protein, also prevents VWF overactivity. 

In Chapter 6, we tested whether haemodilution of blood with intravenous fluids 

during surgery leads to coagulation overactivation and therefore potentially a worse 

outcome for patients undergoing lung transplantation and for those having coronary 

artery bypass grafting.

In Chapter 7, we conduct an experiment in which we induce chronic liver and acute 

failure in mice that have the TAFI gene knocked out and compare disease progression 

to wild-type mice. Thrombin-Activatable Fibrinolysis Inhibitor (TAFI) is a protein that has 

both anti-fibrinolytic and anti-inflammatory properties. 

In Chapter 8, we do a wide array of in vitro tests using plasma of patients with 

various degrees of cirrhosis. By meticulously dissecting each step in the fibrinogen to 

fibrin conversion, we aim to find out if any changes could contribute to thrombosis.

In Chapter 9, we investigate the value of thromboelastography (TEG) to predict 

bleeding, thrombosis or a progressive disease course (through intrahepatic thrombosis) in 

a large group of stable patients with cirrhosis.
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In Chapter 10, all results are summarized and discussed, followed by a view on 

the future possibilities of antithrombotic medication in slowing down the progression of 

liver and lung disease. 
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1IS  THERE A RATIONALE FOR TREATMENT 
OF CHRONIC LIVER DISEASE WITH 

ANTITHROMBOTIC THERAPY?



ABSTRACT
Recent advances in the understanding of the coagulopathy in chronic liver disease have 

provided a strong support for anticoagulation as a new therapeutic paradigm for patients 

with cirrhosis. Laboratory studies indicate that the net effect of changes in haemostasis 

in many patients with chronic liver disease is a hypercoagulable status. In turn, clinical 

thrombosis is increasingly recognized as a complication of liver disease. When occurring 

within the liver, thrombosis may even progress the disease course. Exciting preliminary data 

regarding the potential of low-molecular-weight heparin to slow down the progression 

of liver disease indicate that this class of drugs may improve outcome without a major 

increase in bleeding risk. However, this new era for anti-thrombotic therapy in chronic liver 

disease is still hindered by a persistent false notion that patients with cirrhosis are “auto-

anticoagulated” by their underlying liver disease. In addition, there is insufficient clinical 

evidence on safety and efficacy of anticoagulant therapy in cirrhosis and the studies 

conducted so far are limited by small sample sizes, uncontrolled treatment arms, or 

by their retrospective nature. Finally, a lack of knowledge on how or when to monitor 

antithrombotic treatment to optimize the risk-benefit ratio has restricted a widespread 

application of anticoagulant treatment in clinical management algorithms. Nonetheless, 

by systematically covering possibilities and pitfalls, this review highlights the potential 

of antithrombotic therapy to improve the quality of life and the clinical outcome of 

patients with chronic liver disease.
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INTRODUCTION
Anticoagulant or antiplatelet therapy in patients with chronic liver disease is controversial. 

For decades, chronic liver disease has been thought to be associated with an increased 

bleeding risk (1). Hence, generally, physicians have taught and adopted a cautious approach 

to invasive procedures for fear of bleeding complications. In contrast, an unrestrictive 

approach to blood product usage became the rule when surgery was the only option, 

or when excessive bleeding occurred (2). It also became (and still is) common practice to 

evaluate or correct the commonly found abnormalities in routine tests of haemostasis in 

liver disease as in treating other haemostatic disorders. The underlying rationale is that to 

reduce the bleeding risk or stop the major bleeding, clinical decision making should be 

based on the same grounds as in other (acquired) coagulopathies (3). However, over the last 

decade, concepts of the clinical consequences of the haemostatic changes associated with 

cirrhosis have changed. Experts now acknowledge that bleeding in many (surgical) cases 

is more likely due to haemodynamic changes in patients with chronic liver disease than 

to an underlying haemostatic disorder. They also agree that routine haemostatic tests are 

poor indicators of a bleeding tendency. Hence, these tests are no longer considered to be 

an acceptable way to evaluate the haemostatic status of these patients, nor is correction 

of haemostasis based on routine test results indicated (4,5).

Several new insights may have led to this change in paradigm. First, when compared to 

coagulopathies characterized by a deficiency in a single coagulation factor, as is the case 

in the haemophilia’s, haemostatic alterations in liver disease involve the whole spectrum 

of coagulation factors. Reduced protein synthesis by hepatocytes in the diseased liver 

leads to deficiencies in procoagulant factors, but reduced protein synthesis also affects 

anticoagulant components. Hence at baseline there is a rebalanced system, which is not 

detected by conventional tests of coagulation (4). Secondly, the haemostatic phenotype 

in patients with chronic liver disease is determined by a combination of haemostatic and 

pathophysiological alterations. Complex interactions, such as endothelial activation, renal 

failure or active infection among others, may all easily shift the precarious haemostatic 

equation towards a bleeding or a thrombotic tendency depending on circumstances 

specific to the individual patient (6). Routine tests of haemostasis are not designed to or 

lack the sensitivity to detect these interactions. Finally, and probably the most important 

new insight comes from the observation that patients with chronic liver disease are 

not “auto-anticoagulated”. This means that these patients are not protected from 

thrombotic events when routine tests of coagulation including the prothrombin time (PT) 

or International Normalized Ratio (INR) and activated partial thromboplastin time (APTT) 

are prolonged, or when platelet numbers are low (5,7,8).

In fact, it is increasingly recognized that thrombosis can be a major complicating factor 

in chronic liver disease and may even contribute to its progression (7,9). The purpose of 

this review therefore is to create awareness for thrombosis as an important contributor 

to morbidity and mortality in patients with chronic liver disease. The first section of this 
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article covers some of the in vitro studies, which provided the fundamental new concept 

of a “hypercoagulable state” in chronic liver disease against the antiquated, but prevailing 

dogma of “auto-anticoagulation”. These experiments also provide elementary knowledge 

on the pathophysiological mechanisms underlying the increased risk of venous, arterial, 

and portal vein thrombosis observed in epidemiological and clinical studies of chronic 

liver disease. These will be addressed in subsequent paragraphs of this study. Additionally, 

this review discusses the use of anticoagulant agents to treat thrombotic complications 

and their potential to reduce disease progression in patients with chronic liver disease. 

However, we would like to stress that the limited clinical data on their efficacy and safety 

do not always allow to refer to clinical guidelines or to formulate them. Discussions 

on the possibilities and pitfalls of antithrombotic therapy in patients with chronic liver 

disease will therefore be in the context of a limited knowledge base.

The occurrence of thrombosis is determined by a shift in any one of the components 

of Virchow’s triad: blood stasis, endothelial injury, and hypercoagulability. The latter is 

determined by an imbalance in the physiological equilibrium that regulates coagulation 

and anticoagulation dynamics. In chronic liver disease, however, it has long been 

thought that such an imbalance inclines the fragile coagulation equilibrium towards 

a hypocoagulable state. A possible reason for this is that conventional tests of haemostasis 

are routinely used to estimate the haemostatic status in patients with chronic liver disease. 

The INR, for example, was originally designed to measure the anticoagulant effect of 

warfarin and has some serious drawbacks when it comes to reflecting the physiological 

sequence of events after activation of the coagulation cascade (10). It senses variations in 

the procoagulant factors (F) I, II, V, VII and X, most of which are reduced in liver disease 

(hence the prolonged INR), but it is insensitive to endogenous anticoagulant factors such 

as protein C (PC) and antithrombin. These are concomitantly decreased in the plasma of 

patients with chronic liver disease (4). In addition, the test is insensitive to haemostatic 

modulators expressed on the endothelial cell surface, such as thrombomodulin (i.e., 

the essential endogenous cofactor for thrombin activation of PC). Finally, since it is based 

on the conversion of fibrinogen to fibrin that starts after as little as 5% of the total amount 

of thrombin is generated, 95% of generated thrombin is not assessed. This “excess” 

of thrombin is biologically relevant since it participates in various processes besides 

propagation of the procoagulant cascade. These include remodeling of the fibrin clot 

structure, clot lysis inhibition and platelet activation as well as inflammatory and wound  

healing responses (11).

In vitro testing which completely reflects the physiological environment of blood and 

blood vessels will probably never be possible. Nevertheless, the above example illustrates 

that conventional tests are completely unphysiological. They should therefore not be used 

to assess the complex haemostatic status in patients with liver disease. Newer, “state-

of-the-art” tests of haemostasis, often referred to as “close-to-physiological” testing, 

are now readily available in the research laboratory and have been used to explore 

the haemostatic function of patients with liver disease under laboratory circumstances. 
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Thrombin generation testing (TGT) is an attractive example in this context. The thrombin 

generating potential in plasma is determined by the concentration of all the known 

and unknown clotting factors and inhibitors together with some plasma proteins that 

modulate the response (12). As the interaction between the pathophysiology of liver 

disease and the complex coagulation cascade is largely unknown and clotting factor 

levels normally vary between individuals, TGT in theory better reflects the global effect 

of liver disease on haemostasis as compared to the analysis of individual coagulation 

factor levels. By using plasma of patients with chronic liver disease and by adding soluble 

thrombomodulin to the test-mixture, Tripodi et al. reported a normal thrombin generation 

despite a prolonged PT and APTT (13). The addition of thrombomodulin helped approach 

a “close-to-physiological” condition as the anticoagulant contribution of endothelial cells 

could now be incorporated and investigated. Interestingly, in a further study Gatt et al. 

demonstrated an increased thrombin generating potential in plasma of patients with 

chronic liver disease, which was associated with resistance to the anticoagulant action  

of thrombomodulin (14).

The different outcome of studies published by Tripodi and Gatt (i.e., normal 

versus high thrombin generating potential in plasma) may be attributed to differences 

in methodology, but probably also to disease severity as evidenced by higher MELD-

scores in the cohort included in Gatt’s study. Indeed, in TGT, the degree of resistance to 

thrombomodulin appears to increase with the severity of liver impairment (15,16). This 

may be explained by alterations in a number of haemostatic components. For example, 

PC levels progressively decrease with increasing stages of disease severity, which may lead 

to a hypercoagulable status in patients with advanced disease. This effect of decreased 

PC levels on the haemostatic status of cirrhotic patients was recently supported by a study 

demonstrating that addition of exogenous PC to the thrombin generation assay reverses 

the resistance to thrombomodulin (17).

Alterations in levels of the procoagulant FVIII may also destabilize the precarious 

coagulation balance in chronic liver disease. However, in contrast to PC or most other 

(procoagulant) proteins of the coagulation system, FVIII levels are commonly increased 

in patients with chronic liver failure (18). This is partly due to the fact that FVIII is not 

synthesized by hepatocytes, but by the endothelium (19-22), and upon endothelial stress 

its plasma levels may increase substantially. Once activated, FVIII is a target protein for 

activated PC and hence FVIII levels correlate well with thrombomodulin resistance in 

TGT studies of chronic liver disease (15,16). Together with alterations in levels of PC 

and other components of the coagulation system such as antithrombin, changed FVIII 

levels therefore offer a complementary explanation for the relative hypercoagulability 

in plasma samples of cirrhotic patients. In vivo, however, thrombin generation is not 

only a function of pro-and anticoagulant factors, but also of platelets (23). The platelet 

surface provides a scaffold for the assembly of coagulation factor complexes, and this 

assembly is an essential step in the thrombin generation pathway. Primary and secondary 
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haemostasis, therefore, are integrated physiologically to facilitate thrombin generation 

and fibrin formation.

In view of the physiological importance of platelets in supporting coagulation, our 

group has studied the function of the primary haemostatic system in chronic liver disease. 

We found that, in a close-to-physiological model using flowing blood, platelet adhesion 

and aggregation were increased when incubated in plasma of cirrhotic patients, even 

when the platelet count was adjusted to thrombocytopenic levels (24). We attributed this 

to the presence of high levels of the platelet-binding protein von Willebrand factor (VWF). 

These high VWF levels apparently compensate for the decrease in platelet number and 

function. Subsequent studies demonstrated a normal-to-increased thrombin generating 

potential in platelet-rich plasma (23). When combined, the in vitro studies conducted 

so far with modern tests of haemostatic function therefore substantiate the presence 

of a general hypercoagulability in chronic liver disease as a consequence of both 

a hyperreactive primary and secondary haemostatic system in cirrhotic patients.

There is also ample clinical evidence to counter the false concept of “auto-

anticoagulation” in patients with chronic liver disease. More broadly, these patients 

are generally prone to both venous and arterial thrombotic complications. Universal 

recognition of this important concept may be a crucial step in the general introduction of 

antithrombotic therapy in treatment and prevention of these complications. Additionally, 

recognition of the concept will be crucial to extend studies on anticoagulant treatment 

for prevention of progression of liver disease.

VENOUS THROMBOEMBOLISM
Retrospective studies on the incidence of venous thromboembolism (VTE; defined as deep 

vein thrombosis and pulmonary embolism) among hospitalized patients with chronic liver 

disease indicate that it varies between 0.5% and 6.3% (25-28). The variation largely 

depends on the size and inclusion/exclusion criteria of the representative population 

enrolled in the study. It is probably also due to variations in detection methods and variable 

definitions of VTE. Finally, it may be related to different stages of disease. For example, 

the highest incidence of 6.3% was measured by Dabbagh et al., who stratified VTE 

incidence according to the Child-Pugh score. In this report, most of the patients enrolled 

had the most severe stage of disease (i.e., Child C) suggesting a correlation between 

disease severity and risk for VTE (25). Indeed, even in the study which reported the lowest 

VTE incidence of 0.5%, patients with the lowest albumin levels still had the highest risk 

of developing VTE (27). This further suggests the existence of an association with disease 

severity as a low albumin level is a consequence of a reduced synthetic capacity of the liver 

and/or ascites production, a common feature in subjects most affected by the disorder. 

Paradoxically, in the latter study, disease severity as assessed by the MELD-score did not 

appear to be a risk factor for VTE. This may be explained by the fact that, in contrast to 

the Child-Pugh system, albumin levels are not incorporated in the MELD scoring formula.
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From a theoretical point of view, it would be interesting to find out whether there 

is a consistent and linear relationship between VTE incidence and disease severity in 

chronic liver disease. However, most reports on VTE incidence did not stratify cirrhotic 

patients according to disease severity. So, based on the two studies mentioned above 

it is difficult to ascertain whether the relationship between disease severity and VTE is 

a trend or an artifact inherent to the limitation of retrospective studies: that is, to obtain 

full disclosure of clinical data (e.g., there could be more intensive VTE monitoring in 

the most severe cases). In addition, based on the retrospective nature of the literature 

in this area, it is unclear whether there may be a true cause and effect relationship 

between severity of liver disease and VTE. It may rather simply be due an increased risk 

due to the accumulation of risk factors potentially present in all severely ill or hospitalized 

patients, such as a prolonged immobilization and an advanced age. Large cross-sectional 

studies specifically designed to examine VTE risk factors in chronic liver disease, which in 

combination incorporate over 1,100,000 patients with chronic liver disease, do not provide 

a definite answer in this regard, even after multivariate adjustments aimed at minimizing 

confounding factors (29-31). They also give opposing information on the relative risk of 

VTE compared to the general (hospitalized) population, which is about a twofold increase 

or decrease depending on the study. Nonetheless, these studies suggest that patients 

with chronic liver disease are generally at risk for VTE and presumably undertreated with 

anticoagulant prophylaxis. Furthermore, when VTE occurs in this group of patients, it is 

associated with an increased length in hospital stay and mortality rates when compared 

to the general population (30,31).

The suboptimal use of VTE prophylaxis in patients with chronic liver disease may 

reflect the general fear of (major) bleeding complications in fragile patients with 

multiple co-morbidities (32,33). It may also be the result of a tendency to incorporate 

the INR in bleeding risk scores used for clinical decision making when antithrombotic 

strategies are considered. For example, the International Medical Prevention Registry 

on Thromboembolism (IMPROVE) collected and analyzed data on approximately 10,000 

acutely ill medical patients from 12 countries with the aim to identify risk factors for 

bleeding present on admission. It identified “hepatic failure”, arguably defined as having 

an INR > 1.5, as a moderate (OR = 2.14), but independent risk factor, to be incorporated 

in the risk prediction score (34). The authors adequately acknowledged the paradox 

that some of the identified risk factors for thrombosis-related bleeding (e.g., cancer, 

advanced age, ICU) are also strong risk factors for VTE. However, they failed to make 

this observation for “hepatic failure”, despite circumstantial evidence that a prolonged 

INR does not protect from VTE (25). Inextricably linking hepatic failure with bleeding 

based on a prolonged INR has become an obsolete concept and may send the wrong 

message to clinical decision makers. In extreme cases, this may lead to undertreatment 

with antithrombotic therapy. On the other hand, we concur that patients both at risk 

for VTE and bleeding need careful clinical decision making before therapy and a benefit-

to-risk analysis on a case-by-case basis. Bleeding risk scores such as in IMPROVE help 
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physicians to decide which patients are eligible for pharmacological or mechanical 

prophylaxis. However, preferably, future scoring systems in patients with chronic liver 

disease should incorporate both VTE and bleeding risks, as was previously done in atrial 

fibrillation and acute coronary syndrome registries (35,36). Multiple case-control studies, 

which are outside the scope of this review, have explored risk factors for VTE and bleeding 

in chronic liver disease (26-31,37). Although the retrospective nature of their design limits 

to draft guidelines at the present time, these may help devise risk prediction scores to be 

incorporated in future randomized studies of patients with chronic liver disease, as these 

will help to identify patients with a favorable risk-benefit ratio for thromboprophylaxis. 

In the meantime, we do not recommend universal antithrombotic prophylaxis to prevent 

VTE in this specific patient population. However, we do advise to follow the general 

clinical practice guidelines of the American College of Chest Physicians (ACCP) on risk 

assessment and VTE prophylaxis when prominent risk factors for VTE, such as (post-

surgery) immobilization or cancer, are present (38). The benefits of therapy may outweigh 

the risk of bleeding in such cases.

ARTERIAL THROMBOSIS
The association between a history of VTE and the risk of arterial events has been 

documented (39). In patients with chronic liver disease, the common background for 

both complications seems to be shared specifically in non-alcoholic fatty liver disease 

(NAFLD) as studies have shown this group of patients to be at risk for both complications 

(40,41). However, cardiovascular diseases are the leading cause of macrovascular-related 

morbidity and mortality in NAFLD (42).

As opposed to VTE, the process leading to arterial thrombosis in these patients appears 

to be considerably more complex than a “hypercoagulable status” with endothelial 

dysfunction as the common soil (43). Indeed, it is driven by a convergence of risk factors. 

These include dyslipidemia, lipid-based oxidative injury, endothelial dysfunction, and 

hyperreactivity of the primary haemostatic system among others (44). The frequent 

presence of atherosclerotic lesions in this group of patients also indicates that parameters 

of the metabolic syndrome (central obesity, dyslipidemia, Type 2 diabetes mellitus (T2DM), 

and hypertension) overlap as risk factors for NAFLD and cardiovascular diseases (45-47). 

These multiple risk factors for arterial thrombosis explain the high prevalence of ischemic 

cardiovascular events observed in these patients, even after adjustment for metabolic risk 

factors typically associated with cardiovascular diseases (48-53).

NAFLD has a current worldwide prevalence varying between 6% and 33% depending 

on the method of assessment (54). The prevalence of non-alcoholic steatohepatitis 

(NASH), the inflammatory successor to NAFLD, ranges from 3 to 5% worldwide. It is 

expected that in the next decade NASH-associated cirrhosis will be the leading cause 

of liver transplantation in the USA. However, despite the high prevalence, the aetiology 

and precipitating factors of the disease are not exactly known. The missing piece here 

again is a well-conducted, large natural history cohort study of NAFLD. How, when, 
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and where to intervene to prevent thrombosis in this group of patients therefore seem 

particularly difficult to answer. In addition, there is little evidence on antithrombotic 

therapy as a profitable adjuvant to lifestyle changes and an early and aggressive control of 

the components of the metabolic syndrome in patients with NAFLD. Hence, the American 

Association for the Study of Liver Disease (AASLD) practice guidelines do not provide 

a prevention policy other than risk stratification for and management of cardiovascular 

risk factors (55). This is in line with current evidence from primary prevention trials in 

other patient groups at risk for arterial thrombosis. For example, studies on antiplatelet 

thromboprophylaxis in patients with T2DM so far have found no convincing reduction in 

cardiovascular events (56). As 49-62% of patients with T2DM also have NAFLD (57-60), 

it may be concluded that primary prevention with antiplatelet therapy will generally also 

not be useful in patients with NAFLD. On the other hand, there is substantial evidence 

on the efficacy of such agents in preventing recurrence of arterial thrombotic events in 

patients with overt vascular disease (61).

In a meta-analysis including 4500 T2DM patients with overt cardio-and cerebrovascular 

disease, the Antiplatelet Trialists’ Collaboration demonstrated a significant 25% risk 

reduction of cardiovascular events with antiplatelet drugs (mainly aspirin) (62). We 

propose to explore the extension of current guidelines on secondary prevention in 

the T2DM population to patients with NAFLD and overt vascular disease. The limited 

data on safety of these agents in NAFLD suggest that generally the benefits of 

antiplatelet therapy justify the bleeding risk (63). However, low platelet levels as well as 

alterations in aspirin metabolism in patients with cirrhosis may discourage treatment with 

antiplatelet medication due to a (perceived) risk of bleeding (64). In addition, the absolute 

contraindication for antiplatelet therapy in patients with established gastrointestinal 

varices may interfere (65). We recommend exploration of antiplatelet strategies for 

treatment of overt arterial events and for secondary prevention in the absence of  

absolute contraindications.

Despite the current lack of evidence for antiplatelet therapy, we feel that prophylactic 

antithrombotic strategies in patients without overt vascular disease should still be 

considered in future studies of cardiovascular risk reduction in NAFLD. The rationale 

is that the emerging evidence of a hypercoagulable status in chronic liver disease may 

partly explain the increased risk for cardiovascular events in this group of patients. 

In a recent study, an extended panel of prothrombotic factors was investigated in 

a large group of patients with a biopsy-proven diagnosis of NAFLD and compared to 

patients without histological abnormalities (66). It was found that when corrected for 

metabolic risk factors, plasma levels of plasminogen activator inhibitor-1 (PAI-1), a major 

inhibitor of the fibrinolytic system, were significantly increased. Interestingly, in line with 

previous studies on PC and FVIII, these levels correlated well with disease severity. Given 

the possible role of PAI-1 in arterial thrombosis, these data may suggest that PAI-1 links 

the hypercoagulable status generally associated with chronic liver disease to the increased 

risk of cardiovascular events in NAFLD. Due to the limitation of the cross-sectional design 
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of the study, this may prove to be an oversimplification, but PAI-1 levels have been 

previously related to the severity of vessel wall (endothelial) damage associated with 

atherosclerotic lesion development (67-69). In addition, there is substantial epidemiologic 

evidence that high PAI-1 levels contribute to the development of ischemic cardiovascular 

disease in the general population (70,71), although other studies postulated that these 

may essentially reflect an increase in general cardiovascular risk factors (72,73). Risk 

stratification according to PAI-1 levels in a prospective clinical outcome-based study may 

thus be warranted in this group of patients, especially in those with an advanced disease 

stage. The potential therapeutic implications of such findings are eagerly awaited.

PORTAL VEIN THROMBOSIS AND LIVER DISEASE 
PROGRESSION
Portal vein thrombosis (PVT) holds a special position in the range of macrovascular 

diseases associated with chronic liver disease as it has been proposed that it originates 

in the microvasculature of the liver. PVT may be encountered in up to 26% of cirrhotic 

patients with end-stage disease (74). The reported numbers depend on (the sensitivity of) 

the detection methods. Notwithstanding, these numbers are likely an underestimation 

since PVT often has an asymptomatic course (75). Reports on incidence of PVT in 

the cirrhotic population are sparse, but one of the larger studies on this issue estimated 

it at 7% in a cohort of patients on the liver transplant waiting list (76). Generally, the risk 

for PVT appears to increase with disease severity. In addition, there is evidence that 

the aetiology of chronic liver disease plays a facilitating role. For example, it is the patient 

with NASH cirrhosis who is most at risk of PVT development (77).

The pathophysiogical process of PVT has been studied extensively (78). First, disease 

related changes in the cytoarchitecture of the liver parenchyma also affect the structure of 

the hepatic (venous and portal) microvasculature and, consequently, its haemodynamics. 

The result is stasis of blood, which likely activates the coagulation system. Progression 

to thrombosis of the affected vessels is precipitated by several pathological factors, 

such as endotoxemia, inflammation, and endothelial activation (79). Chronically, these 

thrombotic obliterations lead to back-flow in the portal venules and hypertension in 

the portal vein as well as the rest of splanchnic system. However, sub clinical effects 

of PVT may occur both at the proximal and distal end of the portal vein. Indeed, being 

the major transport system for nutrients to the hepatocytes, the congestion of the portal 

blood flow to these cells may augment any pre-existing damage to the parenchyma, 

which in theory aggravates liver failure progression (80). On the other hand, thrombosis 

may extend into mesenteric branches of the splanchnic system and lead to rare, but 

potentially fatal, intestinal infarction. Chronically, portal hypertension results in splanchnic 

vasodilation, which in turn may lead to gastrointestinal varices formation. This latter is 

a well-recognized and potentially life-threatening complication of chronic liver disease. 

Indeed, when these rupture a (major) bleed follows (81).
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In spite of the high prevalence and potentially poor outcomes, there are currently 

no guidelines for the management of PVT in the cirrhotic population specifically. ACCP 

and AASLD practice guidelines generally recommend treatment with antithrombotic 

medication in symptomatic cases (e.g., abdominal pain), most of which are acute (38,82). 

In chronic PVT, (long-term) antithrombotic therapy may be considered in patients with 

a permanent risk factor for thrombosis, although this is not clearly defined and as of yet 

only applies for the non-cirrhotic setting (83). Data on which factors inhibit or contribute 

to the PVT process in cirrhosis are limited. A history of variceal bleeding, a reduced portal 

flow velocity and a low platelet count are among the risk factors identified so far, but 

their prognostic value has yet to be validated in prospective studies (76,81, 84). Indeed, 

due to the retrospective nature as well as the small number of patients included it is 

difficult to tell whether there is a causal association or that these may be in fact causal 

intermediates. Conversely, the identification of Factor V Leiden and to a lesser extent 

prothrombin 20210A mutation carriage as risk factors for PVT in cirrhosis suggests a direct 

link between hypercoagulability and PVT development (81,85). This also indicates that 

further research into the prognostic value of cirrhosis-related haemostatic alterations may 

be warranted. The rationale of such future studies is that the higher potential to generate 

thrombin, regardless of the cause, is responsible for the onset of PVT as well as for its 

higher frequency along increasing stages of disease. One small study investigated changes 

in the FVIII-to-Protein C ratio in this context and concluded that an increase in the ratio 

was not associated with the PVT process (86,87). Another study singly examining FVIII 

also found no associations with the exception of paradoxically low FVIII levels in severe 

cirrhotic patients with PVT compared to non-PVT controls (79). Despite these essentially 

negative results, Villa et al. found in a randomized controlled study that prophylactic 

anticoagulation therapy could prevent the onset of PVT in a cohort of patients with 

moderate-to-severe cirrhosis, even in the absence of a prothrombotic mutation (88). This 

finding suggests not only that PVT onset is driven by a hypercoagulable status in chronic 

liver disease, but also that more physiological methods of haemostasis testing such as TGT 

need to be considered in studies examining a possible relation between derangement of 

haemostasis and risk for development of PVT. 

Interestingly, therapeutic and prophylactic anticoagulant treatment appears not only 

to prevent (further) PVT development, but also to reduce both hepatic decompensation 

(e.g., ascites development) and mortality (88,89). These major findings raise questions 

towards the reason for the favorable effect of anticoagulation on outcome: Could it 

be that when PVT is treated or prevented with antithrombotic medications, other key 

processes contributing to decompensation and mortality are targeted? Could it be that 

in fact the patency of entire hepatic microvasculature (i.e., not only portal) is preserved 

and thereby further damage to the liver parenchyma is avoided? In other words, PVT may 

not be the causal factor in cirrhosis progression, but merely the marker of progressive 

microvascular congestion and it is the “side-effect” of the anticoagulant treatment, 
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the restoration or preservation of blood flow in the hepatic microvasculature, that explains 

the favorable effects of anticoagulant therapy. This is certainly an appealing hypothesis, 

especially in relation to multiple epidemiological studies showing a positive correlation 

between congenital and acquired thrombophilia and liver disease progression, and on 

the other hand a milder course in female patients and patients with haemophilia (90-97). 

In fact, these studies have been complemented using experimental animal models of 

liver disease, in which was it was demonstrated that thrombophilic gene mutations 

promote the fibrotic process in the parenchyma, but progression could be attenuated 

by antithrombotic treatment both in animals carrying the mutations and in wild-type 

counterparts (98-100). Finally, in vitro studies demonstrated that the interplay between 

thrombin and members of the protease-activated cell surface receptors (PAR)-family 

facilitates the activation and transition of the hepatic stellate cell towards a pro-fibrotic 

phenotype. This may drive liver disease progression in yet another way (101-104).

Regardless of the mechanism, the combination of the findings described above 

constitutes a rationale for antithrombotic treatment in patients with chronic liver disease 

with the aim to counteract the prothrombotic effect of the disorder and improve outcome. 

This concept of anticoagulation as a therapeutic paradigm for patients with cirrhosis 

is rapidly gaining interest and was recently highlighted in a comprehensive review on 

novel treatment modalities in chronic liver failure (105). However, despite the emerging 

evidence supporting its beneficial effects on disease progression, it is unknown which 

individuals will particularly benefit from anticoagulant therapy with the exception perhaps 

of cirrhotic patients with acute PVT or those who have (yet to be further defined) risk 

factors for the complication. Assuming that there is a beneficial effect in all patients, 

long-term treatment would still be limited by a serious lack of understanding on which 

agent or combination of agents to choose from in order to obtain a favorable risk-benefit 

ratio. In addition, it is largely unknown whether the bleeding risk which is inevitably 

associated with anticoagulant use is affected in patients with cirrhosis by alterations in 

the metabolism of antithrombotic agents.

SAFETY OF ANTITHROMBOTIC THERAPY
An optimal benefit-to-risk ratio of an anticoagulant drug is determined by properties as 

predictability, a wide therapeutic window, minimal food and drug interactions, reversibility, 

no need of  monitoring, and an effective prevention and treatment of thrombosis with 

minimal anticoagulant-related bleeding. The perfect combination of these properties has 

not been found for any drug currently available on the market. Even in “ideal patients” 

a benefit-to-risk assessment should be made in each case with each drug. Due to limited 

(reported) experience, anticoagulation of patients with non-cirrhotic chronic liver disease 

is already a challenge, in patients with cirrhosis it is a major one. Indeed, be-cause of 

the drastically altered haemostatic system and metabolic capacity of the cirrhotic liver, 

the effects of anticoagulant drugs may be unpredictable. This should not be a reason to 

withhold anticoagulant or antiplatelet therapy from a patient when its benefits are clear, 
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but it demands for a serious evaluation of the bleeding risk when it is considered and of 

safety precautions to be taken whenever possible.

The possibilities and caveats associated with the use of established and new-

generation antithrombotic drugs in patients with cirrhosis have been reviewed in detail 

recently and will therefore not be further elaborated on in this paper (63). However, 

the recent successes with low-molecular-weight heparin (LMWH) in delaying liver disease 

progression validate the discussion of the pro and cons of these drugs in this context. First 

of all, from the limited amount of publications so far, LMWH appears to have an excellent 

efficacy profile in patients with cirrhosis. In PVT, complete portal vein recanalization has 

been described in 33-45% of the affected individuals treated with the drug (106,107), 

while further progression of the clot could be prevented in more than half of the cases 

as was shown in one of the larger studies (108). These rates may be further enhanced by 

early initiation of anticoagulation after diagnosis or by its prolongation when the response 

is partial (106,107). In fact, when administrated prophylactically LMWH can completely 

prevent PVT development as was demonstrated by Villa et al. (88). Most importantly, 

the rates of clot resolution in therapeutic studies do not seem to differ from those in 

non-cirrhotic individuals suggesting similar antithrombotic benefits in cirrhosis despite 

the complex haemostatic alterations (109).

Are the risks, particularly of bleeding, of using these agents then affected by 

the presence of cirrhosis and, if so, to what extent? Data on this are sparse, but bleeding 

frequencies of 6% and 4% have been reported in a cohort of (long-term) PVT treatment 

and a VTE cohort (short-term treatment) respectively of which over one third were 

gastrointestinal (GI) bleeds (broadly defined). An essential side-note is that most of these 

studies did not include an untreated matched control group (37,76,88,106-108,110-112). 

In studies in which such control patients were included for comparison, the bleeding rates 

were similar suggesting that LMWH treatment does not further increase the bleeding risk 

in cirrhosis (88,108). However, rigorous in-and exclusion criteria may have led towards 

a selection bias in some studies (i.e., the patients with an a priori low bleeding risk/more 

stable disease were treated). Similarly when studied retrospectively, as was the case in 

three of the studies, the motivation of physicians to treat or not to treat depending on 

the perceived bleeding risk was likely masked (37,106,112). The overall bleeding risk 

associated with LMWH use may therefore be underestimated in the current literature and 

cannot be extrapolated to the general cirrhotic population until larger prospective studies 

on the incidence of bleeding complications are conducted. Nevertheless, the use of LMWH 

does not appear to increase the risk of life-threatening, and thus clinically most relevant, 

variceal bleeds. Such bleeds are precipitated by portal hypertension in combination with 

local vessel wall deformities and a direct relation with LMWH use is therefore un-likely. 

There is however the possibility that such bleeds may be aggravated by LMWH treatment, 

but one study found no difference in the mean number of blood products administered 

to cirrhotic patients with LMWH-associated bleeding compared with bleeds from other 

causes suggesting that thromboprophylaxis with LMWH has limited ad-verse effects 
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on bleeding gravity in this context (37). This notion is further substantiated by the fact 

that recombinant factor VIIa, one of the most powerful procoagulants and a known 

reverser of LMWH-associated bleeding (113), has proven ineffective at controlling variceal 

bleeding in cirrhotic patients in randomized controlled trials (114, 115). In other words, 

a coagulation deformation may not be a pre-dominant factor influencing the severity of 

variceal bleeding and implies that any intervention in the coagulation system, including 

anticoagulation with LMWH, will likely have a limited effect in determining their gravity. 

In a number of studies, investigators screened for the presence of varices prior to LMWH 

treatment and when found routinely ligated or initiated therapy with non-selective 

beta blockers. Such precautionary measures may be prudent and will be likely to reduce 

the rate of variceal bleeds in general. High-risk varices, when (accidently) discovered, have 

a clear clinical indication for ligation therapy (116).

The apparently favorable risk-benefit ratio deserves further consideration of LMWH 

therapy in patients with cirrhosis to prevent progression of the disease. It also raises more 

questions towards its use in particularly vulnerable patients with multiple comorbidities, 

which are prone to complications. These patients may need to be excluded from future 

therapeutic studies. Indeed, in such patients, the therapeutic window of the drugs may 

be altered significantly, for example by an increased extravascular volume or a significant 

decrease in renal function. Renal insufficiency is a common feature of patients with 

an advanced disease stage and since LMWH is cleared mainly by the renal route, dose 

adjustments are needed in such patients to prevent accumulation of the drugs. Indeed, 

while the predictable bioavailability typically does not require monitoring of LMWH, 

(repeated) measurement of their anticoagulant activity is commonly recommended 

at a creatinine clearance rate of b 30 mL min−1. However, this approach to routinely 

monitor patients with diminished renal function is controversial (117). Moreover, 

creatinine clearance measurements may not apply to cachectic patients who present with 

significantly decreased serum creatinine levels at baseline.

MONITORING OF ANTITHROMBOTIC THERAPY
The most widely used test that correlates with the administered LMWH dose is the anti-FXa 

activity in plasma, which measures the inhibitory activity of LMWH-antithrombin (AT) 

complexes towards FXa. However, the assay is prone to several pitfalls that need to 

be considered when it is used to monitor the (cirrhotic) patient with renal impairment 

(118). First, dose-response kinetics appear to be highly dependent on the selected 

anti-FXa assay (119). Hence, the selection of the assay also dictates the dose needed to 

achieve the therapeutic target range, which eventually influences patient management. 

Secondly, as LMWH plasma concentrations are dependent on the time of blood sampling, 

monitoring should be performed at their anti-FXa peak activity, which may be difficult to 

predict in the individual patient with renal insufficiency. Third, one must be aware that 

the (peak) anti-FXa activity reflects the LMWH bioavailability and not necessarily their 

anticoagulant activity, which may in fact differ between compounds. Hence, to prevent 
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overanticoagulation, a cut-off anti-FXa activity needs to be determined separately for each 

drug based on its clinically most favor-able dosage. Similarly, the anti-FXa activity may 

not automatically represent the bleeding risk associated with LMWH use. For example, 

a prospective study which evaluated prognostic factors for bleeding in 194 patients with 

VTE found no relation between peak anti-FXa levels and bleeding complications (120). 

This may be generally related to the wide therapeutic range of the drugs as well as 

variations in co-morbid risk factors of individual patients over time (i.e., stage of diseases, 

general condition, etc.) (121). It also implies that the routine monitoring of LMWH to 

improve clinical safety may be of limited value out of the context of dose adjustment to 

prevent accumulation.

In following of these general limitations, our group has investigated whether chronic 

liver disease-related haemostatic changes affect the reliability of the assay to guide LMWH 

dosage (122). We found that the anti-FXa assay systematically underestimated the LMWH 

dose administered in vitro to plasma of cirrhotic patients (without impaired renal function). 

We attributed this to the low levels of AT in these samples as this limit the formation 

LMWH-AT-FXa complexes, and thus the inactivation of FXa or in other words, the anti-FXa 

activity. Indeed, in complementary experiments, supplementation of AT reliably restored 

the anti-FXa correlation with LMWH dosage. These findings are clinically relevant since 

they explain for the persistently low anti-FXa activity previously observed with in vivo 

dose-response studies of LMWH in patients with cirrhosis (111). Most importantly, they 

demonstrate that the anti-FXa assay is not to be relied upon for monitoring of LMWH in 

patients with chronic liver failure with or without renal impairment and may even prompt 

dose escalation. To overcome this limitation of the assay at low AT levels, we propose 

a simple solution: the addition of AT before monitoring, which as of yet is not standard 

practice in most routine diagnostic laboratories. Alternatively, novel, close-to-physiological 

monitoring methods may be used to determine the bioavailability of LMWH or guide 

dosing regimens in these patients. Indeed, by using TGT, we recently demonstrated 

that the capacity of LMWH to inhibit thrombin formation in plasma of patients with 

chronic liver disease in vitro was consistent among samples of patients and controls, 

with the exception of patients with severe cirrhosis who showed a decreased response 

to the anticoagulant action of the drugs (123). Interestingly, when using the same test, 

another group had found a more profound and disease stage-dependent anticoagulant 

effect of the drugs in cirrhotic plasma compared to normal plasma (124). This difference 

in results may be attributed to different pre-analytical conditions highlighting, as with all 

assays, the necessity for methodological standardization in order to compare or interpret 

future in vivo dose-response studies of antithrombotic agents in cirrhosis.

In conclusion, based on current clinical evidence on safety, there is no firm indication 

for routine laboratory monitoring or dose adjustments of LMWH in chronic liver disease 

outside of recommended dose-adjustments due to renal dysfunction. In accordance 

with recommendations of the College of American Pathologists guidelines (125), other 

exceptions may include significant changes in extravascular volume, an increased need 
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for LMWH to obtain a favorable clinical effect, and a prolonged treatment with the aim to 

prevent excessive or insufficient anticoagulation. In the latter case, it would be interesting 

to find out whether there is a beneficial in vivo effect of drug monitoring that validates 

routine drug level monitoring in prospective clinical studies aimed at preventing thrombotic 

complications or disease course progression. For example, the efficacy and safety of 

treatment in response to individualized regimens determined from measurements using 

TGT could be compared with standard prophylaxis without dose adjustment.

FUTURE DIRECTIONS
Antithrombotic treatment is now at the interphase between basic research and its 

application in the clinical setting for the treatment or prevention of chronic liver disease 

progression. There is increasing evidence that patients with chronic liver disease are in 

a hypercoagulable state that drives disease progression which in turn can be counteracted 

with antithrombotic agents. If confirmed, this knowledge has the potential to revolutionize 

the clinical management of patients with cirrhosis. However, further application of this 

new knowledge on the link between haemostasis and disease progression to the general 

population with cirrhosis requires elucidation of a number of issues, for example the utility 

of laboratory testing for clinical management. Indeed, great care must be taken not to 

automatically extend the in vitro test results generated with close-to-physiological assays 

to what occurs in vivo. In addition, one should avoid labeling individual patients with 

chronic liver disease as ‘high risk’ for arterial or venous thrombotic events based on 

hypercoagulability detected by in vitro testing alone (12).

Studies to assess the clinical value of in vitro tests, such as TGT, in patients with 

cirrhosis have yet to be performed. Moreover, such studies should be performed with 

a number of important considerations. First, in order for the test to have clinical value, 

the variance in hypercoagulability within the cirrhotic group must significantly differ 

from the disease-attributable variance over a prolonged period of time. Secondly, there 

must be a clear relation between the degree of hypercoagulability and clinical outcome 

(e.g., thrombosis incidence). Finally, and probably most importantly, the application of 

such tests for clinical use must not only identify the pro-thrombotic disorder but have 

a measurable predictive value for clinical thrombosis in the individual patient with chronic 

liver disease. Otherwise, the test will be, at best, a screening procedure for (grading) 

thrombophilia in cirrhosis. Only if the test is shown to have predictive ability can it be 

expected to improve health outcomes (126). The prediction of a favorable risk-benefit 

ratio of prophylactic anticoagulation in individual patients with chronic liver disease is an 

ex-ample of such improved clinical care.

In chronic liver disease, it will therefore not be sufficient to correlate modern in vitro 

tests of haemostasis with laboratory and clinical evidence of thrombophilia in case-

control studies (in which blood is taken after the thrombotic event). It will be necessary 

to investigate correlations with thrombotic events in large prospective cohort outcome 

studies conducted over several years, which may include observational studies and 
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randomized controlled trials. Designing such long-term studies will be both difficult 

and expensive due to the slow progression of chronic liver disease and generally low 

prevalence of thrombotic events in the general cirrhotic population. In addition, the clinical 

phenotype of patients included in these studies may alter radically due to the ongoing 

pathological processes inherent to the progression of the disorder. This ultimately leads to 

intra-individual variations in hypercoagulability over time, which must be first recognized 

in order to interpret test results. It is thus to be expected that in most cases it will not 

be possible to find correlations with the natural history of the disease over a prolonged 

period of time.

For future prospective studies on antithrombotic therapy in chronic liver disease, 

a critical move forward will therefore be to identify target groups who have a favorable 

risk-benefit ratio for treatment, which will probably be based on clinical observations. 

In addition to being at high risk for thrombotic events, such groups will likely be 

characterized by a homogenous clinical phenotype, a predictable disease course, and 

a well-defined coagulopathy (e.g., cirrhotic patients on the transplant list). Predefined 

endpoints of treatment in prospective clinical studies will also need to be determined. 

These may range from resolution and prevention of PVT to prevention of fibrosis and 

cirrhosis progression (e.g., decompensation or transplantation). In addition, we must refine 

our choice of agents with the best profile to investigate efficacy, safety, and tolerability 

of more long-term regimens. This can be partly accomplished by evaluating different 

anticoagulant strategies in relevant in vitro and in vivo models of chronic liver disease. 

Subsequently, knowledge of the right dose to cause the appropriate anticoagulant effect 

without overdosage and rescue strategies will be needed. Given the dose-adjustments 

that are required in other special patient populations, such as those with renal failure 

or an advanced age, dose-adaptation studies will be required in some patients with 

cirrhosis. Finally, people with different expertise will have to work together in large 

prospective multicenter trials to devise complementary treatment strategies. For example, 

the hepatologist and the cardiologist may collaborate in NAFLD to design studies in 

patient groups who also have a favorable risk-benefit ratio for prophylactic treatment 

of arterial thrombosis (e.g., patients with NASH cirrhosis at risk for PVT). The first step 

however will be to validate recent findings on the efficacy of LMWH to prevent PVT as 

well as on their favorable effects on hard endpoints as decompensation. If these benefits 

are confirmed, this provides further evidence on anti-thrombotic treatment as a novel 

approach in managing patients with (advanced) cirrhosis. In addition, this will likely open 

avenues for research on the impact of other drug classes on disease progression as well 

as their efficacy and safety in different subsets of the cirrhotic population. 
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PRACTICE POINTS

 » Routine coagulation tests of haemostasis, such as the INR, should not be used to 

assess the haemostatic function in patients with chronic liver disease. 

 » Modern, close-to-physiological in vitro tests of haemostasis, such as TGT, reflect 

the complexity of the haemostatic alterations associated with the disease. These 

indicate a supranormal haemostatic function in these patients.

 » Patients with chronic liver disease are not “auto-anticoagulated”: they are not 

protected from VTE, arterial thrombotic events and PVT.

 » Antithrombotic therapy may effectively help prevent thrombosis or reduce 

the thrombotic risk in patients with chronic liver disease. There is preliminary 

evidence that it may even reduce the progression of liver disease.

 » Patients with chronic liver disease are likely undertreated with antithrombotic 

medication due to a perceived risk of bleeding among health care professionals.

 » Antithrombotic therapy with LMWH appears as safe in the general cirrhotic 

population when compared to other hospitalized patient populations. However, 

some patients with cirrhosis and co-morbidities such as renal dysfunction will need 

monitoring for dose adjustments.

RESEARCH AGENDA
 » Observational studies are needed to identify target groups who have a favorable 

risk-benefit ratio for antithrombotic treatment.

 » Further in vitro and experimental in vivo studies using different anticoagulant 

strategies are needed to determine the best agent at the right dose to cause 

the appropriate anticoagulant effect in patients with chronic liver disease.

 » Further prospective clinical trials are needed to investigate efficacy, safety, and 

tolerability of (long-term) regimens of LMWH and direct oral anticoagulants in 

prevention and treatment of VTE and PVT. These studies should preferably include 

a control arm.

 » In addition, studies on efficacy, safety, and tolerability of antiplatelet drugs for 

prevention and treatment of arterial thrombotic events in patients with (NASH) 

cirrhosis are required.

 » Double-blind, placebo-controlled, randomized, prospective trials of safety and 

efficacy of anticoagulant strategies in reducing progression of liver disease are 

required as are experimental animal studies aimed at further understanding 

the potential mechanisms involved.
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2THE PLATELET AND PLATELET FUNCTION 
TESTING IN LIVER DISEASE



ABSTRACT
Patients who have liver disease commonly present with alterations in platelet number 

and function. Recent data have questioned the contribution of these changes to bleeding 

complications in these patients. Modern tests of platelet function revealed compensatory 

mechanisms for the decreased platelet number and function, the most prominent 

compensatory mechanism being substantially elevated levels of the adhesive protein von 

Willebrand’s factor. Consequently, standard diagnostic tests of platelet functions seem to 

be of little use to predict bleeding complication in patients who have liver disease. This 

article outlines the role of platelet abnormalities and possibilities for platelet function 

testing in patients who have liver disease.
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INTRODUCTION 
Blood platelets are pivotal cells in the process of haemostasis and thrombosis. Haemostasis 

is the physiologic process that causes bleeding to cease after injury to the vascular 

wall injury. ‘‘Primary haemostasis’’ refers to the formation of a loose platelet plug on 

the injured vascular endothelium. ‘‘Secondary haemostasis’’ refers to the series of 

enzymatic reactions eventually leading to the conversion of fibrinogen into fibrin, which 

stabilizes the platelet plug.

In chronic and acute liver failure, multiple alterations in secondary haemostasis may 

be present. These alterations may result from a decreased synthesis of coagulation 

factors in the diseased liver, vitamin K deficiency, or a deficiency of vitamin K-dependent 

carboxylase (1,2). Whether these alterations lead to an increased bleeding risk has been 

questioned in recent publications (3-5). In patients who have liver disease, a decrease 

of the components of the procoagulant system often is accompanied by a simultaneous 

decrease of the anticoagulant system. This concomitant decrease in pro-and anticoagulant 

factors may explain the weak link between the severity of bleeding in clinical practice 

and the level of coagulation abnormalities as assessed by conventional coagulation 

tests that fail to test the contribution of the natural inhibitors of coagulation to clot  

formation (6-10).

Recently, Tripodi and co-workers (11) used a modified in vitro thrombin-generation 

test to investigate thrombin generation in the presence of coagulation inhibitors. These 

studies demonstrated that cirrhotic patients maintain the same capacity to generate 

thrombin as healthy controls when thrombomodulin, the activator of the anticoagulant 

protein C, is added to the test mixture. These results indicate that clot formation in 

patients who have cirrhosis is not necessarily impaired and that secondary haemostasis 

in patients who have liver disease in fact often seems to be rebalanced. In vivo how-ever, 

thrombin generation is a function not only of pro-and anti-coagulant factors but also of 

platelets (12,13). The platelet surface provides a scaffold for the assembly of coagulation 

factor complexes, an essential step in the thrombin generation pathway. Primary and 

secondary haemostasis therefore are physiologically integrated for thrombin generation 

and fibrin formation.

Abnormalities in platelet number and function are common in patients who have 

liver disease. Therefore, Tripodi and colleagues (12) also investigated the effect of these 

abnormalities on the generation of thrombin. They found that the capacity of platelets 

to support thrombin generation in cirrhotic patients was indistinguishable from that 

in healthy subjects when platelet counts were adjusted to similar (normal) levels and 

thrombomodulin was added to the experiment. In most cirrhotic patients platelet 

numbers are decreased only moderately. Thus, thrombin generation probably is not 

affected to a great extent in these patients. In line with the aforementioned studies 

assessing secondary haemostasis, these results now challenge the assumption that 
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in patients who have liver disease alterations in primary haemostasis are inherent to 

significant haemorrhagic complications.

Standard diagnostic tests of primary haemostasis such as the bleeding time 

traditionally have associated platelet abnormalities with an increased risk of bleeding. In 

fact, based on this relationship, many centers justify the use of prophylactic measures, 

including platelet transfusion before invasive procedures (such as liver biopsy or tooth 

extraction), even though no prospective studies have been conducted to confirm 

whether such measures are an effective way to prevent bleeding events in patients who 

have liver disease. Moreover, transfusion of platelets in patients who have liver disease 

may be associated with serious side effects, such as volume overload, exacerbation of 

portal hypertension, risk of infection, and risk of transfusion-related acute lung injury 

(14). The recent identification of platelet transfusion as an independent risk factor for 

decreased 1-year survival after liver transplantation (15) emphasizes the need for a critical 

review of the significance of platelet abnormalities and platelet function tests in patients 

who liver disease.

PLATELET ADHESION AND ACTIVATION UNDER 
CONDITIONS OF FLOW
After damage to the vascular wall, platelets are recruited from the flowing blood and 

rapidly adhere to the exposed subendothelial surface. Adhesion to subendothelial 

adhesive proteins such as collagen requires the synergistic action of several receptors 

(summarized in Fig. 1). First, glycoprotein Ib interacts with the plasma protein von 

Willebrand factor (VWF), which, when bound to collagen, undergoes a conformational 

change revealing several platelet-binding sites. This interaction is transient, merely 

slowing down the velocity of platelets, but it enables platelet arrest by the action of two 

platelet receptors, integrin aIIb1 and glycoprotein VI (GPVI), which interact directly with 

collagen. The interaction of adhered platelets and collagen initiates signal transduction 

events via glycoprotein VI, resulting in platelet activation. Activated platelets are able to 

interact with each other, mediated by the integrin aIIbb3, which can bridge two platelets 

via fibrinogen or VWF.

Platelet activation results in the release of alpha and dense granules, which 

contain mediators of secondary platelet activation, such as ADP, or proteins involved 

in coagulation. At the same time, platelets start synthesizing thromboxane A2 from 

arachidonic acid released from the membrane, also resulting in the secondary activation 

of platelets. Stabilization of the platelet plug is mediated further by the formation of fibrin 

through the coagulation system. As the platelet is activated, its surface alters to provide 

the appropriate phospholipid scaffold necessary for the assembly of key complexes of 

the coagulation cascade. Through a series of enzymatic reactions cell-de-rived tissue 

factor induces the formation of thrombin, which cleaves fibrinogen into fibrin monomers. 

These monomers cross-link into insoluble strands that stabilize the loose platelet  

plug (16-19).
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PLATELETS IN L IVER DISEASE
Patients who have liver disease can present with substantial alterations in the primary 

haemostatic system. Abnormal platelet numbers and function are common and 

traditionally have been thought to contribute to impaired haemostasis in both acute 

and chronic liver disease.20 Thrombocytopenia is a general feature of patients who have 

advanced disease. It is attributable mainly to increased platelet sequestration in the spleen 

associated with portal hypertension. Thrombocytopenia also may be a consequence 

of decreased thrombopoietin synthesis by the diseased liver (21,22). Alternatively, 

myelosuppression resulting from acute hepatitis C infection, folic acid deficiency, or 

ethanol toxicity may have a negative effect on megakaryocytopoiesis (23-25). In addition, 

autoantibodies and low-grade disseminated intravascular coagulation have been related 

to reduced platelet survival and increased platelet consumption, respectively (26,27). 

The presence of disseminated intravascular coagulation in patients who have liver disease 

is controversial, however (28).

Figure 1. Platelet plug formation after vascular wall damage under conditions of flow. 
(A) Slowing down of platelets by transient interaction of platelet glycoprotein Ib (GPIb) 
with von Willebrand’s factor (VWF). (B) Stable attachment to the exposed sub endothelial 
surface (e.g., collagen) by direct interaction with collagen receptors aIIb1 and glycoprotein 
VI  (GPVI), and indirectly via interaction of platelet integrin aIIbb3 with collagen bound 
VWF. (C) Platelet activation by thrombin or by platelet releasates (ADP or thromboxane 
A2, TXA2). (D) Platelet-platelet interaction mediated by vWF or fibrinogen (Fg) binding to 
aIIbb3. (From Lisman T, Leebeek FWG. Haemostatic alterations in liver disease: a review 
on pathophysiology, clinical consequences, and treatment. Dig Surg 2007;24(4):251;  
with permission.)
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Besides the observed changes in platelet numbers, reduced adhesiveness and impaired 

aggregation are well described in in vitro experiments involving platelets from cirrhotic 

patients (29-31). Both intrinsic and extrinsic factors have been proposed as contributing to 

the impairment of platelet function. Platelet dysfunction has been associated with intrinsic 

factors such as acquired storage pool defects, decreased thromboxane A2 synthesis, 

altered transmembrane signal transduction, and quantitatively decreased glycoprotein Ib 

and aIIb3 receptors as a consequence of proteolysis by the overactive fibrinolytic system 

(31-38). On the other hand, platelet function in vivo may be influenced negatively by 

several extrinsic factors. Abnormal high-density lipoproteins, reduced haematocrit, and 

increased levels of endothelium-derived nitric oxide and prostacyclin, two potent platelet 

inhibitors, have been suggested as influencing normal platelet function in patients who 

have liver disease (39-41). The assumption that these alterations inherently lead to an 

increased bleeding tendency lacks solid clinical proof, however. In addition, recent data 

suggest that, to some degree, elevated levels of VWF compensate for the abnormalities 

in platelet number and function.

BLEEDING TIME AND PLATELET AGGREGATION: 
DIAGNOSTIC TOOLS FOR BLEEDING RISK?
The bleeding time is the oldest test of platelet function. Basically, it is measured by 

inflicting a standardized cut on the volar surface of the forearm using a blood-pressure 

cuff on the upper arm. The reproducibility of this test, however, depends to a large extent 

on the skills of the technician, the skin thickness, and ambient temperature, among 

other factors including possible endothelial dysfunction (42). In spite of its widespread 

use as a predictor of bleeding in a variety of dis-orders, the sensitivity and specificity of 

the bleeding time remain insufficiently validated in clinical practice (43).

The bleeding time is prolonged in up to 40% of patients who have liver disease 

(44). Desmopressin, an analogue of vasopressin, shortens the bleeding time in these 

patients, probably by enhancing endothelial-derived VWF levels (45-47). Randomized 

trials, however, did not show that desmopressin had any efficacy in controlling variceal 

bleeding or in reducing blood loss in patients undergoing partial liver resections or liver 

transplantation (48-50). This finding indicates that a correction of the bleeding time may 

not necessarily result in improvement of primary haemostasis. Moreover, the association 

between a prolonged bleeding time and the degree of liver failure as assessed by 

the Child-Pugh score has been shown to be independent of the risk of gastro-intestinal 

haemorrhage (51). These findings reflect the outcome of prospective studies indicating 

that the bleeding time is an unreliable predictor of bleeding in cirrhotic patients (52,53).

In the past, laboratory testing of platelet function has proved useful for exploring 

fundamental processes or as a diagnostic tool for hereditary or acquired platelet defects, 

but standardization of testing for clinical practice has not yet been achieved (42,54). In 

addition, most of the in vitro experiments assessing platelet function in cirrhotic patients 
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were conducted under static conditions using platelet-rich plasma and leaving out 

essential physiologic factors for platelet activation in vivo (e.g., red blood cells and shear 

stress) that test platelet function in a VWF-dependent manner.

The platelet function analyser-100 (PFA-100) is a rapid new in vitro test that provides 

a quantitative measure of primary haemostasis at high shear stress using citrated whole 

blood. This automated device functions with blood flowing under a constant vacuum 

through a capillary and a microscopic aperture in a membrane coated with collagen 

and agonists. As a result, the closure time of the aperture is a measurement of platelet 

adhesion/aggregation (42,55). Experiments with the PFA-100 demonstrated that a pro-

longed closure time can be corrected by elevating the haematocrit in the blood of patients 

who have liver disease (30). This finding suggests that the influence of haematocrit (and 

other physiologic factors) on platelet function is probably more relevant than the intrinsic 

platelet defects commonly found in patients who have liver disease. As yet, however, 

no studies have been reported that determine whether the closure time correlates with 

clinical outcome.

THE RELEVANCE OF THROMBOCYTOPENIA AND 
REDUCED PLATELET FUNCTION IN CIRRHOSIS
Thrombocytopenia is mostly mild to moderate in patients who have stable liver dis-ease, 

and a mild reduction in platelet counts is in general not associated with severe bleeding. 

Moreover, one of the most severe forms of bleeding, variceal haemorrhage, is mainly 

a consequence of local vascular abnormalities as well of increased splanchnic blood 

pressure, and the contribution of a haemostatic impairment in this situation is de-

batable (56). One therefore can argue that the clinical relevance of thrombocytopenia in 

most patients who have liver disease is of questionable significance. In this regard, liver 

transplantation is one of the most challenging situations requiring effective haemostasis. 

With recent advances in surgical experience, technique, and anaesthesia care, however, 

a considerable number of patients (up to 50% in some centers) undergo the operation 

without the need of any blood products (57). In line with this experience, recent laboratory 

data show that platelet abnormalities in patients who have cirrhosis are not apparent 

when platelet function is tested in models using flowing blood (58,59).

As mentioned previously, Tripodi and co-workers (12) also showed that platelet 

functionality, as measured by its capacity to support thrombin generation, is not 

diminished in patients who have stable cirrhosis. Recently the authors’ group also has 

revisited platelet function in patients who have liver disease, because previous studies had 

already shown that the abnormalities in coagulation and fibrinolysis are not as severe as 

thought previously (11,60). These studies have shown that, under physiologic conditions 

of flow, platelets from patients who have liver cirrhosis are able to interact normally with 

collagen and fibrinogen as long as the platelet count and haematocrit are adjusted to 

the levels founds in healthy subjects (Fig. 2A) (58). Thus, the previously described platelet 

function defects do not seem to be important when tested under conditions of flow.
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In addition, the authors and colleagues recently established that, compared with 

healthy subjects, levels of VWF are increased substantially (up to 10-fold) in plasma from 

patients who have chronic liver disease (59). This increase in VWF may be the consequence 

of different mechanisms, such as endothelial cell activation, bacterial infection, or reduced 

hepatic clearance (61-63). Surprisingly, in subsequent experiments, the authors and 

colleagues found a greater activation rate and thrombus formation when using platelets 

Figure 2. (A) Platelet function testing under flow conditions. Representative micrographs of platelet 
deposits on collagen and fibrinogen formed by reconstituted patient blood (platelet count of 200 
000 mL-1 and a haematocrit of 40%) and control blood (original magnification ×400). (From Lisman 
T, Adelmeijer J, de Groot PG, et al. No evidence for an intrinsic platelet defect in patients with liver 
cirrhosis—studies under flow conditions. J Thromb Haemost 2006;4(9):2071; with permission.) (B) 
Plasma from patients who have cirrhosis supports platelet adhesion better than normal plasma. 
Micrographs of platelet deposits on collagen formed by reconstituted blood with platelets isolated 
from a patient who has cirrhosis resuspended in plasma from either healthy controls or from 
patients with cirrhosis (original magnification ×400). (From Lisman T, Bongers TN, Adelmeijer J, et 
al. Elevated levels of von Willebrand factor in cirrhosis support platelet adhesion despite reduced 
functional capacity. Hepatology 2006;44:58; with permission.)



61

2 8

obtained from cirrhotic patients, who have increased levels of VWF, than when using 

platelets from healthy controls under normal plasmatic VWF concentrations, provided 

platelets in both group were adjusted to similar counts (Fig. 2B) (59). These findings 

suggest that the increased levels of circulating VWF found in patients who have liver 

disease may compensate to a certain extent for any defect in platelet function and for 

the decrease in platelet numbers.

SUMMARY
Patients who have liver disease may present with alterations in the primary haemostatic 

system. The standard diagnostic tests, however, are of little use in the identification of 

patients who have an increased risk of bleeding. Increasing evidence argues against 

the use of the bleeding time as a diagnostic tool for predicting bleeding in patients who 

have liver disease. Further research is needed to determine whether newer techniques 

can provide a useful substitute for the bleeding time. Thrombocytopenia is moderate in 

most patients and generally does not result in significant bleeding events. Also, the role 

of platelet dysfunction probably is less important than expected. Modern technology has 

improved the study of platelets in vitro because platelet function can be assessed under 

more physiologic conditions. Recent in vitro studies demonstrate that platelet dysfunction 

in patients who have cirrhosis is not relevant under flow conditions. The capacity of 

platelets to provide a surface for thrombin generation is not altered, and high plasma 

levels of VWF seem to compensate for any decrease in plate-let function. The precondition 

for these experimental observations, however, is that platelet numbers and haematocrit 

are adjusted to normal levels. 

Given the lack of data supporting prophylactic treatment with platelet concentrates 

before invasive procedures, and given the experience obtained during liver transplantation, 

in which platelet count is not routinely corrected before surgery, the routine use of 

prophylactic platelet transfusions when performing invasive procedures in patients who 

have liver disease is questionable. Exceptions include high-risk procedures in which 

bleeding is unlikely to be detected before irreversible damage occurs (e.g., placement of 

an intracranial pressure monitor in a patient in acute liver failure). Prospective studies are 

needed to ascertain whether the group of patients who present with both substantially 

decreased platelet numbers and a history of severe or refractory bleeding could benefit 

from a therapy designed to improve the numbers of platelets (e.g., thrombopoietin). In 

addition, the potential role of other confounding variables such as active infection, renal 

failure, or changes in lipid composition warrants further investigation.
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3AN UNBALANCE BETWEEN VON WILLEBRAND 
FACTOR AND ADAMTS13 IN ACUTE LIVER 

FAILURE:  IMPLICATIONS FOR HAEMOSTASIS 
AND CLINICAL OUTCOME



ABSTRACT
Emerging evidence supports the concept of a rebalanced haemostatic state in liver 

disease as a result of a commensurate decline in prohaemostatic and antihaemostatic 

drivers. In the present study, we assessed levels and functionality of the platelet-adhesive 

protein von Willebrand factor (VWF) and its cleaving protease ADAMTS13 in the plasma 

of patients with acute liver injury and acute liver failure (ALI/ALF). Furthermore, we 

explored possible associations between VWF, ADAMTS13, and disease outcome. We 

analysed the plasma of 50 patients taken on the day of admission for ALI/ALF. The plasma 

of 40 healthy volunteers served as controls. VWF antigen levels were highly elevated in 

patients with ALI/ALF. In contrast, the collagen-binding activity and the ratio of the VWF 

ristocetin cofactor activity and VWF antigen was significantly decreased when compared 

with healthy controls. Also, the proportion of high-molecular-weight VWF multimers 

was reduced, despite severely decreased ADAMTS13 levels. In spite of these functional 

defects, platelet adhesion and aggregation were better supported by plasma of patients 

with ALI/ALF when compared with control plasma. Low ADAMTS13 activity, but not high 

VWF antigen, was associated with poor outcome in patients with ALI/ALF as evidenced by 

higher grades of encephalopathy, higher transplantation rates, and lower survival. VWF 

or ADAMTS13 levels were not associated with bleeding or thrombotic complications. 

Conclusion: Highly elevated levels of VWF in plasma of patients with ALI/ALF support 

platelet adhesion, despite a relative loss of function of the molecule. Furthermore, low 

ADAMTS13 activity is associated with progressive liver failure in the patient cohort, which 

might be attributed to platelet-induced microthrombus formation in the diseased liver 

resulting from a substantially unbalanced VWF/ADAMTS13 ratio.
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INTRODUCTION
Concepts of the clinical consequences of the haemostatic disorders in patients with 

liver failure have changed considerably over the last decade. It is now well established 

that patients with chronic liver failure and abnormal routine coagulation tests do not 

necessarily have an increased bleeding tendency and that thrombotic complications may 

occur in these patients (1,2). Moreover, recent studies of the coagulopathy of liver failure 

suggest a link between intrahepatic thrombosis and the progression of liver failure (3,4).

In patients with cirrhosis, the net effect of all haemostatic changes is a rebalanced 

yet precarious system that may easily tip toward a bleeding diathesis or a thrombotic 

tendency (1). In acute liver failure, the net effect of all haemostatic changes is not clear, 

partly because the changes in the haemostatic system in these patients have been less 

well defined compared with those in patients with cirrhosis.

In an effort to elucidate this issue, we are systematically studying consequences 

of haemostatic defects in patients with acute liver failure. We recently demonstrated 

an intact thrombin generating capacity in plasma from patients with acute liver injury 

and acute liver failure (ALI/ALF) despite severely reduced plasma levels of coagulation 

factors and abnormal routine diagnostic tests of coagulation, such as the prothrombin  

time (5). This intact thrombin generation has been ascribed to a concomitant decrease in 

both procoagulant and anticoagulant factors. In vivo, however, thrombin generation is 

not only a function of procoagulant and anticoagulant factors, but also of platelets (6). 

The platelet surface provides a scaffold for the assembly of coagulation factor complexes, 

and this assembly is an essential step in the thrombin generation pathway. Primary and 

secondary haemostasis, therefore, are integrated physiologically to facilitate thrombin 

generation and fibrin formation.

In view of the physiological importance of platelets in supporting coagulation, we now 

aim to better define changes in the primary haemostatic system of patients with ALI/ALF 

and their net effect on bleeding, thrombosis, and disease progression. Our group initially 

studied parameters reflecting platelet function by thromboelastography using whole 

blood of patients with ALI/ALF (7). We found evidence of normal to increased platelet 

activity in whole blood of patients with ALI/ALF when compared with normal controls 

despite reduced platelet numbers in a pro-portion of patients. The exact mechanisms 

underlying the observed increase in parameters reflecting platelet function and adhesion 

are unknown, but it may be attributed to increased levels of the adhesive protein von 

Willebrand factor (VWF). Indeed, we have demonstrated that elevated levels of VWF 

may (over)compensate for abnormalities in platelet number and function in patients with 

cirrhosis (8). These high VWF plasma levels result from disease-related overactivation 

of the reticulo-endothelial system in endothelial cells (9,10). VWF is a large, multimeric 

protein, and its interaction with platelet glycoprotein Ib is essential for platelet adhesion 

under conditions of flow, as evidenced by the bleeding tendency associated with qualitative 

or quantitative defects in VWF in von Willebrand disease. The functional capacity of VWF 
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is normally strictly regulated in the blood by the VWF-cleaving protease, ADAMTS13, 

as VWF reactivity towards platelets is directly proportional to its multimeric size (11). 

The importance of this regulation is apparent from patients with congenital or acquired 

ADAMTS13 deficiency who have severe thrombotic episodes in the microvasculature (i.e., 

thrombotic thrombocytopenic purpura) (12).

We hypothesized that VWF also compensates for qualitative or quantitative platelet 

abnormalities in patients with ALI/ALF. To test this hypothesis, we analysed qualitative and 

quantitative parameters of VWF and ADAMTS13 in a group of 50 patients with ALI/ALF in 

samples taken on admission to a single tertiary referral center. In addition, we used plasma 

of these patients in a model of primary haemostasis to examine the ability of VWF to 

support platelet adhesion under physiological flow conditions. Finally, given that the liver 

is the major source of ADAMTS13 synthesis, we anticipated reduced ADAMTS13 plasma 

levels with a consequent substantial unbalance between ADAMTS13 and VWF in these 

patients. A VWF/ADAMTS13 unbalance is a potential high-risk state for unintentional 

platelet (micro)thrombus formation (13). Emerging evidence from epidemiological, clinical, 

and animal studies indicates that intrahepatic activation of haemostasis and formation of 

microthrombi contributes to liver failure progression (3,4,14) and ADAMTS13 and VWF 

have even been proposed as new predictors for outcome in patients with liver failure 

(15-17). Therefore, we also explored possible relationships between VWF, ADAMTS13, 

and the outcome of patients with ALI/ALF in the present study.

PATIENTS AND METHODS
Patients
Fifty consecutive patients were prospectively studied after admission for acute liver injury/

acute liver failure (ALI/ALF) to Virginia Commonwealth University Medical Center between 

March 2009 and May 2011. Patients’ details have been provided.7 Informed consent was 

obtained from either the patient or their next-of-kin, depending on the patient’s level of 

altered mental status (hepatic encephalopathy), as part of entry into the US Acute Liver 

Failure Study Group Registry. Patients with acute liver injury were defined as those with (1) 

an international normalized ratio (INR) of > 1.5; (2) absence of a history of liver disease; 

and (3) illness of >26 weeks duration. Patients with ALF were defined as those with ALI 

and hepatic encephalopathy. Patients who received procoagulant treatment other than 

vitamin K prior to enrolment were excluded. The INR was assayed using the Innovin 

reagent (Siemens Healthcare Diagnostics, Marburg, Germany), which has an international 

sensitivity index of 0.9. We calculated Model for End-Stage Liver Disease (MELD) scores 

according to the equation: (0.957 x loge (creatinine) x 0.378 x loge (bilirubin) x 1.12 x loge 

(INR) x 0.643) x 10, and determined whether patients fulfilled the King’s College criteria 

for acute liver failure as described (18).

Plasma samples from 40 healthy volunteers were used to establish reference values for 

the various tests performed in this study. Blood sample retrieval and processing have been 
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described (7). Samples were centrifuged within 2 hours of withdrawal and immediately 

placed at 280°C and stored until assayed. The study was conducted in accordance with 

local Institutional Review Board regulations.

Definition of Complications and Final Outcomes of ALI/ALF 
We studied the following complications of ALI/ALF: hepatic encephalopathy, infection, 

systemic inflammatory response, renal failure, thrombosis, and bleeding. These 

complications were defined as follows: Hepatic encephalopathy was defined and graded 

according to West Haven criteria.19 Infection was defined as a positive urine culture, 

presence of a pulmonary infiltrate on chest X-ray consistent with infectious aetiology, or 

a positive blood culture not felt to be a contaminant with a skin organism. More than 

one positive blood culture was required for bacteraemia with commensal organisms. 

Systematic inflammatory response syndrome was defined according to established 

criteria20: white blood cell count >12 or <4 x 109 cells/L, temperature <36°C or >38°C, 

respiratory rate >20/minutes, and pulse >90 beats per minute. Renal failure was defined 

as persistent azotaemia or oliguria despite rehydration requiring continuous veno-

venous haemofiltration. Thrombosis was defined as occlusion of a native blood vessel 

or indwelling dialysis catheter. When occlusion of a native blood vessel was suspected 

on clinical grounds, these were confirmed by ultrasound or CT scanning. Bleeding was 

defined as the presence of blood per naso-gastric tube, blood per rectum or endotracheal 

tube, or bleeding at the site of invasive procedure. Final outcomes of ALI/ALF were 

transplant-free survival, orthotopic liver transplantation, or death.

VWF and ADAMTS13 Assays 
VWF antigen (VWF:Ag) levels were determined with an in-house enzyme-linked 

immunosorbent assay (ELISA) assay using commercially available polyclonal antibodies 

against VWF (DAKO, Glostrup, Denmark).

VWF ristocetin cofactor activity (VWF:RCo) was determined using the BC VWF-reagent 

(Siemens Healthcare Diagnostics) on a Behring Coagulation System (Siemens Healthcare 

Diagnostics). VWF:Ag and VWF:RCo levels of pooled normal plasma were set at 100% 

and the values obtained in patient samples were expressed as a percentage of pooled 

normal plasma.

VWF collagen binding activity was determined with an in-house ELISA assay as 

described (8). The collagen-binding activity of pooled normal plasma was set at 100% 

and the activity measured in patient samples was expressed as a percentage of pooled 

normal plasma.

VWF multimer analysis was performed by sodium dodecyl sulfate agarose gel 

electrophoresis followed by western blotting. The blots were incubated with rabbit 

anti-VWF antibody (DAKO) and goat anti-rabbit IRDye 800 CW (LI-COR Biosciences, 

Lincoln, NE). The first five bands were considered as low-molecular-weight multimers, 
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whereas other bands were considered as high-molecular-weight (HMW) multimers. 

The blots were scanned by the Odyssey Imager (West-burg, Leusden, The Netherlands) 

and were quantified by morphometric analysis using the ImageScope soft-ware package 

(Aperio, Vista, CA). After shading correction and interactive thresholding, the selected 

positive pixels were measured. The positive area was the sum of the area of positive pixels 

of low-molecular-weight and HMW bands. Data was expressed as the percentage of 

HMW multimers per total VWF multimers, which equals the percentage of positive pixels 

in the HMW band area per total positive pixel area.

ADAMTS13 activity was measured in plasma of patients with ALI/ALF and pooled 

plasma of healthy volunteers which was pre-treated with bilirubin oxidase (10U/mL; 

Sigma-Aldrich, Zwijndrecht, The Nether-lands) to avoid interference of bilirubin with 

the assay. Activity was assessed using the FRETS-VWF73 assay (Peptanova, Sandhausen, 

Germany) based on the method described by Kokame et al. (21). The activity of ADAMTS13 

in normal pooled plasma was set at 100%, and values obtained in test plasmas were 

expressed as a percentage of pooled normal plasma.

ADAMTS13 antigen levels were measured using a commercially available ELISA 

according to the manufacturer’s instructions (Sekisui Diagnostics, Stamford, CT).

Platelet Adhesion Assay
The ability of VWF from patients with ALI/ALF to support platelet adhesion was studied 

under flow conditions in a reconstituted blood model. Red blood cells and platelets were 

isolated from whole blood of healthy volunteers who had blood group O as described 

(22). Cells were mixed with patient plasma or plasma from healthy volunteers to obtain 

reconstituted blood with a haematocrit of 40% and a platelet count of 250,000/uL. VWF-

dependent platelet adhesion in reconstituted blood samples was assessed using a cone 

and plate viscometer (Diamed Impact R, Turnhout, Belgium). Uncoated Diamed wells 

were perfused at shear rate of 1,800/second for 2 minutes according to the instructions 

of the manufacturer. Platelet adhesion was quantified using May-Grunwald staining 

followed by software-assisted morphometric analysis using the Diamed apparatus and 

software delivered by the manufacturer.

Statistical Analysis 
Statistical analysis was performed with the Graphpad InStat (San Diego, CA) software 

package. Continuous variables are expressed as the mean ± SD or median and range. 

Continuous data were tested for normality and analysed by t test or Mann-Whitney U test 

as appropriate. Categorical data are expressed as numbers and percentage. P < 0.05 was 

considered statistically significant.
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RESULTS
Demographic, Laboratory, and Clinical Characteristics of Patients With 
ALI/ALF
Patient demographics, vital signs, and laboratory test results at the time of admission 

for ALI/ALF, as well as clinical out-come data, are presented in Table 1. The mean age of 

the cohort was 43 years, 64% of the patients were female, 58% of the patients were 

Caucasian, and the mean body mass index was 28 kg/m2. The aetiologies of ALI/ALF in 

this cohort were acetaminophen (APAP) overdose in 50%; hepatitis B virus infection in 

14%; idiosyncratic drug reactions in 12%; autoimmune hepatitis in 10%; indeterminate 

in 6%; and heat stroke, Amanita mushroom poisoning, malignant infiltration, and 

hepatic ischemia in 2% each. All patients with APAP-induced ALI/ALF (50%) were treated 

with N-acetylcysteine (NAC), as were 19 patients (38%) with non-APAP-induced liver 

injury. Laboratory results included a median aspartate amino-transferase and alanine 

aminotransferase level of 4,990 and 3,578 IU/L, respectively; a median creatinine lactate, 

and bilirubin level of 1.0, 3.5, and 5.0 mg/dL, respectively; a mean pH of 7.35, bicarbonate 

level of 19.7 mg/dL, phosphate level of 3.3 mg/dL, and INR of 3.4. On admission, 39 

(78%) patients with ALI had already developed hepatic encephalopathy, and 24 (48%) 

progressed to high-grade encephalopathy (grade 3 or 4) at some point over the first 

week of admission. Complications of the study population other than encephalopathy 

included infection in 13 (26%) patients, systemic inflammatory response syndrome in 

28 (56%), renal failure in 18 (36%), and thrombosis and bleeding in 9 (18%) patients 

each. The thrombotic complications included bowel ischemia due to thrombosis detected 

by contrast tomography and ultra-sound (n = 1), limb ischemia due to both arterial 

and venous thromboses detected by Doppler ultrasound (n = 1), portal vein thrombosis 

detected by Doppler ultrasound (n = 1), and thrombosed continuous veno-venous 

haemofiltration catheters (n = 6). Twenty-eight (56%) patients recovered spontaneously, 

7 (14%) patients underwent liver transplantation, and 15 (30%) patients died.

Table 1. Demographic, Laboratory, and Clinical Characteristics of the Study Cohort

Characteristic Value

Age, years, mean (SD) 43.1 (13.5)
Female sex, n (%) 32 (64)
Caucasian race, n (%) 29 (58)

BMI, kg/m2, mean (SD) 28.2 (6.8)

MAP on admission, mm Hg, mean (SD) 84.8 (14.5)
Etiology, n (%)

APAP 25 (50)
HBV 7 (14)
Idiosyncratic drug 6 (12)
AIH 5 (10)
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Table 1. (continued)

Characteristic Value

Indeterminate 3 (6)
Heat stroke 1 (2)
Malignancy 1 (2)
Amanita 1 (2)
Ischemia 1 (2)
NAC treatment, n (%) 44 (88)

Admission laboratory tests
AST, IU/L, median (range) 4,990 (138‐19,060)
ALT, IU/L, median (range) 3,578 (197‐12,729)
Creatinine, mg/dL, median (range) 1.0 (0.4‐7.5)
Total bilirubin, mg/dL, median (range) 5.0 (0.3‐44.2)
INR, mean (SD) 3.4 (1.8)
aPTT, seconds, mean (SD) 47.4 (14.7)

Platelet count, ×109/L, mean (SD) 193 (99)

Hemoglobin, g/L, mean (SD) 12.0 (2.2)
Lactate, mg/dL, median (range) 3.5 (0.4‐20)
Venous ammonia, μmol/L, mean (SD) 80.3 (45.3)
Phosphate, mg/dL, mean (SD) 3.3 (2.2)
pH, mean (SD) 7.35 (0.13)

HCO3, mg/dL, mean (SD) 19.7 (7.7)

Complications
Hepatic encephalopathy, n (%)

Admission 39 (78)
Maximal grade 3 or 4 24 (48)
Infection, n (%) 13 (26)
SIRS (2‐4 components present), n (%) 28 (56)

Admission SIRS

WBC, ×109/L, mean (SD) 10.7 (5.7)

Heart rate, beats per minute, mean (SD) 99 (22)
Respiratory rate, breaths per minute, mean (SD) 20 (6)
Temperature, °C, mean (SD) 36.7 (1.0)
Renal failure requiring renal replacement therapy, n (%) 18 (36)
Thrombosis, n (%) 9 (18)
Bleeding, n (%) 9 (18)

Final outcome
Transplant‐free survival, n (%) 28 (56)
Liver transplantation, n (%) 7 (14)
Death, n (%) 30)

Abbreviations: AIH, autoimmune hepatitis; ALT, alanine aminotransferase; aPTT, activated partial thromboplastin 
time; AST, aspartate aminotransferase; BMI, body mass index; HBV, hepatitis B virus; MAP, mean arterial pressure; 
SIRS, systematic inflammatory response syndrome; WBC, white blood cell count.
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Figure 1. A) VWF:Ag levels, (B) VWF:RCo levels, (C) VWF:RCo/VWF:Ag ratio, and (D) VWF collagen-
binding activity in patients with ALI/ALF and in healthy controls. VWF:Ag levels and VWF:RCo levels 
are expressed as a percentage of pooled normal plasma. The collagen-binding activity of pooled 
normal plasma was set at 100%. The collagen-binding activity was measured at equal plasma levels 
of VWF:Ag. Horizontal bars represent medians.

Highly Elevated VWF:Ag Levels in Patients With ALI/ALF
As shown in Fig. 1A, VWF:Ag levels were substantially elevated in patients with ALI/ALF 

(547% (242%-1,420%)) when compared with the reference group in which the median 

VWF:Ag level was 107% (38%-180%) (P < 0.01). Interestingly, VWF:Ag levels were not 

different between patients with blood group O compared with those with non-O blood 

groups (583% (267%-1,027%) versus 558% (243%-1,429%), respectively) (P=0.977).

Low VWF:Rco/VWF:Ag Ratio in Patients With ALI/ALF
In Fig. 1B, it is shown that VWF:Rco activity was substantially elevated in patients 

with ALI/ALF (278% (11%-684%)) compared with the healthy control group in which 

the median activity was 105% (33%-222%) (P < 0.01). However, the VWF:RCo levels, 

which reflect the ability of VWF to bind the platelet receptor glycoprotein Ib, are not 

elevated to the same extent as the VWF:Ag levels. In other words, although VWF is 
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substantially elevated in patients with ALI/ALF, its binding to glycoprotein Ib is inferior 

in these patients. This is demonstrated in Fig. 1C by a significantly depressed VWF:RCo/ 

VWF:Ag ratio in patients with ALI/ALF (0.55 (0.01-1.06) versus healthy controls (0.96 

(0.67-1.54)) (P < 0.01).

Reduced Collagen Binding Activity of VWF in Patients With ALI/ALF
In Fig. 1D, it is demonstrated that the collagen binding activity of VWF is slightly but 

significantly decreased in patients with ALI/ALF when compared with healthy controls 

(97% (93%-115%) versus 105% (72%-133%))(P < 0.01).

Reduced Proportion of HMW-VWF Multimers in Plasma of Patients with 
ALI/ALF
Despite Severely Decreased ADAMTS13 Activity and Antigen Levels. As shown in Fig. 2A, 

ADAMTS13 activity was severely reduced in patients with ALI/ALF (28% (0%-106%)) 

when compared with the healthy control group in which the median activity was 92% 

(61%-135%) (P < 0.01). ADAMTS13 activity in patients with APAP-induced ALI/ALF 

were substantially higher compared with levels in patients with other aetiologies (38% 

(0%-106%) in patients with APAP-induced ALF versus 21% (0%-69%) in with ALF from 

other aetiologies (P < 0.05). Of note, in the plasma of six patients, ADAMTS13 activity 

was <1%; two of these patients had APAP-induced ALF, and four had ALF from other 

aetiologies. As shown in Fig. 2B, ADAMTS13 antigen levels were reduced in patients with 

ALI/ALF (466 ng/mL (204-1,335 ng/mL) versus 655 ng/mL (359-956 ng/mL) in healthy 

individuals (P < 0.01), but the decrease in antigen levels was not as severe as the decrease 

in activity levels. This is demonstrated in Fig. 2C by a significantly depressed ADAMTS13 

activity/antigen ratio in patients with ALI/ALF (0.06 (0-0.19) versus healthy controls (0.14 

(0.11-0.22)) (P < 0.01), indicating that the specific activity of ADAMTS13 was reduced by 

>50% in patients with ALI/ALF. Despite the observation that the activity of ADAMTS13 

was decreased and even below 1% in some patients, the proportion of high-molecular-

weight VWF multimers was reduced in patients with ALI/ALF (13.5% (4.6-24.9) versus 

20.3% (11-24.6) in the plasma of healthy individuals) (P < 0.01). 

Elevated VWF-Dependent Platelet Adhesion and Aggregation in Plasma 
of Patients With ALI/ALF 
We studied the ability of VWF in a given plasma sample to support adhesion and 

aggregation of platelets isolated from healthy individuals under conditions of high 

shear in a reconstituted blood model. Representative images from platelets adhered in 

the presence of plasma from healthy volunteers or plasma from patients with ALF are 

shown in Fig. 3A,B. On these images, a higher surface coverage was observed when 

platelets were sheared in the presence of ALI/ALF plasma. Also, the morphological 

appearance of the platelet thrombi indicated larger aggregates when compared with 
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Figure 2. A) ADAMTS13 activity, (B) ADAMTS13 antigen levels, and (C) ADAMTS13 activity/antigen 
ratio in patients with ALI/ALF and in healthy controls. (D) Proportion of HMW-VWF multimers in 
plasma from patients with ALI/ALF and in plasma from healthy controls. ADAMTS13 activity was 
calibrated to pooled normal plasma in which the ADAMTS13 activity was set at 100%. ADAMTS13 
antigen levels are expressed in nanograms per milliliters plasma. HMW multimers were quantified 
by software-assisted morphometric analysis after western blotting and antigen detection. HMW 
multimers are expressed as a percentage of total VWF multimers in plasma. Horizontal bars  
represent medians.

thrombi generated in plasma of healthy controls. Indeed, as shown in Fig. 3C, the surface 

covered with platelet thrombi was significantly larger when using patient versus control 

plasma (11% (4.7-23) versus 9.5% (4.9-14), respectively) (P < 0.01). Concomitantly, 

platelet aggregation was increased when using plasma of patients with ALI/ALF com-pared 

with controls, with an average aggregate size of 29 mm2 (18-77 mm2) versus 23 mm2  

(18-35 mm2), respectively (P < 0.01).

Low ADAMTS-13 Activity, but Not High VWF:Ag, Is Associated With 
Poor Outcome in Patients With ALI/ALF
We explored possible relationships between VWF:Ag levels, ADAMTS13 activity, and 

the outcome of patients with ALI/ALF. In Fig. 4A, it is shown that patients who received 

a liver transplant or those who died had a substantially lower ADAMTS13 activity of 
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Figure 3. Representative images of platelet adhesion and aggregation using plasma of (A) healthy 
controls and (B) patients with ALI/ALF in a close to physiological model of primary haemostasis. 
Plasma from individual patients with ALI/ALF or from healthy controls was mixed with red blood 
cells and platelets isolated from healthy volunteers and perfused at a shear rate of 1,800/second 
for 2 minutes. Platelets were visualized by May-Grunwald staining. Images were taken using an 
Impact R camera (original magnification 3400). (C) Surface coverage and (D) platelet aggregate size 
from individual reconstituted blood samples were determined by software-assisted morphometric 
analysis. Horizontal bars represent medians.

17% (0%-69%) on admission when compared with transplant-free survivors (40% (0%-

106%)) (P < 0.01). Similarly, as shown in Fig. 4B, patients with encephalopathy grade 

4 on admission had profoundly lower ADAMTS13 activity (11% (0%-40%)) compared 

with patients without encephalopathy on admission (55% (0%-106%)) (P < 0.01). No 

differences in VWF:Ag levels between patients who spontaneously survived and those who 

did not were detected, nor were VWF:Ag levels different between the different grades 

of encephalopathy (Fig. 4C,D). ADAMTS13 activity did not differ between patients that 

did or did not fulfil the King’s College criteria (20% (0%-106%) versus 29% (0%-88%), 

respectively) (P = 0.42), and was not correlated with MELD scores (r = 0.19, P = 0.21). 

Table 2 shows that other complications of ALI/ALF were not associated with admission 

ADAMTS13 activity or VWF:Ag levels in this cohort. Notably, ADAMTS13 activity or VWF 

antigen levels were not associated with bleeding or thrombosis.
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Figure 4. Outcome of patients with ALI/ALF according to ADAMTS13 activity and VWF:Ag levels 
on admission to the hospital. (A) ADAMT13 activity in transplant-free survivors and in patients 
who received a transplant or died. (B) ADAMTS13 activity according to the degree of hepatic 
encephalopathy on admission. (C) VWF:Ag in transplant-free survivors and in patients who received 
a transplant or died. (D) VWF:Ag levels according to the degree of hepatic encephalopathy on 
admission. Horizontal bars represent medians.

DISCUSSION
This study shows a remarkable elevation of VWF levels in plasma of patients with ALI/

ALF, comparable to the high VWF levels we reported in patients with chronic liver disease 

(8). In addition, associated with these high levels of VWF, plasma from patients with 

ALI/ALF better supported platelet adhesion and aggregation under shear conditions 

compared with plasma from healthy individuals, consistent with prior observations in 

cirrhotic plasma (8). The enhanced platelet adhesion and aggregation occur despite a loss 

of function of VWF in ALI/ALF as evidenced by a reduced VWF:RCo/VWF:Ag ratio and 

a reduced collagen-binding activity. Apparently, the decrease in function of VWF is more 

than compensated for by the quantitative increase in concentration of the molecule.

We are systematically studying consequences of haemostatic defects in patients with 

ALF. First, we have shown that parameters reflecting primary and secondary haemostasis 

were normal when assessed by thromboelastography (7). Secondly, we demonstrated 
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Table 2. ADAMTS13 Activity and VWF:Ag Levels in Patients With and Without Specific Complications  
of ALI/ALF

Complications of ALI/ALF ADAMTS13 Activity, % VWF:Ag, %

Hepatic encephalopathy grade
0 55 (0‐106) 523 (299‐961)
1 28 (14‐45) 568 (429‐854)
2 19 (0‐62) 505 (243‐1,027)
3 21 (11‐51) 563 (319‐1,420)
4 11 (0‐40)* 570 (348‐662)

Infection 20 (1‐48) 625 (243‐954)
No infection 30 (0‐106) 501 (267‐1,420)
SIRS (2‐4 components) 21 (0‐98) 610 (243‐1,420)
No SIRS 45 (10‐106) 543 (277‐845)
Renal failure 17 (6‐98) 625 (470‐1,027)
No renal failure 28 (10‐106) 538 (319‐1,420)
Thrombosis 17 (0‐88) 625 (267‐1,420)
No thrombosis 31 (0‐106) 534 (243‐1,027)
Bleeding 36 (0‐69) 535 (243‐1,027)
No bleeding 25 (0‐106) 552 (267‐1,420)
Final outcome

Liver transplantation or death 17 (0‐69) 601 (243‐1,420)
Transplant‐free survival 40 (0‐106)** 512 (267‐961)

Data are expressed as the median (range).
a P < 0.05 (hepatic encephalopathy grade 0 versus grade 4). **P < 0.01 (liver transplantation or death versus 
transplant‐free survival).

an intact capacity of the secondary haemostatic system to support thrombin generation 

despite abnormal laboratory test of coagulation such as the PT/INR (5). The data presented 

in this study suggest that the primary haemostatic system remains functional, perhaps even 

overcompensated, as the net effect of alterations in components of the system. We believe 

that the message of our combined investigations suggests that the haemostatic system of 

patients with ALF is in fact rebalanced with a normal function, similar to the haemostatic 

rebalance observed in patients with cirrhosis (1). This observation may have important 

clinical consequences. The presence of physiological compensatory mechanisms, such as 

high VWF levels, sustaining appropriate haemostasis, suggests that the routine correction 

of abnormal tests of haemostatic function may be unnecessary in patients with ALI/ALF. 

Indeed, pro-haemostatic replacement therapy is often initiated based on the assumption 

that a prolonged PT/INR, but also a decreased platelet count and function, indicates 

a bleeding risk (23). Our data suggest that the prophylactic administration of platelet 

concentrates in ALI/ALF patients with thrombocytopenia or platelet function defects may 

not be indicated, and may even result in an increased risk of thrombotic complications.

In addition to high VWF levels, we also observed a severe decrease of levels of 

the VWF cleaving protease, ADAMTS13, in the present study. Furthermore, we observed 
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a low activity-to-antigen ratio, reflecting a loss of function of the ADAMTS13 molecule, 

which may be due to proteolytic inactivation by, for example, thrombin or plasmin 

(24). The decrease in both antigen and activity levels may be explained by a reduced or 

defective synthesis of the protein in the failing liver, but possibly also by an accelerated 

turnover of ADAMTS13 molecules driven by ongoing VWF release, similar to the decrease 

in ADAMTS13 levels in individuals receiving 1-deamino-8-D-arginine vasopressin (25). 

Despite defective ADAMTS13 activity, we observed a reduced rather than an increased 

proportion of HMW-VWF multimers in patients compared with controls, suggesting 

that other proteases, such as plasmin, elastase, or cathepsin G, may be responsible 

for the processing of the freshly released VWF (26). A complementary explanation 

for the reduced percentage of HMW-VWF multimers may be that the vast majority of 

the patients in this cohort were treated with NAC, which was recently shown to effectively 

reduce the size of VWF multimers in human plasma (27). In the present study, all blood 

samples were taken after administration of NAC, and we are thus not able to ascertain 

whether the reduced proportion of VWF multimers observed in our patients are due to 

proteolysis by proteases other than ADAMTS13 or by the effect of NAC on VWF. In future 

studies, comparisons between samples taken prior to and after administration of NAC 

will be required to investigate to what extent NAC contributes to VWF proteolysis in 

patients with ALF.

The elevated VWF levels combined with a substantial decrease of ADAMTS13 activity 

may have adverse clinical consequences for the patient with ALI/ALF. An unbalanced 

ADAMTS13/VWF ratio has been shown to be a risk factor for arterial thrombosis (28) and 

may lead to the local formation of platelet-rich thrombi resulting in organ dysfunction 

in several pathologies, including thrombotic thrombocytopenic purpura, severe sepsis, 

malaria, and Dengue fever (12,29-31). In the present study, we demonstrated for the first 

time that low ADAMTS13 activity was associated with a poor outcome of patients with 

ALI/ALF. This association appeared independent of established predictors of poor outcome 

such as the King’s College criteria or the MELD score, which may indicate that further 

research into the prognostic value of ADAMTS13 is warranted. A potential drawback of 

ADAMTS13 as a prognostic indicator is that the laboratory test is currently only available 

in specialized haemostasis laboratories. Interestingly, low ADAMTS13 activity did not 

appear to be related to systemic thrombotic complications. 

The occurrence of massive systemic thrombosis is a characteristic feature in patients 

with thrombotic thrombocytopenic purpura in consequence of an isolated ADAMTS13 

deficiency (12). The absence of such a phenotype in patients with ALI/ALF likely reflects 

adequate processing of ultra-large VWF multimers (ULVWF) in ALI/ALF, at least in 

the systemic circulation. The combination of ADAMTS13 deficiency and local endothelial 

cell activation within the failing liver may still have led to locally elevated ULVWF levels. 

We hypothesize that ULVWF-induced formation of platelet thrombi within the hepatic 

microvasculature led to tissue ischemia resulting in the progression of the disease course 

in patients with low ADAMTS13 activity. Intrahepatic thrombosis has been shown to 
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promote the progression of chronic liver failure in several epidemiological studies and 

animals studies (14,32,33) and recently in a clinical study that assessed the efficacy 

of low-molecular-weight heparin in preventing portal vein thrombosis (4). In addition, 

animal studies have also shown that intrahepatic formation of fibrin clots contributes to 

the progression of ALF (34) and we speculate that intrahepatic formation of platelet-rich 

thrombi produces similar effects.

In conclusion, highly elevated levels of VWF in patients with ALI/ALF supported 

a (supra) normal primary haemostatic function, despite a loss of function of the molecule. 

Furthermore, low ADAMTS13 activity was associated with progressive liver failure 

in the patient cohort, which might be attributed to platelet-induced microthrombus 

formation in the diseased liver resulting from a locally unbalanced VWF/ADAMTS13 ratio.
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4DEVELOPMENT OF A HYPERACTIVE  
PRIMARY HAEMOSTATIC SYSTEM DURING  

OFF-PUMP LUNG TRANSPLANTATION  
RESULTING FROM AN UNBALANCE BETWEEN  

VON WILLEBRAND FACTOR AND ITS  
CLEAVING PROTEASE ADAMTS13



ABSTRACT
An unbalance between the platelet-adhesive protein von Willebrand factor (VWF) and its 

cleaving protease ADAMTS13 is a risk factor for thrombosis. Here, we assessed levels and 

functionality of VWF and ADAMTS13 in patients undergoing off-pump lung transplantation. 

We analysed plasma of 10 patients and distinguished lung transplantation-specific effects 

from those generally accompanying open-chest surgeries by comparing results with 

11 patients undergoing off-pump coronary bypass graft (CABG) surgery. Forty healthy 

volunteers were included for reference values. VWF antigen levels as well as the VWF 

ristocetin cofactor activity/VWF antigen ratio increased during lung transplantation and 

after CABG surgery. An increase in VWF propeptide levels was paralleled by a decrease 

in ADAMTS13 activity. This was more pronounced during lung transplantation. Similarly, 

the capacity of plasma to support platelet aggregation under shear flow conditions in 

vitro was more increased during lung transplantation. The proportion of high-molecular-

weight VWF multimers was elevated in both groups without evidence for ultra-large 

VWF. VWF’s collagen binding activity remained unchanged. In conclusion, a hyperactive 

primary haemostatic system develops during lung transplantation resulting both from 

a pronounced (functional) increase of the VWF molecule and decrease of ADAMTS13. 

This may increase the risk of platelet thrombosis within the allograft.
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INTRODUCTION
The potential impact of platelets on transplantable organs begins with the direct effect 

of donor trauma. We recently demonstrated a marked unbalance between the platelet 

binding protein von Willebrand factor (VWF) and its cleaving protease: A disintegrin 

and metalloproteinase with a thrombospondin type 1 motif, member 13 (ADAMTS13), 

in plasma of brain-dead organ donors (1). This unbalance is indicative of an increased 

activity of the endothelial cells after brain death (1,2). Continuous extensive VWF release 

by activated endothelial cells may lead to the consumption of ADAMTS13 until the levels 

of the molecule are insufficient to process VWF (3). This results in appearance of larger 

than normal multimers on the endothelial surface and in the systemic circulation. In 

turn these may lead to the unintentional formation of platelet-rich thrombi as VWF’s 

reactivity toward platelets is directly proportional to its multimeric size. Ultimately, this 

process may have detrimental effects on organ quality as evidenced by an often poor 

outcome of patients with congenital or acquired severe ADAMTS13 deficiency and ultra-

large (UL-VWF) who have significant thrombotic episodes in the (micro) vasculature (i.e. 

thrombotic thrombocytopenic purpura) (4).

We previously demonstrated that a pre-existing unbalance between VWF antigen levels 

and ADAMTS13 activity (VWF/ADAMTS13) in patients with end stage cirrhosis could be 

further accentuated during a liver transplantation procedure (5). This may be the result 

of the cumulative effects of brain death, organ preservation and handling methods, cold 

and warm ischemia of the transplant, pre-existing liver disease and reperfusion injury 

among others. Accordingly, a drop in platelet count is frequently observed within minutes 

after reperfusion, probably resulting from platelet sequestration within the transplant 

(6). This may have functional consequences as persistently low postoperative platelet 

counts in these patients have been associated with early graft rejection possibly through 

mechanisms involving platelet thrombosis or platelet-immune cell interactions within 

the allograft (7,8). 

In the present paper, we extended our studies on the primary haemostatic system 

during liver transplantation to patients undergoing a lung transplant procedure. Limited 

data from experimental animal models indicate that a drop in platelet count also 

occurs after lung transplantation, with a concomitant appearance of platelets attached 

to the (micro) vasculature of the transplant (9). One study in humans has shown that 

the extent of platelet deposition on the pulmonary transplant also correlated with graft 

function (10). We hypothesized that this ‘‘platelet hyperactivity‘‘ results from a developing 

unbalance between VWF and ADAMTS13 during the procedure, comparable to the severe 

unbalance previously observed in patients undergoing liver transplantation. 

To test the hypothesis, we analysed qualitative and quantitative parameters of VWF 

and ADAMTS13 in a group of 10 patients undergoing lung transplantation without 

interference of a cardiopulmonary bypass (CPB) system (off-pump) as this is known to have 

profound effects on the haemostatic system (11). In addition, we used plasma of these 
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individuals in an in vitro model of primary haemostasis to examine the ability of VWF to 

support platelet adhesion under physiological flow conditions. To distinguish the specific 

effect of lung transplantation on VWF/ADAMTS13 fromthe effect that accompanies any 

thoracotomy-related procedure of a similar approach and extent, we included 11 patients 

undergoing a coronary artery bypass graft (CABG) procedure to serve as controls for 

the various tests performed in this study.

PATIENTS AND METHODS
Patients
Ten adult patients undergoing a first bilateral sequential lung transplantation without 

CPB (off-pump) at the University Medical Center Groningen between September 2009 

and May 2012 were studied. Patients with inflammatory lung disease were excluded 

from the study. Plasma samples from 11 patients undergoing off-pump CABG served as 

controls. Only patients that had stopped antiplatelet medication 5 days prior to surgery 

were included in the study. Plasma samples from 40 healthy volunteers were used to 

establish reference values. All patients gave written informed consent prior to the study. 

The study was approved by the Medical Ethical Committee of the University Medical 

Center Groningen (METc 2008/087).

Blood samples
In the lung transplant recipients, blood samples were retrieved 30 min after induction 

of anaesthesia, 30 min after reperfusion of the first and 30 min after reperfusion of 

the second lung, at the end of surgery and at 1 and 5 days after surgery. During surgery 

and on the first postoperative day, blood samples were taken from a dedicated, non-

heparinized arterial line. Five days after surgery, blood samples were obtained from 

peripheral veins. In the patients undergoing CABG surgery, blood samples were taken 30 

min after induction of anaesthesia before heparinization, 30 min after CABG placement, 

at the end of surgery right after protamine administration to counter heparinization and 

at 1 and 5 days after surgery. Samples were drawn into 3.2% (0.109 mol/L) sodium citrate 

vials. Samples were processed to obtain platelet-poor plasma by centrifuging twice for 10 

min at room temperature, first at 2000g and subsequently at 10 000g.

VWF and ADAMTS13 assays
VWF antigen (VWF:Ag) levels were determined with an in-house ELISA assay using 

commercially available polyclonal antibodies against VWF (DAKO, Glostrup, Denmark, 

intra-and inter-assay coefficient of variation (CV) of 9.1% and 9.0%). VWF ristocetin 

cofactor activity (VWF:RCo) was determined using the BC VWF-reagent (Siemens 

Healthcare Diagnostics, Marburg, Germany; intra-and inter-assay CV of 9.0% and 2.7%). 

VWF:Ag and VWF:RCo levels of pooled normal plasma were set at 100%, and the values 

obtained in patient samples were expressed as a percentage of pooled normal plasma.
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VWF collagen binding activity was determined with an in-house ELISA assay (intra-and 

inter-assay CV of 2.9% and 3.8%) as described previously (12). The collagen binding 

activity of pooled normal plasma was set at 100% and the activity measured in patient 

samples was expressed as a percentage of pooled normal plasma.

VWF propeptide levels were determined with a commercially available kit according 

to the instructions of the manufacturer (Gen-Probe GTI Diagnostics, Inc., Waukesh, WI; 

intra-and inter-assay CV of <6% and <6%).

VWF multimer analysis was performed by sodium dodecyl sulfate agarose gel 

electrophoresis followed by Western blotting. The blots were incubated with Rabbit 

anti-VWF antibody (Dako) and Goat anti-Rabbit IRDye 800 CW (LI-COR Biosciences, Lincoln, 

NE; intra-and inter-assay CV of 6.9% and 12.2%). The first five bands were considered 

as low-molecular-weight (LMW) multimers, whereas other bands were considered as 

high-molecular-weight (HMW) multimers. The blots were scanned by the Odyssey Imager 

(Westburg, Leusden, the Netherlands) and were quantified by morphometric analysis 

using the ImageScope software package (Aperio, Vista, CA). After shading correction 

and interactive thresholding, the selected positive pixels were measured. The positive 

area was the sum of the area of positive pixels of LMW and HMW bands. Data were 

expressed as the percentage of HMW multimers per total VWF multimers, which equals 

the percentage of positive pixels in the HMW band area per total positive pixel area. 

ADAMTS13 activity was assessed using the FRETS-VWF73 assay (Peptanova, 

Sandhausen, Germany; intra-and inter-assay CV of 1.2% and 3.4%) based on the method 

described by Kokame et al (13). The activity of ADAMTS13 in normal pooled plasma was 

set at 100%, and values obtained in test plasmas were expressed as a percentage of 

pooled normal plasma.

Platelet adhesion assay
The ability of plasma from patients undergoing lung transplantation or CABG to support 

platelet adhesion was studied under flow conditions in a reconstituted blood model. Red 

blood cells and platelets were isolated from whole blood of healthy volunteers who had 

blood group O as described previously (14). Cells were mixed with patient plasma or 

plasma from healthy volunteers to obtain reconstituted blood with a haematocrit of 40% 

and a platelet count of 250 000/ml. VWF-dependent platelet adhesion in reconstituted 

blood samples was assessed using a cone and plate viscometer (Diamed Impact R, 

Turnhout, Belgium; intra-and inter-assay CV of 11.6% and 11.1%). Uncoated Diamed 

wells were perfused at shear rate of 1800/s for 2min according to the instructions of 

the manufacturer. Platelet adhesion was quantified using May-Grunwald staining 

followed by software-assisted morphometric analysis using the Diamed apparatus and 

software delivered by the manufacturer.
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Table 1. Demographic, laboratory, and clinical characteristics of the study cohorts

Parameter Value

Lung transplant patients (N = 10)
Age (years), median (range) 54 (33–60)
Male gender, n 4
Preoperative laboratory parameters, median (range)

MAP, mm Hg 93 (79–135)
Heart rate, beats per minute 87 (68–100)

pO2, kPA 25.7 (17.4–63.9)

pCO2, kPA 6.2 (4.5–11)

HCO3, mg/dL 25.5 (20–32)

PH 7.37 (7.21–7.42)
Lactate, mg/dL 0.65 (0.6–0.9)
Hemoglobin, mmol/L1 8.7 (6.6–10.2)

Platelet count, × 109 256 (173–258)

Indication, n
COPD 7
Primary alveolar proteinosis 1

α‐ 1‐  antitrypsin deficiency 1

Interstitial lung disease 1
Type of donor, n

DBD 6
DCD 4

Graft ischemia time, minutes, median (range)
Warm 26 (21–45)
Cold 290 (120–450)
Patients transfused with RBC, n 7
Units, median (range) 2 (1–3)
Patients transfused with platelets, n 0

Statistics
Statistical analysis was performed using the GraphPad InStat software package 

(GraphPad, San Diego, CA). Continuous variables are expressed as median and range. 

Differences in values were examined by Kruskal-Wallis test with Dunn’s post-test. In these 

analyses, values were compared with healthy controls’ values. A p-value less than 0.05 

was considered statistically significant.

RESULTS
Demographic, laboratory, and clinical characteristics of patients 
undergoing lung transplantation or CABG 
Patient demographics, vital signs, and laboratory test results at the time of admission to 

the hospital are presented in Table 1.
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Table 1. (continued)

Parameter Value

Patient transfused with FFP, n 1
Units 2
Total fluid infusion, (liters), median (range) 3.5 (1.5–6.0)
Duration of surgery, hours:minutes, median (range), 6:11 (4:23–7:52)
Duration of mechanical ventilation, hours, median (range) 24 (18–432)
Postoperative ICU LOS, days, median (range) 4 (2–20)
Total postoperative LOS, days, median (range) 26 (18–56)

Postoperative PaO2/FiPO2, mmHg, median (range) 231 (139–405)

Worst FEV1 during stay, % of expected, median (range) 50 (31–77)
Radiologic evidence of edema, n 1

Complications, n
Nonpulmonary infection 1
Pneumonia 1
Chylothorax 1
Pneumothorax 1
Pleural effusion 1
Respiratory insufficiency 1
Atrial fibrillation 1
Systemic arterial emboli 1
Gastroparesis 1
Subcutaneous emphysema 1
Postoperative bleeding 0
Postoperative thrombosis 0

Death at 30 days, n 0
CABG patients (N = 11)

Age, years, median (range) 65 (60–79)
Male gender, n 9
Patients transfused with RBC n 3

Units, median (range) 2 (1–2)
Patients transfused with platelets 0
Patient transfused with FFP 0
Total fluid infusion, liters, median (range) 1.5 (1–3)
Duration of surgery, hours:minutes, median (range) 3:21 (1:41–4:10)

DBD, donation after brain death; DCD, donation after cardiac death; FEV‐1, forced expiratory volume in one 
second; FFP, fresh frozen plasma; ICU, intensive care unit; LOS, length of stay; MAP; mean arterial pressure; 
RBC, red blood cells.
1 Multiply by 1.65 for g/dL.

Elevated VWF antigen levels and VWF:Rco/Ag ratio during lung 
transplantation and after CABG
As shown in Figure 1A, VWF:Ag levels substantially increased during lung transplantation, 

which persisted after the procedure with a peak of 402% (80-656%; median (range)) 
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on the fifth postoperative day while at the start of surgery the median VWF:Ag level 

was 128% (84-190%). In the CABG group, VWF:Ag levels significantly increased after 

the procedure only, as shown in Figure 1B In Figures 1C and D, it is shown that in both 

groups, the increase in VWF:RCo activity was larger than the increase in VWF:Ag as 

shown by VWF:Rco/Ag ratios >1 (Figures 1E and F), suggesting an increased reactivity of 

the molecule toward platelets. However, this VWF hyperactivity in lung transplantation 

was only temporary as VWF:Rco/Ag ratios were normalized at 1 day and 5 days after 

the procedure. In contrast, VWF hyperactivity persisted in patients after CABG surgery.

Normal collagen binding activity of VWF during and after lung 
transplantation and CABG
In Figures 1G and H, it is demonstrated that the collagen binding activity of VWF remained 

unaffected during lung transplantation and CABG, with levels remaining comparable to 

those in healthy subjects. 

Increase of VWF propeptide levels coincided with a decrease of 
ADAMTS13 activity during lung transplantation and CABG
Plasma levels of VWF propeptide substantially increased during lung transplantation as 

can be observed in Figure 2A with a median peak level of 403U/dL (182-492U/dL) at 

the end of surgery when compared to the levels at the start of the procedure at which 

the median was 119 U/dL (78-220U/dL). The increase of VWF propeptide was mirrored 

by a decrease in ADAMTS13 activity. The sharpest decrease occurred after reperfusion 

of the second lung (median 21% (0-82%)) as shown in Figure 2C. Of note, very low 

ADAMTS13 levels were observed in some individuals; one patient showed no activity at 

all after reperfusion of the first lung transplant, which persisted to the fifth postoperative 

day and three patients had activities below 20% after reperfusion of the second lung 

transplant (data not shown). VWF propeptide increase and ADAMTS13 activity decrease 

were also observed during the CABG procedure. However, here, the changes were not as 

pronounced as during lung transplantation, as is shown in Figures 2B and D.

Persistently elevated HMW-multimers in lung transplantation and CABG
In Figures 2E and F, it is demonstrated that the proportion of HMW-VWF multimers was 

persistently increased during and after lung transplantation and CABG when compared 

to healthy subjects. No UL-VWF multimers were found inpatients by inspection of 

the western blot analyses (data not shown).

Temporary increase of VWF-dependent platelet aggregation during 
and early after lung transplantation, but a persistent increase in CABG
In a reconstituted blood flow model, larger platelet aggregates were generated using 

samples taken during and after lung transplantation and CABG when compared with 



95

4 8

nd Lung

End of s
urg

ery

Star
t o

f s
urg

ery

Rep
erf

usio
n 1s

t L
ung 

Rep
erf

usio
n 2

POD 1
POD5

Hea
lth

y c
ontro

ls
0

200

400

600 * ** **

VW
F:

A
g 

(%
)  

Star
t o

f s
urg

ery

nd oPost-
CABG

E

f s
urg

ery
POD1

POD5

Hea
lth

y c
ontro

ls
0

200

400

600 ** **

VW
F:

A
g 

(%
)  

nd Lung

End of s
urg

ery

Star
t o

f s
urg

ery

Rep
erf

usio
n 1s

t L
ung

Rep
erf

usio
n 2

POD1
POD5

Hea
lth

y c
ontro

ls
0

250

500

750 * ** ** **

VW
F:

R
C

o 
A

ct
iv

ity
 (%

)

Star
t o

f s
urg

ery

nd oPost-
CABG

E

f s
urg

ery
POD1

POD5

Hea
lth

y c
ontro

ls
0

250

500

750 ** **

VW
F:

R
C

o 
A

ct
iv

ity
 (%

)

nd Lung

End of s
urg

ery

Star
t o

f s
urg

ery

Rep
erf

usio
n 1s

t L
ung

Rep
erf

usio
n 2

POD1
POD5

Hea
lth

y c
ontro

ls
0.0

0.6

1.2

1.8 ** **

VW
F:

R
C

o/
VW

F:
A

g 
R

at
io

*

Star
t o

f s
urg

ery

nd Post-
CABG

E
of s

urg
ery

POD1
POD5

Hea
lth

y c
ontro

ls
0.0

0.6

1.2

1.8 ** **

VW
F:

R
C

o/
VW

F:
A

g 
R

at
io

*

nd Lung

End of s
urg

ery

Star
t o

f s
urg

ery

Rep
erf

usio
n  1

st 
Lung

Rep
erf

usio
n 2

POD1
POD5

Hea
lth

y c
ontro

ls
0

50

100

150

C
ol

la
ge

n 
B

in
di

ng
 A

ct
iv

ity
 (%

)

Star
t o

f s
urg

ery

nd oPost-
CABG

E

f s
urg

ery
POD1

POD5

Hea
lth

y c
ontro

ls
0

50

100

150

C
ol

la
ge

n 
B

in
di

ng
 A

ct
iv

ity
 (%

)

BA

C D

E F

G H

CABGLung Transplantation

Figure 1. VWF parameters at various time points during lung transplantation or CABG, and in 
healthy controls. (A and B) VWF:Ag levels, (C and D) VWF:RCo levels, (E and F) VWF:RCo/VWF:Ag 
ratio, and (G-H) VWF collagen binding activity. VWF:Ag levels, VWF:RCo levels and the collagen-
binding activity are expressed as a percentage of pooled normal plasma, which was set at 100%. 
The collagen-binding activity was measured at equal plasma levels of VWF:Ag. Horizontal and error 
bars represent medians and range. *p<0.05, **p<0.01 versus healthy controls’ values.
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Figure 2. (A and B) VWF propeptide levels, (C and D) ADAMTS13 activity, and (E and F) proportion 
of HMW-VWF in plasma of patients at various time points during transplantation or CABG, and 
in healthy controls. VWF propeptide levels are expressed in units per deciliter. ADAMTS13 activity 
was calibrated to pooled normal plasma in which the ADAMTS13 activity was set at 100%. HMW 
multimers were quantified by software-assisted morphometric analysis after western blotting 
and antigen detection. HMW multimers are expressed as a percentage of total VWF multimers in 
plasma. Horizontal and error bars represent medians with range. *p<0.05, **p<0.01 versus healthy 
controls’ values.
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Figure 3. (A and B) VWF propeptide levels, (C and D) ADAMTS13 activity, and (E and F) proportion 
of HMW-VWF in plasma of patients at various time points during transplantation or CABG, and 
in healthy controls. VWF propeptide levels are expressed in units per deciliter. ADAMTS13 activity 
was calibrated to pooled normal plasma in which the ADAMTS13 activity was set at 100%. HMW 
multimers were quantified by software-assisted morphometric analysis after western blotting 
and antigen detection. HMW multimers are expressed as a percentage of total VWF multimers in 
plasma. Horizontal and error bars represent medians with range. *p<0.05, **p<0.01 versus healthy 
controls’ values.
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thrombi generated using samples taken at the start of the procedures (Figures 3A-D). 

As shown in Figure 3E and F, the highest aggregate size was measured using plasma 

taken from patients on the first postoperative day. This increase in platelet aggregate 

size persisted over time in the CABG group, but decreased to baseline values in 

the lung transplantation cohort at the fifth postoperative day. In addition, as shown in  

Figure 3G and H, the platelet aggregate/VWF:Ag ratio elevated during lung transplantation 

and CABG pointing toward the development of functionally hyperactive VWF during 

these procedures.

DISCUSSION
This study shows an elevation of VWF levels as well as an increased functional activity 

of individual VWF molecules in plasma samples taken during lung transplantation. 

In addition, increased VWF propeptide levels, which reflect fresh VWF release from 

activated endothelial cells, coincided with a substantial decrease in ADAMTS13 activity. 

In association with quantitative and functional changes of VWF, plasma from patients 

undergoing lung transplantation supported platelet aggregation under shear conditions 

better when compared to plasma from healthy individuals. These findings are consistent 

with our prior observations in plasma taken from patients undergoing liver transplantation 

(5). Similar changes were observed in samples taken during CABG surgery. However, 

here, the overall effects on primary haemostasis were less pronounced, although more 

persisting, indicating that the observed alterations were procedure specific. Taken 

together, the results presented here point toward the development of a hyperactive 

primary haemostatic system during the course of lung transplantation resulting from 

an unbalance between VWF and ADAMTS13, and we propose that this mechanism 

contributes to platelet thrombosis within the (micro) vasculature of the allograft.

Indeed, the combined data presented in this study not only suggest the development 

of a hyperactive primary haemostatic system during lung transplantation, they also 

provide insight into how this may contribute to the deposition of platelets in donor 

grafts previously described in lung transplantation studies (9,10,15). Normally, VWF 

participates in haemostasis by supporting binding of platelets to sites of high shear stress 

or vascular injury. However, cumulative endothelial stress resulting from the different 

phases of a transplantation procedure may drive an (over) activation of endothelial cells, 

which then secrete large amounts of VWF into the circulation. High VWF release then 

leads to an accelerated turnover (i.e. consumption) of ADAMTS13 molecules similar to 

the decrease in ADAMTS13 levels observed in individuals exposed to desmopressin, which 

releases VWF stored in endothelial cells (3). A decrease in ADAMTS13 activity may also 

be driven by proteolytic inactivation by, for example, thrombin or plasmin (16) or by 

haemodilution associated with excessive fluid infusion during the procedure. However, 

despite the development of a severe ADAMTS13 deficiency (<5%) in some patients, we 

did not observe an increased proportion of UL-VWF multimers in plasma. This either 

indicates that no UL-VWF is released during the procedure, or that other proteases, such 
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as plasmin, elastase, or cathepsin G, are responsible for the processing of the freshly 

released VWF (17,18). At any rate, continuously elevated HMW-VWF levels in both 

the lung transplantation and the CABG group clearly reflect insufficient cleavage of VWF 

increasing its activity towards platelets, possibly with negative effects on clinical outcome.

An unbalanced VWF/ADAMTS13 ratio leading to a functional increase of VWF is 

a risk factor for arterial thrombosis through formation of platelet-rich thrombi within 

the microvasculature (19). This process may ultimately result in organ dysfunction as 

described previously in several other pathologies and invasive procedures including TTP 

and liver transplantation (4,5,20-24). We speculate that the development of a VWF/

ADAMTS13 unbalance during lung transplantation also facilitates thrombus formation 

within the allograft. Our assumptions are supported by the results from our flow-mediated 

platelet aggregation experiments presented here showing formation of large platelet 

aggregates in a model in which patient plasma was reconstituted with platelets from 

healthy individuals. In addition, animal experimental evidence of thrombotic obstruction 

of the lung graft’s microvasculature, clinical evidence of platelet activation/aggregation 

in biopsies taken from the allograft during surgery and reports on the incidence of 

intrapulmonary thromboembolism detected upon post-mortem examination are consistent 

with a hyperactive primary haemostatic system (9,10,25,26). One of the limitations 

of the study is that platelet activity was not studied directly. However, others have 

reported on increased platelet activation markers as predictors of poor outcome in this 

context such as, for example, soluble P-selectin (27). Interestingly, the one patient who 

acquired a complete ADAMTS13 deficiency during the procedure persisting on the fifth 

postoperative day also had the longest period of mechanical ventilation and length of 

stay both in the ICU and hospital. 

In addition to the potential clinical consequences of the VWF/ADAMTS13 unbalance, 

our data may also have implications for transfusion management in lung transplantation. 

Indeed, prophylactic administration of platelet concentrates may not be indicated in lung 

transplant patients who develop thrombocytopenia in the absence of excessive bleeding. 

Zalunardo and colleagues (28) recently demonstrated that platelet administration during 

lung transplantation was independently associated with a poor short-time survival 

regardless of the quantity administered. In view of our results, platelet administration 

during lung transplantation may, thus, be interpreted as ‘‘adding fuel to the fire‘‘ of an 

already hyperactive primary haemostatic system. We propose to further investigate this 

concept of a restrictive platelet transfusion policy during lung transplantation. 

In conclusion, highly elevated levels and function of VWF along with a significantly 

decreased ADAMTS13 activity supported a supranormal primary haemostatic function 

during lung transplantation. The resulting hyperactive primary haemostatic system may 

lead to platelet-induced thrombus formation within the lung allograft. The consequences 

of these findings for the clinical outcome and transfusion management of patients 

undergoing lung transplantation deserve further exploration.



REFERENCES
1. Lisman T, Leuvenink HG, Porte RJ, Ploeg RJ. Activation og haemostasis in brain dead organ 

donors: An observational study. J Thromb Haemost 2011; 9: 1959-1965.

2. Mourik MJ, Valentijn JA, Voorberg J, Koster AJ, Valentijn KM, Eikenboom J. Von 
Willebrand factor remodeling during exocytosis from vascular endothelial cells. J Thromb  
Haemost 2013; 11: 2009-2019.

3. Reiter RA, Knobl P, Varadi K, Turecek PL. Changes in von Willebrand factor-cleaving protease 
(ADAMTS13) activity after infusion of desmopressin. Blood 2003; 101: 946-948.

4. George JN. Clinical practice. Thrombotic thrombocytopenic purpura. N Engl J Med 2006; 354: 1927-1935.

5. Pereboom IT, Adelmeijer J, van Leeuwen Y, Hendriks HG, Porte RJ, Lisman T. Development of 
a severe von Willebrand factor/ADAMTS13 dysbalance during orthotopic liver transplantation. 
Am J Transplant 2009; 9: 1189-1196.

6. Porte RJ, Blauw E, Knot EA, et al. Role of the donor liver in the origin of platelet disorders and 
hyperfibrinolysis in liver transplantation. J Hepatol 1994; 21: 592-600.

7. Ko S, Okano E, Kanehiro H, et al. Plasma ADAMTS13 activity may predict early adverse events 
in living donor liver transplantation: Observations in 3 cases. Liver Transpl 2006; 12: 859-869.

8. Baldwin WM 3rd, Kuo HH, Morrell CN. Platelets: Versatile modifiers of innate and adaptive 
immune responses to transplants. Curr Opin Organ Transplant 2011; 16: 41-46.

9. Okada Y,Marchevsky AM,Zuo XJ, et al.Accumulation of platelets in rat syngeneic 
lung transplants: A potential factor responsible for preservation-reperfusion injury.  
Transplantation 1997; 64: 801-806.

10. Colombat M, Castier Y, Leseche G, et al. Early expression of adhesion molecules after lung 
transplantation: Evidence for a role of aggregated P-selectin-positive platelets in human 
primary graft. failure. J Heart Lung Transplant 2004; 23: 1087-1092.

11. Gans H, Krivit W. Problems in haemostasis during openheart surgery—IV: On 
the changes in the blood clotting mechanism during cardiopulmonary bypass procedures. Ann  
Surg 1962; 155: 353-359.

12. Lisman T, Bongers TN, Adelmeijer J, et al. Elevated levels of von Willebrand factor in cirrhosis 
support platelet adhesion despite reduced functional capacity. Hepatology 2006; 44: 53-61.

13. Kokame K, Nobe Y, Kokubo Y, Okayama A, Miyata T. FRETSVWF73, a first fluorogenic substrate 
for ADAMTS13 assay. Br J Haematol 2005; 129: 93-100.

14. Lisman T, Adelmeijer J, Cauwenberghs S, Van Pampus EC, Heemskerk JW, De Groot PG. 
Recombinant factor VIIa enhances platelet adhesion and activation under flow conditions at 
normal and reduced platelet count. J Thromb Haemost 2005; 3: 742-751.

15. Zenati M, Yousem SA, Dowling RD, Stein KL, Griffith BP. Primary graft failure following 
pulmonary transplantation. Transplantation 1990; 50: 165-167.

16. Crawley JT, Lam JK, Rance JB, Mollica LR, O’Donnell JS, Lane DA. Proteolytic inactivation of 
ADAMTS13 by thrombin and plasmin. Blood 2005; 105: 1085-1093.

17. Bonnefoy A, Legrand C. Proteolysis of subendothelial adhesive glycoproteins (fibronectin, 
thrombospondin, and von Willebrand factor) by plasmin, leukocyte cathepsin G, and elastase. 
Thromb Res 2000; 98: 323-332.



18. Tersteeg C, de Maat S, De Meyer SF, et al. Plasmin cleavage of von Willebrand factor 
as an emergency bypass for ADAMTS13 deficiency in thrombotic microangiopathy.  
Circulation 2014; 129: 1320-1331.

19. Bongers TN, de Bruijne EL, Dippel DW, et al. Lower levels of ADAMTS13 are associated with 
cardiovascular disease in young patients. Atherosclerosis 2009; 207: 250-254.

20. Bongers TN, Emonts M, de Maat MP, et al. Reduced ADAMTS13 in children with severe meningococcal 
sepsis is associated with severity and outcome. Thromb Haemost 2010; 103: 1181-1187.

21. Lowenberg EC, Charunwatthana P, Cohen S, et al. Severe malaria is associated with a deficiency 
of von Willebrand factor cleaving protease, ADAMTS13. Thromb Haemost 2010; 103: 181-187.

22. Schnog JJ, Kremer Hovinga JA, Krieg S, et al. ADAMTS13 activity in sickle cell disease. Am J 
Hematol 2006; 81: 492-498.

23. Djamiatun K, van der Ven AJ, de Groot PG, et al. Severe dengue is associated with 
consumption of von Willebrand factor and its cleaving enzyme ADAMTS-13. PLoS Negl Trop  
Dis 2012; 6:e1628.

24. Takahashi N, Wada H, Usui M, et al. Behavior of ADAMTS13 and Von Willebrand factor levels 
in patients after living donor liver transplantation. Thromb Res 2013; 131: 225-229.

25. Burns KE, Iacono AT. Pulmonary embolism on post-mortem examination: An under-recognized 
complication in lung-transplant recipients? Transplantation 2004; 77: 692-698.

26. Bravo C, Majo J, Ruiz F, et al. Platelet thromboembolismafter lung transplantation. J  
Transplant 2009; 2009: 650703.

27. Kawut SM, Okun J, Shimbo D, et al. Soluble p-selectin and the risk of primary graft dysfunction 
after lung transplantation. Chest 2009; 136: 237-244.

28. Zalunardo MP, Thalmann C, Seifert B, et al. Impact of preoperative right-ventricular 
function and platelet transfusion on outcome after lung transplantation. Eur J Cardiothorac  
Surg 2011; 39: 538-542.



Greg C.G. Hugenholtz

Ton Lisman



Published in Circulation
Reference: Circulation 2015 Jan;131(2):e18. 

DOI:10.1161/CIRCULATIONAHA.114.009307.

5LETTER REGARDING ARTICLE,  
“PLASMIN CLEAVAGE OF VON WILLEBRAND 

FACTOR AS AN EMERGENCY BYPASS  
FOR ADAMTS13 DEFICIENCY IN  

THROMBOTIC MICROANGIOPATHY”





105

5 8

We have read with interest the publication by Tersteeg et al.(1). In a series of investigations, 

the authors explored the possibility that plasmin, the business end of the fibrinolytic 

system, may function as a backup enzyme for ADAMTS13 in the degradation of 

complexes between platelets and ultra-large von Willebrand factor (VWF) in patients with 

thrombotic thrombocytopenic purpura when ADAMTS13 levels are low or absent. Based 

on these experiments, the authors proposed that activation of the fibrinolytic system, 

either physiologically or therapeutically, may slow down the progression of thrombotic 

thrombocytopenic purpura independently of the activity of ADAMTS13. 

We would like to comment that these propositions may be extended to other 

pathologies characterized by a deficiency in ADAMTS13, and, hence, they may lead to 

clinical implementations beyond thrombotic thrombocytopenic purpura. We have recently 

investigated the levels and function of VWF and ADAMTS13, and their relationship with 

clinical outcome in patients with acute liver failure (2). We found highly elevated VWF 

levels and a significantly reduced or even undetectable ADAMTS13 activity. In addition, 

we found ADAMTS13 activity to be inversely related to disease severity and outcome, 

which we hypothesized to be a consequence of platelet-rich thrombi formation in 

the diseased liver. However, interestingly, we did not find ultra-large VWF in the systemic 

circulation. In fact, high-molecular-weight VWF levels, and the function of VWF, as well, 

were reduced in comparison with healthy controls. In parallel, we found no relationship 

between VWF/ADAMTS13 and clinical evidence of systemic thrombosis. This suggests 

that other factors contribute to the processing of VWF multimers and, hence, prevent an 

increased reactivity of VWF toward platelets in the systemic circulation. 

In view of Tersteeg et al’s findings we now acknowledge that plasmin may be an 

attractive candidate to exert such effects. In fact, we believe that our findings warrant 

further investigations on the backup function of plasmin in other pathologies commonly 

associated with low ADAMTS13 levels, such as Dengue, malaria, chronic liver disease, 

sickle cell disease, and sepsis. Indeed, after an analysis of the literature on changes in VWF/

ADAMTS13 in these pathologies, we found that a proportion of the studies had either no 

or only partial evidence of ultra-large VWF appearance in the systemic circulation (3-5). 

Activation of the fibrinolytic system may thus prevent the formation of platelet thrombi 

in these disorders. Consequently, thrombolytic therapy may slow down the progression 

to multiorgan failure by preventing or reducing thrombus formation within solid organs. 

In addition, until ADAMTS13 concentrate becomes available for clinical use, thrombolytic 

therapy may prove to be a less cumbersome alternative to plasma exchange, which is 

the current treatment of choice to restore ADAMTS13 levels in patients with thrombotic 

thrombocytopenic purpura. Admittedly, exploration of this new concept on the protective 

role of fibrinolytic system at low or undetectable ADAMTS13 levels warrants further 

analysis of efficacy and safety of thrombolytic therapy administered with the aim of 

slowing down disease progression and improving outcome. The first step will be to test 

different profibrinolytic strategies in relevant animal models. When proven, it may be 

beneficial in treating a variety of disorders associated with (partial) ADAMTS13 deficiency.
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INTRODUCTION
Lung transplantation is associated with high postoperative rates of venous 

thromboembolism (VTE). In-hospital rates of VTE after transplantation have been 

estimated at 6-12%, despite thromboprophylaxis (1,2), and even at 36% in post-mortem 

studies (3). This is elevated in comparison with the general surgical patient population, 

in which VTE rates are estimated at around 4% (4). Therefore, postoperative initiation 

of thromboprophylaxis with low-molecular-weight heparin is highly recommended in 

this group of patients to prevent morbidity and mortality (5). It is not exactly known 

which factors cause the high risk for VTE in the early postoperative period after  

lung transplantation. 

We have previously reported on the progressive changes in haemostatic function 

of patients undergoing a liver transplantation (6,7). In these studies, we have found 

that the coagulation/ anticoagulation equilibrium shifted toward “hypercoagulability” 

during the procedure. Here, we report our findings on changes in the balance regulating 

coagulation and anticoagulant dynamics during lung transplantation. Because 

a cardiopulmonary bypass system is known to induce profound changes in the haemostatic 

system (8), we studied 10 patients transplanted without a cardiopulmonary bypass system 

(off pump). To further distinguish the specific effect of the lung transplant procedure on 

haemostasis from the perioperative effects that accompany any surgical procedure in 

the thorax of a similar approach and extent, we also included 11 patients undergoing 

off-pump coronary artery bypass graft (CABG) surgery to serve as controls for the various 

tests performed in this study. 

PATIENTS AND METHODS
Patients
Ten adult patients undergoing a first bilateral sequential lung transplantation without 

a cardiopulmonary bypass system (off pump) were included between September 2009 

and May 2012. Patients with a history of venous thromboembolism or inflammatory 

lung disease resulting from, for example, cystic fibrosis were excluded from the study. 

Postoperative systemic thrombosis was evaluated on the basis of clinical symptoms. 

Plasma samples from 11 patients undergoing off-pump coronary artery bypass graft for 

significant coronary artery disease served as controls (Table 1). All patients gave written 

informed consent before the study. The study was approved by the Medical Ethical 

Committee of the University Medical Center Groningen (METc 2008/087). 

Conventional coagulation and thrombin-generation assays
Conventional coagulation and thrombin-generation assays were performed in plasma 

samples taken at various points during off-pump lung transplantation (or coronary artery 

bypass graft (CABG) surgery Plasma samples from 40 healthy controls were used to 

establish reference values. Thrombin-generation assays were performed in the presence or 
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absence of 2 nM thrombomodulin (TM), and thrombomodulin sensitivity ratios (TM-SRs) 

were calculated. A TM-SR greater than 1 indicates hypercoagulability. Protein C, factor 

VIII, and factor II levels were calibrated to pooled normal plasma in which the activity was 

set at 100%. 

Statistics
Data were analysed using Kruskal-Wallis one-way analysis of variance test with  

Dunn’s post-test.

RESULTS
We first assessed plasma samples taken from patients undergoing off-pump lung 

transplantation or CABG by the prothrombin time (PT) and activated partial thromboplastin 

time (APTT) (Figures 1A and 1B; APTT not shown). In both patient groups, the PT and 

APTT were normal at the start of surgery but were significantly elevated at the end of 

the procedures, although the increase after CABG was less pronounced. At 5 days after 

surgery, PT and APTT values had returned to baseline. 

We next performed thrombin generation testing in plasma in the presence and absence 

of a soluble form of thrombomodulin, the physiological activator of the endogenous 

anticoagulant protein C pathway, and calculated the thrombomodulin sensitivity ratio 

(TM-SR), as described (7). A TM-SR greater than 1 reflects an increased resistance to 

the anticoagulant action of thrombomodulin. The endogenous thrombin generating 

potential in samples without addition of thrombomodulin was identical between healthy 

control patients and patients during lung transplantation, and when thrombomodulin 

was added to the test mixture, the endogenous thrombin-generating potential decreased 

in both groups (data not shown). However, the anticoagulant action of thrombomodulin 

was less pronounced in samples of transplanted patients compared with healthy control 

patients, as evidenced by a significantly increased TM-SR during and after the procedure 

(Figure 1C). 

The extent of thrombomodulin resistance correlated well with intensive care unit 

length of stay of individual transplanted patients (r = 0.71; P = 0.02), as well as with 

total length of stay in the hospital (r = 0.78; P = 0.01). In patients undergoing CABG, 

the TM-SR was not different from values observed in healthy control patients (Figure 1D). 

The thrombomodulin resistance observed during lung transplantation may be explained 

by decreased plasma levels of proteins of the protein C pathway or by increased levels of 

the procoagulant factor VIII, which is a target protein for inactivation by protein C.

At the start of lung transplantation and CABG, levels of protein C, S, and factor 

VIII did not differ from that of healthy control patients, but during the course of these 

procedures, protein C and S levels dropped significantly, and factor VIII levels increased 

in both groups (Figures 1E-1H; protein S levels not shown). The decrease of protein C 

and S and increase of factor VIII were more pronounced in the transplantation group 
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when compared with patients undergoing CABG. The decrease in protein C and S may 

be a result of consumption in a process counteracting ongoing activation of coagulation. 

Alternatively, a decrease of these proteins may reflect haemodilution. To explore both 

possibilities, we measured plasma levels of factor II and albumin. Levels of factor II mirrored 

levels of protein C and S, indicating there was no selective depletion (i.e., consumption) 

of these components (Figures 1I and 1J). Levels of albumin also dropped promptly and 

substantially. This suggests haemodilution is responsible for the decrease in protein C 

and S during the procedures, although an increase in vascular permeability could have 

contributed to a limited extent (Figures 1K and 1L). The decrease in albumin was more 

pronounced in patients undergoing lung transplantation, suggesting haemodilution was 

more extensive during this procedure in comparison with CABG. 

Table 1. Demographic, Laboratory, and Clinical Characteristics of the Study Cohorts

Parameter Value

Lung transplant patients (N = 10)
Median age, yr (range) 54 (33–60)
Male sex, n  4
Median body mass index,
kg/m2 (range) 20 (16–28

Median preoperative laboratory
parameters (range)
Mean arterial pressure, mm Hg 93 (79–135)
Heart rate, beats/min 87 (68–100)
PO2, kPa 25.7 (17.4–63.9)
PCO2, kPa 6.2 (4.5–11)
HCO3, mg/dL 25.5 (20–32)
pH 7.37 (7.21–7.42)
Lactate, mg/dl 0.65 (0.6–0.9)
Hemoglobin, mmol/L 8.7 (6.6–10.2)*
Platelet count, x 109 256 (173–258)
Prealbumin, mg/ml 0.20 (0.13–0.23)
Albumin, mg/ml 26 (16–31)

Indication, n
Chronic obstructive pulmonary disease 7
Primary alveolar proteinosis 1
a1-Antitrypsin deficiency 1
Interstitial lung disease 1

Type of donor, n
Donation after brain death 6
Donation after cardiac death 4

Graft ischemia time, min, median (range)
Warm 26 (21–45)
Cold 290 (120–450)
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Table 1. (continued)

Parameter Value

Patients transfused with red
blood cells, n 7
Units, median (range) 2 (1–3)

Patient transfused with fresh
frozen plasma, n 1
Units 2

Total fluid infusion, L, median (range) 3.5 (1.5–6.0)
Duration of surgery, h:min, median (range) 6:11 (4:23–7:52)
Duration of mechanical ventilation, h, median (range) 24 (18–432)
Postoperative intensive care unit length of stay, d, median (range) 4 (2–20)
Total postoperative length of stay, d, median (range) 26 (18–56)
Postoperative PaO2/ FIPO2, mm Hg, median (range) 231(139–405)
Worst FEV1 during stay, %, median (range) 50 (31–77)
Radiologic evidence of edema, n 1
Complications, n

Nonpulmonary Infection 1
Pneumonia 1
Chylothorax 1
Pneumothorax 1
Pleural effusion 1
Respiratory insufficiency 1
Atrial fibrillation 1
Systemic arterial emboli 1
Gastroparesis 1
Subcutaneous emphysema 1
Postoperative bleeding 0
Postoperative thrombosis 0
Death at 30 d, n 0

Coronary artery bypass graft patients (N = 11)
Median age, yr (range) 65 (60–79)
Male sex, n 9

Patients transfused with red
blood cells, n 3
Median, U (range) 2 (1–2)

Patients transfused with fresh frozen plasma 0
Median total fluid infusion, L (range) 1.5 (1–3)
Median duration of surgery, h:min (range) 3:21 (1:41–4:10)

Ten adult patients undergoing a first bilateral sequential lung transplantation without a cardiopulmonary bypass 
system (off pump) were included between September 2009 and May 2012. Patients with a history of venous 
thromboembolism or inflammatory lung disease resulting from, for example, cystic fibrosis were excluded from 
the study. Postoperative systemic thrombosis was evaluated on the basis of clinical symptoms. Plasma samples 
from 11 patients undergoing off-pump coronary artery bypass graft for significant coronary artery disease served 
as controls. Values represent median and range. All patients gave written informed consent before the study. 
The study was approved by the Medical Ethical Committee of the University Medical Center Groningen (METc 
2008/087). *Multiply by 1.65 for conversion to g/L.
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Figure 1. Development of a hypercoagulable status in patients undergoing off-pump lung 
transplantation despite prolonged conventional coagulation tests. Conventional coagulation and 
thrombin-generation assays were performed in plasma samples taken at various points during 
off-pump lung transplantation (left) or coronary artery bypass graft (CABG) surgery (right). Plasma 
samples from 40 healthy controls were used to establish reference values. (A and B) The prothrombin 
time increased during both procedures. (C and D) Thrombin-generation assays were performed in 
the presence or absence of 2 nM thrombomodulin (TM), and thrombomodulin sensitivity ratios 
(TM-SRs) were calculated. A TM-SR greater than 1 indicates hypercoagulability and was increased 
during lung transplantation, but not in CABG. (E and F) Protein C levels decreased and (G and H) factor 
VIII levels increased in both groups, but more profoundly in the lung transplant recipients, explaining 
the increased TM-SR in this group. (I and J) Factor II levels mirrored protein C levels, indicating that 
the decrease of protein C was not a result of selective protein C depletion. (K and L) Albumin levels 
decreased during both procedures, but substantially more during lung transplantation, indicating 
that haemodilution is likely the primary cause of the decrease in protein C and factor II levels. Protein 
C, factor VIII, and factor II levels were calibrated to pooled normal plasma in which the activity was 
set at 100%. Horizontal and error bars represent median and interquartile range. Asterisks indicate 
significant differences in comparison with healthy control values. *P , 0.05; **P , 0.01. 
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CONCLUSION
The combined results of our study provide evidence for the development of 

a hypercoagulable status in patients undergoing off-pump lung transplantation despite 

a pronounced prolongation of the conventional PT and APTT. The hypercoagulable status 

appears related to significant haemodilution, resulting in low levels of protein C and S, 

which are key endogenous anticoagulant proteins. 

The finding that the results of the thrombin generation assay are not reflected by 

those of conventional laboratory tests suggests the latter should not be used to evaluate 

the haemostatic function of patients undergoing lung transplantation and CABG surgery. 

As a consequence, we do not recommend using these tests in the management of 

these patients, for example, to guide transfusion of blood products or antithrombotic 

treatment. These recommendations are in line with previous advice given by our group 

after studying the haemostatic function in patients undergoing a liver transplantation. 

In those studies, the thrombin-generating capacity in plasma was also increased despite 

a profoundly abnormal PT and APTT (7). 

Our results also explain, at least in part, the high risk for systemic thromboembolic 

events in the postoperative period generally observed in this group of patients. In our 

center, patients undergoing lung transplantation routinely receive low-molecular-weight 

heparin prophylaxis shortly after surgery, often on the same day, and thereafter during 

the entire length of stay as part of our postoperative thromboprophylaxis protocol. This 

approach now seems justified by the results of this study. Moreover, the strong correlation 

between intraoperative resistance to thrombomodulin and length of stay in the hospital 

may suggest that attempts to avoid (haemodilution-related) thrombomodulin resistance 

are beneficial. 

We propose further exploration of the implementation of a restrictive perioperative 

fluid management and routine postoperative anticoagulation as possible strategies to 

reduce the thrombotic risk or prevent thrombotic complications after lung transplantation.
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7TAFI  DEFICIENCY PROMOTES LIVER DAMAGE 
IN MURINE MODELS OF LIVER FAILURE 

THROUGH DEFECTIVE DOWN-REGULATION OF 
HEPATIC INFLAMMATION



ABSTRACT
Emerging evidence indicates that various haemostatic components can regulate 

the progression of  liver  disease. Thrombin-activatable fibrinolysis inhibitor (TAFI) 

possesses anti-inflammatory properties besides its anti-fibrinolytic function. Here, we 

investigated the contribution of TAFI to the progression of disease in murine models of 

chronic and acute  liver  failure. Chronic carbon tetrachloride (CCL4) administration 

induced  liver  damage  and fibrosis both in  TAFI  knockout (TAFI-/- ) mice and wild-type 

controls. Smooth muscle actin-α (α-SMA) content of  liver  tissue was significantly 

increased after 1 and 3 weeks, and pro-collagen α1 expression was significantly increased 

after 3 and 6 weeks in  TAFI-/- mice.  TAFI-/- mice showed significantly elevated levels of 

aspartate aminotransferase (AST) and alanine aminotransferase (ALT) after 3 weeks of 

CCL4. Neutrophil influx was significantly increased in TAFI-/- mice after 6 weeks of CCL4. 

No difference in hepatic fibrin deposition between TAFI-/- and wild-types was observed. 

After acetaminophen intoxication, necrosis was significantly increased in  TAFI-/- mice 

at 24 hours (h) after injection. AST and ALT levels were decreased at 2 and 6 h after 

acetaminophen injection in TAFI-/- mice, but were significantly higher in the TAFI-/- mice 

at 24 h. Similarly, hepatic fibrin deposition was decreased at 6 h in TAFI-/- mice, but was 

comparable to wild-types at 24 h after injection. In conclusion,  TAFI deficiency  results 

in accelerated fibrogenesis and increased liver damage in murine models of chronic and 

acute liver disease, which may be related to increased inflammation.
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INTRODUCTION 
Haemostatic alterations are common in chronic and acute liver failure (1). As a result, 

research has mainly been directed at assessing the relative contribution of individual 

haemostatic components to an extrahepatic haemorrhagic tendency, or to local or 

disseminated intravascular activation of coagulation in patients with liver failure (2). 

Recent studies, however, have indicated that there may be a role of the haemostatic 

system in the pathogenesis of liver failure (3).

Clinical evidence for a possible role of the haemostatic system in the pathogenesis 

of liver failure comes from autopsy studies or studies using explanted livers from 

patients undergoing a liver transplantation (4,5). In these cirrhotic livers, thrombi 

within the microvasculature are frequently observed. Epidemiological studies show that 

the disease course of hepatitis C (HCV)-infected patients

is accelerated in patients who carry the prothrombotic factor V Leiden (FVL) mutation 

(6). On the other hand, relatively slow progression of disease is observed in haemophilia 

patients with HCV (7). The hypothesis that a prothrombotic state can promote 

the progression of liver failure has recently been confirmed in experiments in which 

accelerated fibrosis was observed in mice carrying the FVL mutation (8). Conversely, 

inhibition of coagulation by warfarin has been shown to slow down fibrogenesis and 

administration of heparin limited liver injury in models of acute liver failure (9,10). 

In parallel, in a recent randomised controlled trial, treatment of cirrhotic patients 

with low-molecular-weight heparins proved to decelerate disease progression and  

improve outcome (11).

The relative role of the fibrinolytic system in the progression of liver failure has so 

far been incompletely evaluated. Plasminogen activator inhibitor-1 (PAI-1), for example, 

has shown opposing roles in different models of liver failure by influencing both disease 

progression and tissue regeneration (10,12,13). In an effort to further elucidate this 

issue on the role of the fibrinolytic system in liver failure, we are currently examining 

the contribution of thrombin-activatable fibrinolysis inhibitor (TAFI). TAFI is synthesised 

as a zymogen predominantly in the liver and once activated inhibits t-PA-mediated 

conversion of plasminogen to plasmin (14). Thus, activation of TAFI downregulates 

clot lysis and implicates a direct molecular link between the coagulation cascade and 

the fibrinolytic system (15). However, the physiological function of TAFI is still unclear 

(16), and an effect of TAFI deficiency on fibrinolysis in vivo has only been observed under 

defined experimental conditions (17-19).

Decreased levels of TAFI are regularly seen in patients who have chronic liver failure 

(20). Recently published data from our group has shown a severe reduction in TAFI levels 

in patients who have acute liver failure (21). However, the effect of reduced TAFI levels 

on the progression of liver failure has not been studied. One small study conducted 

by Gresele et al. suggested a link between TAFI levels and mortality in patients with 

chronic liver disease (22). Assuming that progression of liver damage is driven (in part) by 
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intrahepatic activation of haemostasis, it may be that the hyperfibrinolytic status resulting 

from TAFI deficiency counteracts this mechanisms and inhibits the progression of liver 

failure. The presence of a hyperfibrinolytic state in patients with chronic and acute liver 

failure has been debated, however (20,23). In addition, there is emerging evidence that 

TAFI has anti-inflammatory activities reaching beyond its well-known anti-fibrinolytic 

function, which may drive progression of liver failure in yet another way (24). 

In order to determine the role of TAFI in the progression of liver failure, we here 

studied the effect of TAFI deficiency by using TAFI-/- mice in models of chronic and acute 

liver injury.

ANIMALS AND METHODS
Reagents and antibodies
Mouse anti-smooth muscle actin was purchased from Sigma (Zwijndrecht, 

The Netherlands). The mouse-on-mouse (M.O.M) immunodetection kit was obtained 

from Vector Laboratories (Burlingame, CA, USA). Rabbit anti-Mouse fibrin/fibrinogen was 

purchased from Dako (Glostrup, Denmark). Rat anti-Mouse LY-6B was obtained from AbD 

Serotec (Raleigh, NC, USA). TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, 

USA). Baseline-zero Dnase I was from Epicentre (Madison, WI, USA). Moloney murine 

leukemia virus reverse transcriptase priming (m-MLV) and Oligo-dT were obtained from 

Invitrogen. SYBR green universal PCR Master Mix was purchased from Applied Biosystems 

(Foster City, CA, USA).

Animal models of liver injury
Six-week-old male TAFI-/- mice (backcrossed more than 10 times on C57BL/6), generated 

as described previously (25), were kept in a controlled dark/light cycle and had access 

to pellet food and water ad libitum. Chronic liver injury was induced by intraperitoneal 

injection of 2 ml/kg carbon tetrachloride (CCL4; 1: 10 diluted in corn oil) three times/

week. Acute liver injury was induced by a single intraperitoneal injection of 300 mg/kg 

of acetaminophen, in mice that were fasted overnight. In the chronic liver injury model, 

mice were sacrificed by cardiac puncture under 2% isoflurane anaesthesia prior to and 

after 1, 3, and 6 weeks of CCL4 administration. In the acute liver injury model, mice were 

sacrificed prior to, and at 2, 6, and 24 hours (h) after acetaminophen administration. 

Whole blood was collected into 3.4% sodium-citrate containing tubes and centrifuged 

for 5 minutes (min) at 1,500g. Obtained plasma was snap-frozen in liquid nitrogen and 

stored at -80°C until used for biochemical analysis. Livers were removed immediately, 

cut in half and frozen in liquid nitrogen and stored at -80°C or fixed in formalin solution 

and embedded in paraffin until analysis for mRNA and protein content, and histological 

examination. Age, weight, and gender matched wild-type C57BL/6 mice (Harlan, Ter 

Horst, The Netherlands) served as controls at all measured time points. Animal welfare 

was in accordance with institutional guidelines of the University of Groningen.
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Biomarker analysis
Liver damage in both mice with chronic and acute liver injury was estimated by measuring 

plasma levels of aspartate aminotransferase (AST) and alanine transaminase (ALT) using 

a Roche Modular System (Roche, Basel, Switzerland). Results were expressed as U/l  

of plasma.

Histological analysis
Fibrogenic myofibroblast activity was estimated by immunohistochemical staining for 

smooth muscle actin (a-SMA) (1: 600) in 4 μm acetone-fixed liver cryosections from mice 

with chronic liver injury. To avoid cross reaction, the M.O.M. immunodetection kit was 

used according to the manufacturer’s instructions. 

Liver tissue damage in mice with acute liver injury was assessed by hematoxylin & eosin 

(H&E) staining of paraffin sections. Necrotic surface area was measured by morphometric 

analysis of the sections using the ImageScope software package (Aperio, Vista, CA, USA). 

Results were expressed as percentage of necrosis per mm2 liver tissue. 

The extent of fibrin deposition was estimated in paraffin sections of livers from mice 

with chronic and acute liver injury by immunohistochemical staining for fibrin (1: 750). 

The extent of tissue inflammation in livers from mice with chronic hepatic injury was 

deducted from the influx of neutrophils in cryosections by staining for the Ly-6B-antigen 

(1: 75). For a-SMA and fibrin stainings, colour development was performed during 10 min 

using freshly prepared 3-amino-9-ethylcarboxide (AEC) with H2O2 (1: 1,000) or during 

25 min for Ly-6B by alkaline phosphatase detection. Microphotographs were taken 

with an optic microscope BX40 (Olympus, Tokyo, Japan) connected to a high-resolution 

camera (Camedia C-5050 zoom; Olympus). Images were captured following automatic 

white balance and light intensity equilibration with a 40x magnification objective and 

digitised as RGB 24-bit. a-SMA and fibrin stainings were quantified by morphometric 

analysis of the sections using the ImageJ software package (National Institutes of Health, 

Bethesda, MD, USA) and ImageScope, respectively, and after shading correction and 

interactive thresholding, the selected positive pixels were measured. The positive area 

was the sum of the area of positive pixels per liver section. For a-SMA, results were 

expressed as the average area (in mm2) of positive pixels per liver section relative to 

the total area of the section examined. For fibrin, results were expressed as the total 

intensity of strong positive pixels of the examined liver section. Images of Ly-6B stainings 

were processed by Histoquest software (TissueGnostics, Vienna, Austria), which enables 

automated identification of individual (Ly-6B positive) cells per liver section. Results were 

expressed as the percentage of neutrophils per total number of cells per liver section.

Real-time reverse transcriptase polymerase chain reaction
Pro-collagen a1(I) gene expression in liver tissue of mice with chronic liver injury was 

determined by real-time reverse transcriptase polymerase chain reaction (RT-PCR). 
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Snap-frozen tissue samples from liver were homogenised by repeated passage 

through a 20 G needle syringe. Total RNA was isolated using TRIzol reagent. A DNAse 

I treatment was performed to remove genomic DNA contamination according to 

the manufacturer’s instructions. The integrity of total RNA was analysed by gel 

electrophoresis, and RNA samples were verified for the absence of genomic DNA 

contamination by performing RT-PCR reactions. One microgram of total RNA was 

reverse transcribed into cDNA using 1 μl (200 U/μl) m-MLV priming and 1 μl (0.5 μg/

μl) oligodT according to the supplier’s protocol. Primer sets were designed using Primer 

Express 2.0 software (Applied Biosystems) and validated in a six-step two-fold dilution 

series. Pro-collagen a(I) primers were 5’-GGAGAGTACTGGATCGACCCTAAC-3’ (sense) 

and 5’-CTGACCTGTCTCCATGTTGCA-3’ (antisense). Amplification and detection were 

performed with the ABI Prism 7900-HT Sequence Detection System (Applied Biosystems) 

using emission from SYBR green. The PCR reaction mixture contained 5 μl cDNA obtained 

from 20 ng RNA, 10 μl SYBR green universal PCR Master Mix and 900 nM of each primer 

in a total reaction volume of 20 μl. All assays were performed in triplicate. The reactions 

were preincubated for 2 min at 50°C and for 10 min at 95°C. This was followed by 

40 cycles amplification consisting of denaturation for 15 seconds at 95°C, annealing 

and extension for 1 min at 60°C. Dissociation curve analyses were performed for each 

reaction to ensure amplification of specific product. Using the manufacturer’s software, 

real-time PCR data were plotted as the normalised relative fluorescence ((DELTA)Rn) versus 

the cycle number. For each gene the expression was normalised relative to the mean cycle 

threshold (CT) value of the Beta-actin gene. Results were finally expressed as 2(DELTA)CT, 

which is an index of the relative amount of mRNA expressed in each tissue. The standard 

deviation of the triplicates of the CT values was accepted if the coefficient of variation 

was below 3%.

Statistical analysis
Statistical analysis was performed with the Graphpad InStat (San Diego, CA, USA) software 

package. The statistical significance of differences in tissue and plasma parameters was 

evaluated using a Mann-Whitney U test, as a normal distribution was not assumed. 

A p-value of less than 0.05 was considered statistically significant.

RESULTS
Fibrosis progression and mRNA expression of fibrotic markers are increased in livers of 

TAFI-/- mice after chronic CCL4 administration. The healing response to chronic liver injury 

is characterised by accumulation of extracellular matrix through fibrotic myofibroblast 

activation. In order to assess the progression of liver fibrosis, protein expression of a-SMA 

and mRNA expression of pro-collagen a1(I) were measured prior to and after 1, 3 and 6 

weeks of CCL4 injections. Representative histological images are shown in Figure 1 A-B. 

In Figure 1 A extensive a-SMA expression is shown in liver tissue of a TAFI-/- mouse after 3 
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weeks of CCL4 injections, whereas a much more modest staining pattern was observed 

in the wild-type control (Figure 1 B). Indeed, TAFI-/- mice exhibited a progressive disease 

course with increasing histology and gene expression scores over time when compared to 

wild-types as shown in Figure 1 C-D.

In Figure 1 C it is demonstrated that a-SMA histological scores were significantly 

increased in liver tissue of TAFI-/- mice after 1 and 3 weeks of CCL4 administration when 

compared to wild-type animals. a-SMA scores did not differ between TAFI-/- and wild-type 

mice after 6 weeks of CCL4 administration.

As shown in Figure 1 D, pro-collagen a1(I) expression is significantly increased in liver 

tissue of TAFI-/- animals after 3 and 6 weeks of CCL4 administration when compared  

to wild-types.

Figure 1. Fibrogenesis as a result of CCL4 intoxication in wild-type and TAFI knockout mice. a-SMA 
staining and gene expression of pro-collagen a1(I) in liver tissue of wild-type and TAFI-/- mice subjected 
to CCL4 administration. A-B) Representative histological image of a-SMA in TAFI-/- and wild-type 
liver sections after 3 weeks of CCL4 injections (original magnification x400). C) Wild-type and TAFI-/- 
liver sections were stained for a-SMA prior to and after 1, 3, and 6 weeks of CCL4 administration. 
Indicated is the proportion of the section which stained positive for a-SMA in individual animals. D) 
Pro-collagen a1(I) mRNA expression in liver tissue of wild-type and TAFI-/- mice at 0, 1, 3 and 6 weeks 
of CCL4 administration. Horizontal bars represent medians.

TAFI-/- WT
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Plasma levels of liver damage markers are increased in TAFI-/- mice after 
chronic CCL4 administration
In order to estimate the extent of liver damage, plasma levels of AST and ALT were 

measured prior to and after 1, 3, and 6 weeks of chronic CCL4 injections. As shown in 

Figure 2, levels of AST and ALT gradually increased over time in both TAFI-/- mice and wild-

types. When compared to wild-types, AST and ALT levels were significantly elevated in 

TAFI-/- animals after 3 weeks of CCL4 administration. AST and ALT did not differ between 

TAFI-/- and wild-type mice at other time-points. Increased neutrophil influx, but similar 

fibrin deposition in livers of TAFI-/- mice after chronic CCL4 administration.

In order to explore differences in inflammatory response, neutrophil influx in livers 

of TAFI-/- and wild-type mice was measured by staining for the neutrophil antigen Ly-6 

B prior to and after 1, 3, and 6 weeks of CCL4 injections. TAFI-/- and wild-type liver 

tissue exhibited increased neutrophil influx. However, neutrophil counts were significantly 

increased in liver tissue of TAFI-/- mice after 6 weeks of CCL4 administration when 

compared to wild-type animals (Figure 3 A-B).

To estimate whether TAFI deficiency affects fibrinolysis in this model, liver tissues 

of TAFI-/- and wild-type mice were stained for fibrin. Representative histological images 

of fibrin staining are shown in Figure 3 C. On these images of TAFI-/- and wild-type 

livers, similar intrahepatic fibrin deposition could be observed after 6 weeks of CCL4 

administration. In Figure 3 D it is shown that fibrin deposition decreased over time during 

chronic liver injury in TAFI-/- mice and wild-types. However, the decrease in fibrin was 

similar in both genotypes, and no significant differences were found between TAFI-/- 

animals and wild-type animals.

Figure 2. Hepatocellular damage during CCL4-induced chronic liver failure in wild-type and 
TAFI knockout mice. AST and ALT levels in plasma of wild-type and TAFI-/- mice subjected to 
CCL4 administration. Plasma levels were measured prior to and after 1, 3, and 6 weeks of CCL4 
administration. Horizontal bars represent medians.
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Increased liver tissue necrosis in TAFI-/- mice, despite decreased plasma 
levels of liver damage markers and hepatic fibrin deposition in  
the early phase after acetaminophen administration
Representative histological images of livers at 24 h after acetaminophen administration 

are shown in Figure 4 A. The necrotic surface of liver tissue in a TAFI-/- mouse appears to 

be approximately twice that of a wild-type liver at 24 h after acetaminophen overdose. 

Indeed, as is shown in Figure 4 B, the percentage of liver necrosis measured at 24 h was 

significantly elevated in the TAFI-/- group when compared to wild-type controls.

To estimate the extent of liver damage, plasma levels of AST and ALT were measured 

prior to and at 2, 6, and 24 h after acetaminophen administration. Levels of AST and ALT 

gradually increased over time in both TAFI-/- mice and wild-types as is shown in Figure 4 

C-D. TAFI-/- mice initially exhibited a slower disease course when compared to wild-type 

Figure 3. Inflammation and fibrin deposition during CLL4-induced chronic liver injury in wild-type 
and TAFI knockout mice. Hepatic neutrophil influx and fibrin deposition in wild-type and TAFI-/- 
mice subjected to CCL4 administration. A) Representative histological images of neutrophil influx 
in liver tissue of a TAFI-/- mouse and a wild-type control after 6 weeks of CCL4 injections (original 
magnification x400). B) Wild-type and TAFI-/- liver sections were stained for neutrophil antigen 
Ly-6B prior to and after 1, 3, and 6 weeks of CCL4 administration. Indicated is the percentage of 
neutrophils of the total liver section cell population. C) Representative histological images of fibrin 
in liver tissue of a TAFI-/- mouse and a wild-type control after 6weeks of CCL4 injections (original 
magnification x400). D) Fibrin deposition in liver tissue of wild-type and TAFI-/- mice at 0, 1, 3 and 6 
weeks of CCL4 administration. Indicated is the total intensity of pixels representing fibrin per square 
mm liver section. Horizontal bars represent medians.

TAFI-/- WT

TAFI-/- WT
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as AST levels were significantly lower at 2 and 6 h, and ALT levels were lower at 6 h 

after acetaminophen administration. However, as shown in Figure 4 C, AST levels were 

significantly higher in TAFI-/- mice at 24 h after acetaminophen administration. ALT levels 

were similar in both groups at 24 h as shown in Figure 4 D.

To estimate whether TAFI deficiency affects intrahepatic fibrinolysis in this model, 

hepatic tissue of TAFI-/- and wild-type mice was stained for fibrin prior to and at 2, 6, and 

24 h after acetaminophen administration. A representative histological image of fibrin in 

TAFI-/- and wild-type liver tissue at 6 h after acetaminophen overdose is shown in Figure 

4 E and points towards a lesser amount of fibrin in TAFI-/- livers. In Figure 4 F it is shown 

that, in contrast to the chronic liver injury model, fibrin deposition increased over time 

after acute liver injury in TAFI-/- mice and wildtypes. However, the increase in hepatic 

fibrin was not similar between TAFI-/- animals and wild-types. In line with the course 

of AST and ALT levels, fibrin deposition was significantly decreased in TAFI-/- livers at 6 

h after acetaminophen administration when compared to wild-types. Nevertheless, this 

difference in fibrin deposition disappeared at 24 h.

DISCUSSION
This study shows a remarkable acceleration of fibrogenesis and liver failure in TAFI-/- 

mice chronically exposed to CCl4 or an acute acetaminophen overdose. Interestingly, in 

the CCL4-model, the difference in liver damage and fibrosis between TAFI-/- and wildtype 

mice disappeared at 6 weeks. These results may be explained by a progressive decrease 

of TAFI levels due to synthetic failure of the liver in the wild-type mice over time. In view 

of the hyperfibrinolytic state in TAFI-/- mice, we anticipated these mice to have a milder 

disease course, similar to the milder disease course that was observed in PAI-1-deficient 

mice after bile duct ligation and after ethanol-induced liver fibrosis (26,27). Furthermore, 

TAFI deficiency has been shown to protect against bleomycin-induced lung fibrosis and 

apoferritin-induced kidney fibrosis, which presumably is a consequence of increased 

fibrin degradation in lung and kidney (28,29). Our collective data, however, suggest that 

the anti-inflammatory rather than the anti-fibrinolytic effect of TAFI predominates in both 

our liver disease models, and that the defect in regulation of intrahepatic inflammation 

explains the exacerbated disease phenotype in the TAFI-/- mice. An enhanced inflammatory 

response has previously been shown in TAFI-/- mice models of liver injury induced by 

Escherichia coli and concavalin A, respectively (30,31), in a model of rheumatoid arthritis 

(32), in a model challenged with lipopolysaccharide and cobra-venom factor (34, see 

(24,35) for comprehensive reviews).

Indeed, we did not find any difference in hepatic fibrin deposition between TAFI-/- mice 

and wild-types in the CCL4 model, while TAFI-/- mice showed increased liver injury and 

enhanced fibrogenesis. In the acute liver injury model, however, TAFI deficiency protected 

mice livers up to 6 h against acetaminophen overdose, a finding that may be explained by 

a temporary hyperfibrinolytic state resulting in increased intrahepatic plasmin cleavage of 
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fibrin. Nevertheless, this ‘hyperfibrinolytic protection’ disappeared at 24 h corroborating 

with the results of a recent study using fibrinogen-deficient mice in the same model of 

acute liver failure (36). In this study, it was shown that the lack of fibrin eventually did not 

prevent severe hepatic damage, suggesting (i) that deposition of fibrin may be important 

only as an early event in this model and (ii) that a change in hepatic fibrin clearance is not 

the primary mechanism of increased hepatotoxicity in TAFI-/- mice. We speculate that TAFI 

favours the processing of fibrin residues in the early stage in this model (i.e. up to 6 h after 

acetaminophen overdose) as this period is characterised by early activation of coagulation 

Figure 4. Liver necrosis, AST and ALT levels, and hepatic fibrin deposition in wild-type and TAFI-/- 
mice after acetaminophen overdose. A) Representative histological image of necrosis in TAFI-/- and 
wild-type liver sections at 24 hours after acetaminophen overdose (original magnification x400). 
B) Hepatic necrotic surface was measured prior to and at 2, 6, and 24 hours after acetaminophen 
administration. Indicated is the percentage of the total tissue section that was necrotic. C-D) AST 
and ALT levels in plasma of wild-type and TAFI-/- mice. Plasma levels were measured prior to and at 2, 
6, and 24 hours after acetaminophen administration. E) Representative histological image of fibrin 
in TAFI-/- and wild-type liver tissue at 6 hours after acetaminophen overdose (original magnification 
x400). F) Wild-type and TAFI-/- liver sections were stained for fibrin prior to and at 2, 6, and 24 hours 
after acetaminophen administration. Indicated is the total intensity of pixels representing fibrin per 
square mm liver section. Horizontal bars represent medians.

TAFI-/- WT

TAFI-/- WT
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(10), but favours the processing of inflammatory substrates in the following period of 

hepatic necrosis, which is typically accompanied  by massive inflammation (37). Future 

studies, for example using plasminogen-deficient mice, will be required to investigate to 

contribution of the fibrinolytic system in the early stage of this model.

TAFI may regulate inflammation by inactivation of bradykinin (38), thrombin-cleaved 

osteopontin (39), and the complement components C3a and C5a (40). We have assessed 

the inflammatory status by investigating neutrophil influx, which was previously shown 

to reflect the inflammatory status in the chronic model of CCL4-induced liver injury (41). 

Although our results suggest that TAFI deficiency leads to aggravation of liver injury and 

fibrosis due to an enhanced inflammatory response, the exact pathways (i.e., substrates) 

through which TAFI mediates the response to injury were not investigated and may differ 

depending on the models of liver injury. For example, our results are not in line with 

experiments in C3 and C5 knockout mice, which showed enhanced fibrosis in reaction to 

CCL4 compared to wildtypes (42,43). On the other hand, C3-deficient mice seemed to 

be protected in the model of acetaminophen-induced liver injury (44). Thus, the extent by 

which TAFI regulates inflammation (and/or fibrin breakdown) appears to depend strongly 

on the model and the exact experimental conditions.

Emerging evidence from clinical studies also suggests that TAFI has different functions 

in different pathologies (45). For example, many studies have shown increased levels of 

TAFI to be a risk factor for the development of a first venous thrombosis (46-49), which 

is easily explained by a hypofibrinolytic state in individuals with high TAFI levels (50). In 

contrast, the literature on the effect of TAFI levels in arterial thrombosis is conflicting (51), 

and some studies, including a study from our group (52), have shown elevated levels of 

TAFI to protect against a first myocardial infarction. We have attributed this to an increased 

inflammatory response in those individuals with low TAFI levels. Care must be exercised in 

extending the conclusion from this study to patients with chronic and acute liver failure. 

However, in their paper on the observation that TAFI levels are decreased in patients with 

chronic liver disease, Gresele et al. associated with a poor outcome these patients who 

had the lowest levels of TAFI (22). Therefore it may be safe to speculate that levels of 

TAFI may affect the outcome of patients with liver failure although the mechanisms (i.e. 

substrates of TAFI) driving the response to injury may differ between mice and humans.

In conclusion, TAFI deficiency in mice was shown to aggravate liver injury and fibrogenesis 

in a model of CCl4-induced liver fibrosis and a model of acetaminophen-induced acute 

liver failure. These results suggest an important role for the anti-inflammatory action 

of TAFI over its fibrinolytic properties in these models, which underscores the recent 

notion that the anti-fibrinolytic effect of TAFI appears to be less relevant than its anti-

inflammatory properties in some models of disease.
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8PROCOAGULANT CHANGES IN  
F IBRIN CLOT STRUCTURE IN PATIENTS WITH 

CIRRHOSIS ARE ASSOCIATED WITH OXIDATIVE 
MODIFICATIONS OF FIBRINOGEN



ABSTRACT
Background and Objectives: Patients with cirrhosis can be at risk of thrombotic 

complications due to an imbalance between haemostatic components. However, little 

is known on how the disease affects clot generation or how alterations in the structure 

of fibrin clots may affect the haemostatic function of these patients. Methods: We 

investigated the formation and structure of clots generated with plasma and purified 

fibrinogen of 42 patients with cirrhosis. Clots generated with plasma and fibrinogen of 

29 healthy volunteers were studied for comparison. Clot formation and structure were 

assessed by turbidity, permeation studies, confocal laser and scanning electron microscopy 

(SEM). The extent of fibrinogen oxidation was assessed by measuring the carbonyl content 

of purified fibrinogen samples. Results: Tissue factor and thrombin-induced clotting of 

plasma was delayed in patients. The clotting rate was also decreased, but change in 

turbidity, fibrin density and fiber thickness were largely comparable to healthy volunteers. 

Conversely, clot permeability was significantly decreased in patients. When clots were 

generated with purified fibrinogen, differences in clot formation and structure similar to 

those in plasma were found. The carbonyl content was increased in patient fibrinogen 

and correlated with disease severity and clot permeability. Conclusions: Delayed clot 

formation in cirrhosis ultimately results in decreased clot permeability. Similar alterations 

in clots generated with purified fibrinogen suggest that modifications of the molecule 

are (partly) responsible. Taken together, these findings are indicative of hypercoagulable 

features of clots of patients with cirrhosis, which may explain the increased risk of 

thrombosis associated with this condition.
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INTRODUCTION
The clinical consequences of haemostatic disorders in patients with chronic and acute 

liver diseases can vary significantly from bleeding to thrombosis, and the conceptual 

understanding of the underlying mechanisms has changed considerably over the last 

decade. The latest proposed paradigm is that the combined effects of the haemostatic 

changes in cirrhosis produce a rebalanced, yet precarious, haemostatic system, which 

may easily tip toward either a bleeding diathesis or a thrombotic tendency (1, 2). It has 

now been well established that patients with cirrhosis and abnormal routine coagulation 

tests do not necessarily have a bleeding tendency, and that thrombotic complications 

may occur in these patients (3). In addition, an increasing number of studies suggest 

a link between thrombosis and progression of liver disease (4, 5). Probably the most 

striking example is a recent prospective, randomized study demonstrating that low-

molecular-weight heparin therapy, aimed at preventing portal vein thrombosis, also 

reduced hepatic decompensation and mortality in a cohort of patients suffering from  

moderate-to-severe cirrhosis (6). 

The clinical concept of thrombosis as an important complicating factor of cirrhosis 

is supported by evidence from the laboratory. In vitro studies have demonstrated 

a disease stage-dependent decrease in the capacity of plasma of cirrhotic patients 

to regulate thrombin generation (7, 8). In further studies, high levels of the platelet 

binding protein von Willebrand factor were found to result in a supranormal primary 

haemostatic function in these often thrombocytopenic patients (9, 10). Recent studies 

have highlighted abnormal fibrin clot structure and function as a potential risk factor 

for thrombosis. Acquired or inherited changes in fibrin structure have been associated 

with venous and arterial thromboembolic events (11-15). Interestingly, in spite of current 

advancements in our understanding of the net effects of the changes in primary and 

secondary haemostasis in chronic liver failure, little is known on the generation and 

structure of fibrin clots in these patients.  Studies published more than three  decades 

ago suggested there were qualitative defects in fibrin clots in patients with cirrhosis, 

specifically increased glycosylation of fibrinogen. This hypersialated fibrinogen displayed 

delayed fibrin polymerization (16,17). However, in studies conducted by our group (18,19) 

a normal capacity to generate fibrin clots was found when using plasma of cirrhotic 

patients, indicating that, under more physiological circumstances, qualitative defects in 

fibrinogen may not necessarily translate to a reduced clot function.

To elucidate the net effect of changes in fibrinogen in cirrhosis, we studied the clot 

generation process and the structural properties of clots from a cohort of patients with 

cirrhosis of various severity and aetiology. We examined clots made with plasma as well 

as with fibrinogen purified from the patients to determine whether changes in plasma 

composition or in fibrinogen itself underpin any alterations in fibrin function and structure. 

Finally, we investigated oxidative modifications of fibrinogen, which were recently shown 

to alter both the structure and function of the molecule (20). Indeed, as fibrinogen is one 
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of the most abundant plasma proteins, it is a likely target for oxidative stress (21), one of 

the hallmarks of chronic liver disease (22-25).

PATIENTS AND METHODS
Patients
Forty-two patients with a clinical diagnosis of cirrhosis were recruited from the hepatology 

outpatient clinic or ward of the University Medical Center Groningen between August 

2012 and April 2013. These patients were classified according to the Child-Pugh 

classification (26). Exclusion criteria were a documented history of congenital coagulation 

disorders, recent viral infection (<2 weeks), use of anticoagulant drugs in the past 10 

days, pregnancy, HIV positivity, and transfusion with blood products within the past 7 

days. Plasma samples from 29 healthy volunteers from our laboratory (nine men and 

20 women, mean age 34 12 years, and two current smokers) were used to establish 

reference values. Exclusion criteria for the volunteer group were documented history of 

congenital coagulation disorders, documented history of hepatic disease, recent viral 

infection (<2 weeks), use of anticoagulant drugs in the past 10 days, pregnancy and HIV 

positivity. The study protocol conformed to the ethical guidelines of the 1975 Declaration 

of Helsinki and was approved by the medical ethics committee of the University Medical 

Center Groningen, Groningen, the Netherlands. Written informed consent was obtained 

from each subject before inclusion. Details of blood sample withdrawal and processing 

have been described previously (27).

Fibrinogen levels
Fibrinogen levels in plasma of patients and healthy volunteers were determined on 

an ACL TOP 300 analyser using reagents from Instrumentation Laboratory (Breda, 

the Netherlands) according to the manufacturer’s instructions.

Purification of fibrinogen and addition of factor XIII 
Fibrinogen was purified from the plasma of patients and volunteers as previously described 

(28). In short, fibrinogen was purified from plasma using IF-1 (calcium-dependent antibody) 

affinity chromatography, during which contaminating proteins were eliminated from 

the fibrinogen with washing buffers containing 0.3 and 1M NaCl, respectively, prior to 

elution with EDTA. We have previously shown that this method effectively eliminates any 

factor (F) XIII bound to the fibrinogen (29), and hence the purified fibrinogen preparations 

were FXIII-free prior to addition of exogenous FXIII at the controlled concentration of 7.3 

mg mL-1. Purity of the fibrinogen samples was examined by reducing sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis using a Mini-Protean system with 4-20% 

Bis-Tris gradient TGX gels (Bio-Rad, Hercules, CA, USA). Gels were run at 80 V for 10 

min and then at 150V for 1 h 15 min in MES buffer (Life Tech, Carlsbad, CA, USA), 

stained with coomassie blue solution and scanned using a CanoScan 8800 F (Canon,  

Tokyo, Japan).
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Turbidity assays
Fibrin clot formation in plasma or purified fibrinogen was studied by turbidity analysis 

as previously described (30). Investigated parameters were clotting time (time to ½ max 

OD in min), clotting rate (mOD/min at ½ max OD) and change in turbidity of the clot, 

defined as the difference between the OD at the start and maximum OD. Triplicates were 

measured for each sample and averaged.

Clot lysis assay
Lysis of a tissue factor-induced clot by exogenous t-PA was studied by monitoring 

changes in turbidity during clot formation and subsequent lysis was studied essentially as 

described previously (31).

Clot permeation
Plasma and purified fibrinogen clotting mixtures for permeation measurements were 

prepared as described (28,32). Immediately after mixing, 100 lL of the clotting mixture 

was carefully transferred to a 4.5-cm plastic tip with a roughened interior surface, which 

was cut off from a 1-mL Costar pipette tip. The clot mixture was left to consolidate in 

a humidified chamber at room temperature for 2 h. The plastic tip was then connected 

through a flexible silicon tube to a syringe containing tris-buffered saline (TBS) with 

a 4-cm pressure drop. Upon connection, TBS was left to permeate through the fibrin clot 

network for 1.5 h to wash any other, non-fibrin, plasma components, such as albumin. 

Then, measurements were performed in duplicate by collecting drops passing through 

the clot in a pre-weighed Eppendorf tube and weighing the total volume of liquid in 

the tube every 30 min for 2 h. These measurements were averaged. Clot permeability 

was ultimately determined by calculating the Darcy’s constant (Ks), which is a measure 

of the pore size of the fibrin network through which liquid may pass, as previously  

described (33).

Laser scanning confocal microscopy
Plasma and purified fibrinogen (1 mg mL-1) clots for laser scanning confocal microscopy 

were generated as described (34). To visualize the clots, AlexaFluor488 FITC-labelled 

fibrinogen (Life Tech; 50 mg mL-1 final concentration in plasma and 25 mg mL-1 in 

purified experiments) was added during clot formation. Clots were left to form at room 

temperature in a dark humidified chamber for 1 h. Laser scanning confocal microscopy 

(LSCM) was then performed using an upright Zeiss LSM-510 META Axioplan2 confocal 

microscope (Carl Zeiss Ltd, Welwyn Garden City, UK) fitted with a 963 numerical aperture 

1.4 oil immersion objective. The scan format was 512 x 512 pixels, with the pinhole set 

to one Airy unit to obtain maximum resolution in the z-plane. Single optical sections 

of 230/230 lm (x/y) were taken at three different areas throughout the clot to visualize 

the fibrin network. The fiber density of the clot was analysed using ImageJ software 
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(National Institute of Health, Bethesda, MD, USA). Fiber density was determined by an in-

house-designed macro plug-in, which places a 10 x 10 lines grid on individual images and 

computes the number of fibers intersecting these lines. Fiber densities of three different 

micrographs per sample were averaged.

Scanning electron microscopy
Plasma clots from five patients (three Child score A and two Child score B) and five healthy 

individuals were generated and prepared for scanning electron microscopy as described 

(35). Subjects were chosen based on clot permeability values closest to the median of their 

respective groups. Each clot was imaged in five different areas at 20 x 103 magnification 

using a FEI Quanta 200 FEGSEM (FEI, Hillsboro, OR, USA). Average fiber diameters were 

measured from 50 random fibers in each sample using ImageJ software.

Fibrinogen g’ levels in plasma
Fibrinogen g’ antigen levels were measured using an inhouse ELISA based on the method 

of Uitte de Willige (36).

Fibrinogen carbonyl content and plasma malondialdehyde levels
Carbonylation of purified fibrinogen samples was quantified using a commercially available 

ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA) and following the manufacturer’s 

instructions. Malondialdehyde (MDA) levels were estimated in plasma as an indication 

of lipid peroxidation by measuring thiobarbituric acid reactive substances (TBARS) as 

previously described (37).

Statistical analysis
Statistical analysis was performed with the Graphpad InStat (San Diego, CA, USA) 

software package. Continuous variables are expressed as the mean SD or median and 

range. Categorical data are expressed as numbers and percentage. Continuous data were 

tested for normality and analysed by an unpaired t-test or the Mann-Whitney U-test, 

as appropriate, for comparison between two groups, and by ANOVA with Dunnett’s 

post-test or by Kruskal-Wallis test with Dunn’s post-test for multiple group comparisons. 

In these analyses, values were compared with healthy volunteers’ values. Correlations 

were examined by calculating Pearson’s Rho. A P value less than 0.05 was considered 

statistically significant.

RESULTS
Demographic, laboratory and clinical characteristics of patients with 
cirrhosis and healthy individuals
Patient demographics, including clinical data and laboratory test results are presented 

in Table 1. Median fibrinogen levels were 2.7 g L1 in patients with Child A, 1.8 g L-1 in 
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patients with Child B and 1.7 g L-1 in patients with Child C cirrhosis. Median fibrinogen 

levels were 2.6 g L-1 in healthy individuals.

Prolonged clotting time and decreased clotting rate but normal optical 
density of clots generated with plasma of patients with cirrhosis
Turbidimetric analysis was used to determine fibrin polymerization. As shown in Fig. 1(A, 

B), the time to generate a fibrin clot was overall longer when using plasma of patients 

Table 1. Demographic, laboratory and clinical characteristics of the study cohorts

Characteristics

Child A  
(n = 20)
Value

Child B  
(n = 15)
Value

Child C  
(n = 7)
Value

Patients 
combined 
(n = 42)
Value

Healthy 
individuals 
(n = 29)
Value

Age, years 54 (11) 49 (13) 49 (14) 51 (12) 32 (9)
Male sex 8 {40} 9 {60} 5 {71} 22 {52} 12 {41}

BMI, kg m−2 25 (4) 29 (5) 30 (6} 27 (5) 23 (3)

Smokers 12 {60} 2 {13} 2 {29} 16 {38} 1 {3}

Cigarettes day−1 5 (5) 2 (5) 2 (4) 3 (5) 2

Etiology
Alcohol abuse 9 {45} 4 {27} 6 {86} 19 {45}
NAFLD 2 {10} 3 {20} 0 5 {12}
PSC 3 [15} 1 {6} 0 4 {10}
AIH 2 {10} 2 {8} 0 4 {10}
Combination 2 {10} 1 {6} 0 3 {7}
HCV 0 2 {13} 0 2 {5}
Indeterminate 0 1 {7} 1 {14} 2 {5}
Hemochromatosis 0 1 {7} 0 1 {2}
Wilson’s disease 1 {5} 0 0 1 {2}
PBC 1 {5} 0 0 1 {2}

Laboratory blood tests

AST, U L−1 48 [36–70] 63 [48–96] 70 [46–81] 56 [43–80]

ALT, U L−1 36 [28–64] 32 [26–60] 29 [19–42] 34 [26–59]

ALP, U L−1 133 [76–191] 112 [92–212] 108 [88–146] 118 [90–172]

GGT, U L−1 112 [56–216] 94 [52–215] 46 [23–91] 93 [48–197]

LDH, U L−1 180 
[152–247]

205 
(182–235)

220 
(200–353)

199 
[165–249]

Total bilirubin, pmol L−1 21 [8–26] 46 [25–51] 70 [36–121] 26 [16–51]

Albumin, g L−1 36 [31–43] 33 [31–35] 28 [26–31] 33 [30–41]

Fibrinogen, g L−1 2.7 [2.1–3.7] 1.8 [1.6–2.6] 1.7 [1.5–2.3] 2.2 [1.6–3.0] 2.6 [1.7–3.6]

INR 1.1 (0.2) 1.3 (0.2) 1.5 (0.2) 1.3 [0.2]

Platelet count, × l09 L−1 121 [93‐205] 76 [48–133] 75 [44–114] 104 [58–159]

Hemoglobin 8.1 (1.0) 7.4 (1.0) 6.3 (1.1) 7.6 (1.2)

WBC, × l09 L−1 7.2 (3.3) 4.6 (2.5} 7.3 (3.5) 6.3 (3.2)
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Table 1. (continued)

Characteristics

Child A  
(n = 20)
Value

Child B  
(n = 15)
Value

Child C  
(n = 7)
Value

Patients 
combined 
(n = 42)
Value

Healthy 
individuals 
(n = 29)
Value

CRP, mg L−1 < 5 [< 5–15] < 5 [< 5–14] 7 [< 5–18] 6 [< 5–15]

Sodium, mmol L−1 138 (3) 139 (3) 132 (2) 137 (4)

Potassium, mmol L−1 3.6 (0.4) 4.0 (0.5) 4.1 (0.5) 4.0 (0.4)

Creatinine, μmol L−1 58 [50–79] 68 [62–91] 85 [47‐118] 68 [54–84]

Urea, mmol L−1 4.7 [3.8–6.4] 5.5 [3.5–9.0] 4.5 [4.4–9.4] 5.0 [3.8–7.5]

Glucose, mmol L−1 7.6 (3.2) 6.4 (2.2) 5.6 (0.6) 6.7 (2.5)

MDA 3.5 [1.8–8.9] 4.5 [3.0–6.8] 5.9 [3.5–10.7] 4.3 [1.8–10.7] 2.8 (2.1–4.8]
Hemostasis tests

Clot lysis time, min 56 [40–105] 37 [30–65] 40 [30–521 48 [30–105] 55 [42–72]
TGA, ETP 780  

[460–1683]
906  
[607–1111]

838  
[838–1030]

884  
[460–1683]

816  
[579–1262]

TGA, velocity index 63 [26–121] 85 [69–121] 77 [41–97] 61 [26–121] 77 [26–136]
TGA, lag time 1.7 [1.2–2] 1.3 [1.3–2.0] 1.4 [1.1–5] 1,7 [1.1–2.0] 1.6 [1.3–2.0]
TGA, peak time 145  

[97–248]
182  
[139–251]

144  
[101–174]

167  
[97–248]

162 
[102–241]

Complications
Ascites 5 {25} 9 {81} 7 {100} 21 {50}
Encephalopathy 2 {10} 1 {6} 5 {71} 8 {19}
Thrombosis 1 {5} 1 {6} 1 {14} 3 {7}
Bleeding (mostly variceal) 5 {25} 5 {30} 2 {29} 12 {29}

Co‐morbidities
Hypertension 4 {20} 4 {27} 0 8 {19}
AP 1 {5} 1 {6} 0 2 {5}
DM II 6 {30} 2 {13} 1 {14} 9 {21}
Chronic kidney disease 1 {5} 1 {6} 0 2 {5}
Chronic lung disease 2 {10} 0 0 2 {5}
Chronic bowel disease 2 {10} 1 {6} 0 3 {7}
Malignancy 1 {5} 2 {13} 0 3 {7}

AIH, autoimmune hepatitis; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AP, angina pectoris; 
AST, aspartate aminotransferase; BMI, body mass index; CRP, C‐reactive protein; DM II, diabetes mellitus 
II; ETP, endogenous thrombin potential; GGT, gamma‐glutamyl transpeptidase; HCV, hepatitis C virus; INR, 
international normalized ratio; LDH, lactate dehydrogenase; MDA, malondialdehyde; PBC, primary biliary 
cirrhosis; PSC, primary sclerosing cholangitis; TGA, thromboelastography. Data are presented as mean (SD), 
numbers {percentages} or medians [interquartile range].

with cirrhosis (6.1 min (4.5-9.5) (median (range)) when activated with TF and 1.4 min 

(1.1-2.2) for thrombin-mediated activation) when compared with the reference (5.1 min 

(3.9-7.3) and 1.2 min (0.9-1.4)). Clotting times in patients or healthy volunteers did not 

correlate with fibrinogen levels (data not shown). The clotting rate was decreased in 

patient plasma (median rate 0.3 mOD min-1 (0.2-0.9) for TF and 0.2 mOD min-1 (0.1-0.2) 
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for thrombin-mediated activation) when compared with the healthy volunteer group, 

in which the clotting rate was 0.4 mOD min-1 (0.2-0.7) (P < 0.01) and 0.3 mOD min-1 

(0.1-0.4) (P < 0.05) for TF and thrombin-mediated activation, respectively (Fig. 1C, D). 

The generally decreased clotting rate appeared to be largely the result of significant 

decreases in the Child B and C subgroups. Clotting rates correlated well with fibrinogen 

levels within patients (r = 0.86, P < 0.01 for TF, and r = 0.35, P < 0.05 for thrombin-

mediated activation) and volunteers (r = 0.9, P < 0.01 for TF and r= 0.58, P < 0.01 

for thrombin). Thrombin generation assay (TGA) parameters on the other hand did not 

correlate with turbidity parameters in cirrhosis (P > 0.05 for every correlation coefficient). 

In Fig. 1(E, F), it is demonstrated that, on average, the change in absorbance after fibrin 

polymerization was comparable between patients and healthy volunteers regardless of 

the mode of activation, although the change in absorbance was slightly lower in the Child 

B and C groups.

Decreased permeability of clots generated with plasma of patients with 
cirrhosis
We tested the permeability of clots generated with thrombin. Clots were perfused with 

TBS and the total volume of fluid passing through the clot in a given time period was 

measured. A less permeable clot allows less liquid to pass through, resulting in a lower 

permeability coefficient Ks. As shown in Fig. 2, clots generated with plasma of patients 

were significantly less permeable (median Ks 6.5 x 10-9 (1.9 x 10-9-1.5 x 10-8)) when 

compared with clots from healthy volunteers (median Ks 9.6 x 10-9 (6.0 x 10-9-2.4 x 10-8) 

(P < 0.01). Clot permeability was negatively correlated with fibrinogen levels in patients, 

albeit moderately (r = 0.56, P < 0.01). Clot permeability was also negatively correlated 

with clot lysis time in patients (0.53, P < 0.01). TGA parameters did not correlate with 

clot permeability in cirrhosis (r = 0.18 for endogenous thrombin potential (ETP); r = 0.04 

for velocity index; r = 0.14 for lag time; r = 0.14 for time-to-peak (P > 0.05 for every 

correlation coefficient)).

Normal fibrinogen g’ levels in plasma of patients with cirrhosis
Previous studies have shown that the proportion of fibrinogen g’ can influence fibrin 

clot structure in vitro and in plasma (38,39). In Fig. 3(A), it is shown that fibrinogen g’ is 

decreased in cirrhosis; however, when adjusted for fibrinogen levels as shown in Fig. 3(B), 

the proportion of fibrinogen g’ in plasma was comparable between patients and healthy 

volunteers (139 mg per mg fibrinogen (50-453) vs. 171 mg mg1 (87-341); P > 0.05). 

These data suggest that the observed changes in permeability and clot structure are not 

caused by any changes in fibrinogen g’ in this study.
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clotting rate was 0.4 mOD min-1 (0.2-0.7) (P < 0.01) and 0.3 mOD min-1 (0.1-0.4) (P < 0.05) for TF and 
thrombin-mediated activation, respectively (Fig. 1C, D). The generally decreased clotting rate 
appeared to be largely the result of significant decreases in the Child B and C subgroups. Clotting 
rates correlated well with fibrinogen levels within patients (r = 0.86, P < 0.01 for TF, and r = 0.35, P < 
0.05 for thrombin-mediated activation) and volunteers (r = 0.9, P < 0.01 for TF and r= 0.58, P < 0.01 
for thrombin). Thrombin generation assay (TGA) parameters on the other hand did not correlate with 
turbidity parameters in cirrhosis (P > 0.05 for every correlation coefficient). In Fig. 1(E, F), it is 
demonstrated that, on average, the change in absorbance after fibrin polymerization was comparable 
between patients and healthy volunteers regardless of the mode of activation, although the change in 
absorbance was slightly lower in the Child B and C groups. 
 

 
Figure 1. Fig. 1. Turbidity parameters of clots generated from plasma of patients with cirrhosis and healthy 
volunteers. Clotting time upon activation with (A) 5pM TF and (B) 0.5 IU mL-1 thrombin. Clotting rate upon 
activation with (C) TF and (D) thrombin. Changes in optical density of clots upon activation with (E) TF and (F) 
thrombin. Horizontal bars represent medians. Asterisks indicate significant differences in comparison with healthy 
volunteer values. *P < 0.05; **P < 0.01. 
 
Decreased permeability of clots generated with plasma of patients with cirrhosis 
 

Figure 1. Turbidity parameters of clots generated from plasma of patients with cirrhosis and 
healthy volunteers. Clotting time upon activation with (A) 5pM TF and (B) 0.5 IU mL-1 thrombin. 
Clotting rate upon activation with (C) TF and (D) thrombin. Changes in optical density of clots 
upon activation with (E) TF and (F) thrombin. Horizontal bars represent medians. Asterisks indicate 
significant differences in comparison with healthy volunteer values. *P < 0.05; **P < 0.01.
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Normal fibrin density and fiber diameter within clots generated with 
plasma of patients with cirrhosis
Fibrin fiber density and diameter were examined by laser scanning confocal microscopy 

(LSCM) and scanning electron microscopy (SEM), respectively. A representative LSCM 

image of a section of a fibrin clot generated with plasma of a patient with Child B 

cirrhosis is shown in Fig. 4(A). It indicates a normal fiber density in comparison with 

a representative clot from plasma of a healthy volunteer (Fig. 4B). Fiber density was 

quantified in Fig. 4(C) and demonstrated similar median fiber densities in patients and 

healthy volunteers, although the fiber density appeared to be increased in the Child 

A cirrhosis group (2.45 fiber/10 mm (0.97-8.18) vs. 1.86 (0.66-8.14) in volunteers; P > 

0.05). The fiber diameter also appeared similar in both groups, with an average diameter 

of ~140 nm per fiber, as demonstrated in Fig. 4(D). Figure 4(E, F) shows comparable 

SEM images from individual fibrin fibers within sections of clots of a patient with Child B 

cirrhosis and a healthy volunteer, respectively.

Prolonged clotting time but normal clotting rate and optical density of 
clots generated with fibrinogen purified from patients with cirrhosis
As shown in Fig. 5(A), the clotting time at equal fibrinogen concentrations was prolonged 

in the patient group (2.8 min (2.3-3.7)) when compared with healthy individuals (2.5 min 

(2.3-3.1); P < 0.01). On the other hand, clotting rates as well as changes in absorbance 

during clotting were similar between patients and healthy volunteers, as demonstrated 

in Fig. 5(B, C, respectively).

Figure 2. Permeability of clots generated with plasma of patients with cirrhosis and healthy 
volunteers. The permeability coefficient Ks was calculated following Darcy’s law. Horizontal bars 
represent medians. Asterisks indicate significant differences in comparison with healthy volunteer 
values. **P < 0.01.

We tested the permeability of clots generated with thrombin. Clots were perfused with TBS and the 
total 
volume of fluid passing through the clot in a given time period was measured. A less permeable clot 
allows less liquid to pass through, resulting in a lower permeability coefficient Ks. As shown in Fig. 2, 
clots generated with plasma of patients were significantly less permeable (median Ks 6.5 x 10-9 (1.9 x 
10-9-1.5 x 10-8)) when compared with clots from healthy volunteers (median Ks 9.6 x 10-9 (6.0 x 10-9-
2.4 x 10-8) (P < 0.01). Clot permeability was negatively correlated with fibrinogen levels in patients, 
albeit moderately (r = 0.56, P < 0.01). Clot permeability was also negatively correlated with clot lysis 
time in patients (0.53, P < 0.01). TGA parameters did not correlate with clot permeability in cirrhosis (r 
= 0.18 for endogenous thrombin potential (ETP); r = 0.04 for velocity index; r = 0.14 for lag time; r = 
0.14 for time-to-peak (P > 0.05 for every correlation coefficient)). 
 

 
Figure 2. Permeability of clots generated with plasma of patients with cirrhosis and healthy volunteers. The 
permeability coefficient Ks was calculated following Darcy’s law. Horizontal bars represent medians. Asterisks 
indicate significant differences in comparison with healthy volunteer values. **P < 0.01. 
 
Normal fibrinogen ’ levels in plasma of patients with cirrhosis 
 
Previous studies have shown that the proportion of fibrinogen ’ can influence fibrin clot structure in 
vitro and in plasma (38,39). In Fig. 3(A), it is shown that fibrinogen ’ is decreased in cirrhosis; 
however, when adjusted for fibrinogen levels as shown in Fig. 3(B), the proportion of fibrinogen ’ in 
plasma was comparable between patients and healthy volunteers (139 g per mg fibrinogen (50-453) 
vs. 171 g mg1 (87-341); P > 0.05). These data suggest that the observed changes in permeability 
and clot structure are not caused by any changes in fibrinogen ’ in this study. 
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Decreased permeability but normal fiber density of clots generated 
with fibrinogen purified from plasma of patients with cirrhosis
In Fig. 5(D), it is shown that clots generated at an equal concentration of fibrinogen were 

significantly less permeable in the patient group (median Ks 6.1 x 10-9 (1.7 x 10-9-1.1 

x 10-8)) when compared with clots of healthy volunteers (median Ks 8.1 x 10-9 (4.9 9 

10-9-1.4 x 10-8); P < 0.01). On the other hand, Fig. 5(E) indicates a normal fiber density 

of clots generated with fibrinogen of patients in comparison with volunteers. This is 

visualized in Fig. 5(F) with representative LSCM images of the fibrin mesh in clots of 

a patient and a healthy volunteer, respectively.

Figure 3. Fibrinogen g’ levels in plasma of patients with chronic liver disease and healthy 
volunteers. (A) Absolute fibrinogen g’ levels and (B) fibrinogen c’ levels relative to total fibrinogen. 
Levels are expressed in microgram per milliliter and per milligram fibrinogen. Horizontal bars  
represent medians.

 
Figure 3. Fibrinogen ’ levels in plasma of patients with chronic liver disease and healthy volunteers. (A) Absolute 
fibrinogen ’ levels and (B) fibrinogen c’ levels relative to total fibrinogen. Levels are expressed in microgram per 
milliliter and per milligram fibrinogen. Horizontal bars represent medians. 
 
Normal fibrin density and fiber diameter within clots generated with plasma of patients with 
cirrhosis 
 
Fibrin fiber density and diameter were examined by laser scanning confocal microscopy (LSCM) and 
scanning electron microscopy (SEM), respectively. A representative LSCM image of a section of a 
fibrin clot generated with plasma of a patient with Child B cirrhosis is shown in Fig. 4(A). It indicates a 
normal fiber density in comparison with a representative clot from plasma of a healthy volunteer (Fig. 
4B). Fiber density was quantified in Fig. 4(C) and demonstrated similar median fiber densities in 
patients and healthy volunteers, although the fiber density appeared to be increased in the Child A 
cirrhosis group (2.45 fiber/10 m (0.97-8.18) vs. 1.86 (0.66-8.14) in volunteers; P > 0.05). The fiber 
diameter also appeared similar in both groups, with an average diameter of ~140 nm per fiber, as 
demonstrated in 
Fig. 4(D). Figure 4(E, F) shows comparable SEM images from individual fibrin fibers within sections of 
clots of a patient with Child B cirrhosis and a healthy volunteer, respectively. 
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Figure 4. Representative images of sections of clots generated with plasma of patients with cirrhosis 
and healthy volunteers. Fibrin mesh in clot of (A) a patient with Child B cirrhosis and (B) a healthy 
volunteer visualized by laser scanning confocal microscopy (original magnification x630). (C) Fiber 
density in the fibrin mesh was quantified by counting the number of fibers crossing an arbitrary line 
drawn through the section. Density is expressed as the number of fibers per 10 lm. (D) Fibrin fiber 
thickness was quantified by measuring the diameter of individual fibers. The diameter is expressed 
in nanometers. Horizontal bars represent medians. Fibrin mesh in a clot of (E) a patient with Child 
B cirrhosis and (F) a healthy volunteer visualized by scanning electron microscopy (SEM) (original 
magnification x20.000).

 
 
 
Figure 4. Representative images of sections of clots generated with plasma of patients with cirrhosis and healthy 
volunteers. Fibrin mesh in clot of (A) a patient with Child B cirrhosis and (B) a healthy volunteer visualized by 
laser scanning confocal microscopy (original magnification x630). (C) Fiber density in the fibrin mesh was 
quantified by counting the number of fibers crossing an arbitrary line drawn through the section. Density is 
expressed as the number of fibers per 10 lm. (D) Fibrin fiber thickness was quantified by measuring the diameter 
of individual fibers. The diameter is expressed in nanometers. Horizontal bars represent medians. Fibrin mesh in 
a clot of (E) a patient with Child B cirrhosis and (F) a healthy volunteer visualized by scanning electron 
microscopy (SEM) (original magnification x20.000). 
 
Prolonged clotting time but normal clotting rate and optical density of clots generated with 
fibrinogen purified from patients with cirrhosis 
 
As shown in Fig. 5(A), the clotting time at equal fibrinogen concentrations was prolonged in the patient 
group (2.8 min (2.3-3.7)) when compared with healthy individuals (2.5 min (2.3-3.1); P < 0.01). On the 
other hand, clotting rates as well as changes in absorbance during clotting were similar between 
patients and healthy volunteers, as demonstrated in Fig. 5(B, C, respectively). 
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Figure 5. Functional and structural parameters of clots generated with fibrinogen purified from 
plasma of patients with cirrhosis and healthy volunteers. (A) Clotting time, (B) clotting rate and 
(C) changes in optical density of clots. (D) Permeability and (E) fiber density of clots. For turbidity 
studies, clotting was initiated with 0.5 IU mL-1 thrombin at equal fibrinogen concentrations (1 mg 
mL-1). For permeability and density studies, clotting was initiated with 0.5 IU mL-1 thrombin at equal 
fibrinogen and factor XIII concentrations (1 mg mL-1 and 7.3 lg mL-1, respectively). (F) Representative 
laser scanning confocal microscopy (LSCM) image of fibrin mesh within a clot of a patient with 
Child B cirrhosis (left panel) and a healthy volunteer (right panel) generated with purified fibrinogen 
(original magnification 9630). Horizontal bars represent medians. Asterisks indicate significant 
differences in comparison with healthy volunteer values. *P < 0.05; **P < 0.01.

 
 

 
Figure 5. Functional and structural parameters of clots generated with fibrinogen purified from plasma of patients 
with cirrhosis and healthy volunteers. (A) Clotting time, (B) clotting rate and (C) changes in optical density of clots. 
(D) Permeability and (E) fiber density of clots. For turbidity studies, clotting was initiated with 0.5 IU mL-1 thrombin 
at equal fibrinogen concentrations (1 mg mL-1). For permeability and density studies, clotting was initiated with 0.5 
IU mL-1 thrombin at equal fibrinogen and factor XIII concentrations (1 mg mL-1 and 7.3 lg mL-1, respectively). (F) 
Representative laser scanning confocal microscopy (LSCM) image of fibrin mesh within a clot of a patient with 
Child B cirrhosis (left panel) and a healthy volunteer (right panel) generated with purified fibrinogen (original 
magnification 9630). Horizontal bars represent medians. Asterisks indicate significant differences in comparison 
with healthy volunteer values. *P < 0.05; **P < 0.01. 
 
Decreased permeability but normal fiber density of clots generated with fibrinogen purified 
from plasma of patients with cirrhosis 
 
In Fig. 5(D), it is shown that clots generated at an equal concentration of fibrinogen were significantly 
less permeable in the patient group (median Ks 6.1 x 10-9 (1.7 x 10-9-1.1 x 10-8)) when compared with 
clots of healthy volunteers (median Ks 8.1 x 10-9 (4.9 9 10-9-1.4 x 10-8); P < 0.01). On the other hand, 
Fig. 5(E) indicates a normal fiber density of clots generated with fibrinogen of patients in comparison 
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Increased carbonyl content of fibrinogen purified from plasma of 
patients with cirrhosis
Figure 6 shows a significantly increased carbonyl content of fibrinogen isolated from 

patients when compared with healthy volunteers (median 2.2 nmol mg-1 (1.4-4.3) vs. 

1.5 nmol mg-1 (1.3-2.6), respectively; P < 0.01). The extent of carbonylation in patients 

was associated with disease severity and inversely correlated with clot permeability. 

The correlation coefficient was r = 0.46 for patients combined (P < 0.05), r = 0.69 for 

the Child A group (P < 0.01), r = 0.65 for the Child B group (P <0.01) and r = 0.14 for 

the Child C group (P > 0.05). In addition, it was positively correlated with serum MDA 

levels (r = 0.35, P < 0.5). 

Smoking and co-morbidities in the patient group are not associated 
with changes in clot permeability
We explored possible relationships between the permeability of clots generated with 

plasma and smoking, comorbidities and complications in the patient group. We found no 

differences in clot permeability between smokers and non-smokers or between patients 

with and without significant co-morbidity (data not shown). Also, no correlation was 

found between smoking frequency and MDA levels or carbonyl content of fibrinogen 

(r = 0.05, P > 0.05 and r = 0.04, P > 0.05, respectively). A relationship between clot 

permeability and thrombosis could not be demonstrated as only three events of thrombotic 

complications were recorded. 

Clot permeability in patients with a history of bleeding (mostly variceal bleeds) was 

not different from that in patients who had not experienced a bleeding event (Ks 6.5 x 

10-9 (2.0 x 10-9-1.2 x 10-8) vs. 6.7 x 10-9 (1.2 x 10-9-1.5 x 10-8); P > 0.05; data not shown).

DISCUSSION
This study of fibrin clot structure in patients with cirrhosis shows alterations in clotting 

kinetics and fibrin structure. We found that although the kinetics of clot formation were 

decreased in cirrhosis, the clots were ultimately less permeable. This implies that decreased 

levels of or functional defects in fibrinogen in cirrhosis do not necessarily translate into 

a reduced clot function promoting a risk of bleeding. On the contrary, a decrease in 

clot permeability may rather indicate an increased risk of thrombosis. Indeed, previous 

studies have shown decreased fibrin clot permeability to be associated with both arterial 

and thrombotic diseases (11-15). In turn, this study supports a potential prothrombotic 

role of fibrin clots in patients with acute and chronic liver failure, opposing the effects 

of reduced production of coagulation factors (40). The prolonged clotting times and 

decreased clot permeability in both plasma and samples of purified fibrinogen suggest 

that structural alterations of the fibrinogen molecule itself underpin the changes in fibrin 

structure. We detected an increase in the carbonyl content of fibrinogen isolated from 
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with volunteers. This is visualized in Fig. 5(F) with representative LSCM images of the fibrin mesh in 
clots of a patient and a healthy volunteer, respectively. 
 
Increased carbonyl content of fibrinogen purified from plasma of patients with cirrhosis 
 
Figure 6 shows a significantly increased carbonyl content of fibrinogen isolated from patients when 
compared with healthy volunteers (median 2.2 nmol mg-1 (1.4-4.3) vs. 1.5 nmol mg-1 (1.3-2.6), 
respectively; P < 0.01). The extent of carbonylation in patients was associated with disease severity 
and inversely correlated with clot permeability. The correlation coefficient was r = 0.46 for patients 
combined (P < 0.05), r = 0.69 for the Child A group (P < 0.01), r = 0.65 for the Child B group (P <0.01) 
and r = 0.14 for the Child C group (P > 0.05). In addition, it was positively correlated with serum MDA 
levels (r = 0.35, P < 0.5).  
 
 
 

 
Figure 6. Carbonyl content of fibrinogen purified from patients with cirrhosis and healthy volunteers. Protein 
carbonyl content was measured at equal fibrinogen concentrations (20 g mL-1). Horizontal bars represent 
medians. Asterisks indicate significant differences in comparison with healthy volunteer values. *P < 0.05; **P < 
0.01. 
 
Smoking and co-morbidities in the patient group are not associated with changes in clot 
permeability 
 
We explored possible relationships between the permeability of clots generated with plasma and 
smoking, comorbidities and complications in the patient group. We found no differences in clot 
permeability between smokers and non-smokers or between patients with and without significant co-
morbidity (data not shown). Also, no correlation was found between smoking frequency and MDA 
levels or carbonyl content of fibrinogen (r = 0.05, P > 0.05 and r = 0.04, P > 0.05, respectively). A 
relationship 
between clot permeability and thrombosis could not be demonstrated as only three events of 
thrombotic complications were recorded.  

Figure 6. Carbonyl content of fibrinogen purified from patients with cirrhosis and healthy 
volunteers. Protein carbonyl content was measured at equal fibrinogen concentrations (20 mg mL-1). 
Horizontal bars represent medians. Asterisks indicate significant differences in comparison with 
healthy volunteer values. *P < 0.05; **P < 0.01.

patients, indicating that oxidative modifications of the protein may be responsible for 

the prolonged clotting time and reduced clot permeability.

We and others are systematically studying the consequences of haemostatic defects in 

patients with cirrhosis. These studies have shown that primary and secondary haemostasis 

remain functional, and are perhaps even hyper-reactive. We first demonstrated that 

elevated levels of the platelet adhesive protein von Willebrand factor (over)compensate for 

abnormalities in platelet number and function in patients with cirrhosis (9). Others have 

subsequently demonstrated that the thrombin-generating capacity in cirrhosis was intact, 

despite prolongations in routine laboratory tests of coagulation such as the prothrombin 

time (PT) or international normalized ratio (INR) and activated partial thromboplastin time 

(APTT) (41). The data presented here suggest that the final stage of blood coagulation, 

the formation of a fibrin clot, is also in a rebalanced, perhaps overcompensated, state. 

Despite reduced fibrinogen levels, the fibrin clot is less permeable (and therefore 

more resistant to permeation of fibrinolytic enzymes into the clot) compared with 

healthy individuals. The delayed clot formation is in agreement with previous studies 

in cirrhosis demonstrating that increased fibrinogen glycosylation results in defects in 

fibrin polymerization (16, 17). Alternatively, slower fibrin polymerization may be a result 

of oxidative modifications of the fibrinogen molecule (42-44) and because fibrinogen 

oxidation can also promote a less permeable fibrin structure (44) it is a potential 

mechanism to explain our findings.
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Fibrin network production is essential for haemostasis. During the course of 

fibrin polymerization, fibrinogen molecules assimilate to form a three-dimensional 

fibrin network. Clot stability is determined by the structure of the network, which is 

characterized by the density and diameter of fibers, number and nature of the branch 

points, and number and size of pores (45). In turn, these structural features may 

vary depending on a myriad of factors controlling the clot-generation process. These 

include fibrinogen structure and concentration, available concentrations of pro-and 

anticoagulants, which in turn dictate the thrombin-generation potential, and local cellular 

effects (46). By breaking down the process in individual steps we provided insight into 

how clotting dynamics are affected in cirrhosis. First, we observed that clotting rates 

of turbidity assays triggered with tissue factor or thrombin are sensitive to the level of 

fibrinogen in cirrhosis, but are less so in the thrombin-triggered turbidity assays. This may 

be explained by the fact that the effects of fibrinogen on thrombin generation (47) are 

effectively by-passed in the latter and the effect of fibrinogen concentration on clotting 

rates becomes less dominant. Secondly, we observed increased clotting times when 

the plasma of patients was activated with either tissue factor or thrombin, independent 

of the level of fibrinogen. This demonstrated that the complex alterations in coagulation 

factors associated with cirrhosis were not the only determinant affecting clot generation, 

and suggested the presence of a defect in the fibrinogen to fibrin conversion step. This 

was subsequently confirmed when the clotting time remained abnormal when using 

fibrinogen isolated from patients. As fibrinogen, FXIII and thrombin had been adjusted 

to equal levels between patients and healthy volunteers, the most likely explanation for 

the rate-limiting step in fibrin polymerization was an alteration in one or more structural 

properties of fibrinogen.

A recent review on oxidative modifications of fibrinogen revealed different, even 

opposing, effects, depending on the modified site (20). Here we demonstrated a defect 

in clot formation kinetics ultimately resulting in less permeable clots, which correlated 

with an increase in fibrinogen carbonyl content. Interestingly, apart from the changes 

in clot permeability, other investigated structural parameters were normal (i.e. change 

in absorbance, fibrin density and fiber diameter), suggesting that the changes in 

the fibrinogen molecule in patients with cirrhosis only affect fibrin metastructure by 

reducing pore size or number. This is in contrast to results of turbidity studies conducted by 

Paton et al. (48), who demonstrated a negative association between fibrinogen carbonyl 

content and change in absorbance, which may be explained by different experimental 

conditions, the most prominent being the lack of added calcium, while fibrinogen is well 

known to contain functional calcium binding sites.

The lack of association between permeability and other structural parameters, 

such as fibrin density, may be explained by the fact that it is a combination of modest 

structural changes that accounts for changes in metastructure, the sum of which leads 

to a significantly decreased clot permeability. Furthermore, the relationship between 
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permeation and fiber diameter may be influenced by changes in the intrafibrillar 

composition of fibrin fibers, such as protofibril packing (49). Also, permeability may 

be governed by more than just structure. Alterations such as oxidation and sialyation 

might lead to reduced permeability (e.g. by charge/hydrophobicity effects) but not to 

changes in structure. A similar study using a larger cohort will shed more light on this 

apparent discrepancy between permeability and other structural parameters in cirrhosis. 

A limitation of the study is that we cannot rule out that other structural modifications of 

fibrinogen also may have contributed to a certain extent to the remodelling of the fibrin 

metastructure, although we did not find increased fibrinogen gamma prime levels in 

our patients, which are thought to prompt the formation of more thrombogenic clots 

(50). Nonetheless, the similarly decreased permeability of clots generated with plasma 

and purified fibrinogen shows that the procoagulant effects associated with changes in 

fibrinogen structure persist under more physiological conditions and therefore probably 

translate to the in vivo situation.

In recent years, there has been a major shift in our understanding of the clinical 

consequences of cirrhosis associated coagulopathy. Expert opinion suggests that bleeding 

in many (surgical) cases is more likely due to haemodynamic changes in patients with 

chronic liver disease than to an underlying haemostatic disorder (51). It is also suggested 

that patients with cirrhosis are not ‘auto-anticoagulated’: they are not protected from 

thrombotic events even when routine tests of coagulation, including PT or INR and 

APTT, are prolonged, or when platelet numbers are low (52). In fact, it is increasingly 

recognized that thrombosis can be a major complicating factor in cirrhosis and may 

even contribute to disease progression (3, 53). We propose that, similarly to cohorts 

of smokers, patients with venous thromboembolism and patients with cardiovascular 

diseases who show comparable changes in fibrinogen and fibrin clot structure (54-57), 

enhanced fibrinogen carbonylation in patients with cirrhosis prompts the formation 

of clots with a procoagulant structure. In turn, this contributes to the thrombotic risk 

in these patients. The mechanism involved in an increased thrombotic risk in patients 

with less permeable clots may be a reduced disposition of clots to lysis, as evidenced by 

the negative correlation between permeability and clot lysis time demonstrated here. 

This is the result of both an increased stability of clot structure and reduced capacity 

of fibrinolytic enzymes to penetrate through the clot (14, 58, 59). Ultimately, this may 

facilitate the development of dangerous thrombi in the (micro)vasculature. Interestingly, 

clot permeability was not linked to bleeding in the present study. Larger studies will be 

needed to demonstrate associations with thrombotic events.

In conclusion, the dysfibrinogenemia associated with liver disease has been functionally 

characterized by an increased clotting time due to impaired fibrin polymerization and 

was traditionally associated with a risk of bleeding. For the first time, we have shown 

that impaired clot formation in cirrhosis does not necessarily translate to a decreased 

haemostatic capacity as clots of patients have thrombogenic features evidenced 
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by reduced permeability. We have attributed this to procoagulant changes in fibrin 

metastructure resulting from excessive carbonylation of fibrinogen, which appear to 

compensate for a decrease in fibrinogen level. This study provides further evidence of 

a rebalanced haemostatic function in patients with cirrhosis and adds to an increasing 

number of epidemiological, clinical and in vitro studies of the presence of an elevated 

thrombotic risk as a consequence of the condition.
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9THROMBOELASTOGRAPHY DOES  
NOT PREDICT OUTCOME IN DIFFERENT 

AETIOLOGIES OF CIRRHOSIS



ABSTRACT
Background & aims: New laboratory tests that measure global haemostasis indicate 

generally preserved haemostatic function in patients with cirrhosis. It is not known 

whether normal haemostatic function is maintained across various subsets of patients. 

In the present study, we investigated clot generation and clot lysis kinetics in a large 

group of patients with different aetiologies of disease. Methods: Blood samples of 270 

patients with cirrhosis were studied using thromboelastography (TEG), which measures 

the dynamic and physical properties of clot formation and lysis in whole blood. TEG 

parameters of different subsets of the patient population were compared. Correlations 

with routine laboratory tests as well as clinical outcomes were explored. Results: Overall, 

TEG parameters were normal and similar between underlying disease aetiologies. 

A proportion of subjects showed hypocoagulable features, with the exception of patients 

with cholestatic cirrhosis in whom TEG readings showed hypercoagulable features. In 

all groups, K-time, α-Angle and MA correlated well with platelet counts and fibrinogen 

plasma levels. After a mean follow-up of 2 years and 11 months, 31 patients had 

experienced a bleeding event, 8 had developed thrombosis, and 173 patients (64%) 

had undergone liver transplantation and/or had died. TEG baseline parameters were 

similar between patients subdivided according to outcome. Conclusions: TEG parameters 

reflected generally preserved function of the haemostatic system in patients with cirrhosis, 

with hypo-and hypercoagulable features in subsets of patients with specific underlying 

disease aetiologies. Abnormalities in TEG parameters did however not predict bleeding, 

thrombosis, or risk of liver transplantation and/or death.
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INTRODUCTION
Patients with cirrhosis frequently present with complex haemostatic alterations (1). It 

has been proposed that the net effect of the haemostatic changes in these patients 

is a rebalanced, yet precarious haemostatic system. Indeed, depending on the nature 

of the trigger and exact physiological/clinical conditions, the balance may easily tip 

toward either bleeding or thrombosis (2). Identification of the haemostatic phenotype at 

baseline from individual patients with cirrhosis could potentially predict the likelihood of 

a thrombotic or bleeding event to occur. 

Routine diagnostic tests of haemostasis such as the platelet count and prothrombin 

time are often indicative of a hypocoagulable state in cirrhosis (1). In contrast, more 

advanced haemostasis tests that measure global haemostasis, including thrombin 

generation assay (TGA) and whole blood global viscoelastic tests (VETs), generally indicate 

a preserved haemostatic balance (3-5). As opposed to routine tests, these global tests 

assess the combined haemostatic potential defined by the balance between pro-and 

antihaemostatic drivers. TGA for example is determined by the concentration of all 

the known and potentially yet unidentified clotting factors and inhibitors. In a landmark 

study, Tripodi and colleagues demonstrated that thrombomodulin-modified TGA results 

of patients with cirrhosis are generally comparable to those of healthy individuals. 

These seminal observations have contributed to the shift in paradigm on the net 

effects of the coagulopathy in cirrhosis, such that patients are considered to maintain 

a functional haemostatic system at baseline despite complex alterations in haemostatic  

components (3). 

A drawback of TGA, however, is that it is performed with plasma, and therefore, 

the supporting role of blood cells in haemostasis is excluded. In addition, the test is not 

designed to measure clot formation, which is the functional endpoint of the haemostatic 

system. VETs on the other hand not only dissect the dynamics of clot formation in 

whole blood, they also measure ultimate clot strength and stability. Therefore, VETs 

may reflect the haemostatic phenotype better than TGA. Two VETs are commercially 

available, thromboelastography (TEG®) and rotational thromboelastometry (ROTEM®). 

Both tests have been used to assess the haemostatic function of patients with cirrhosis 

in the laboratory (4-6). In addition, studies have been performed that investigated 

correlations between TEG/ROTEM parameters and the occurrence of bleeding in these 

patients (7-9). For example, in a small number of patients with cirrhosis who presented 

with acute variceal bleeding, specific parameters of TEG (R-time, K-time, and α-Angle) 

indicated more hypocoagulable features in those who experienced early rebleeding. In 

contrast, none of the standard laboratory tests of haemostasis (INR, aPTT, or platelet 

count) differed between those who rebled and those who did not (7).

Studies so far have been limited by relatively small cohorts or cohorts of mixed 

aetiology. Therefore, it is yet unknown whether VET parameters are similar across 

different aetiologies of cirrhosis and hence reflect a similar baseline haemostatic function 
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across the whole patient group. It is also unknown whether subdividing haemostatic 

function according to aetiology will show different correlations with clinical events (i.e., 

thrombosis or bleeding).  

In the present study, we measured the baseline haemostatic phenotype by TEG in 

a large group of patients with cirrhosis. The aim was to better define the haemostatic 

status of patients with cirrhosis across a variety of aetiologies and severity of disease. In 

addition, we investigated possible correlations between TEG, bleeding and thrombosis, 

but also with disease outcome, since it has been proposed that intrahepatic thrombosis 

contributes to a progressive disease course in patients with cirrhosis (10,11).

PATIENTS & METHODS
Patients
Two hundred seventy consecutive outpatients with cirrhosis were prospectively studied 

at the Virginia Commonwealth University (VCU) Medical Center between October 2008 

and January 2012. The mean follow-up period was 2 years and 11 months. Patients were 

classified according to severity of disease by using the Child-Pugh classification and model 

for end-stage liver disease (MELD). Patients were grouped according to the following 

aetiologies of disease: hepatitis B or C (HBV/HCV); ethanol (ETOH)-induced cirrhosis; non-

alcoholic steatohepatitis (NASH); cholestatic cirrhosis, defined as primary biliary cirrhosis, 

primary sclerosing cholangitis or complication of cholecystectomy or choledochal 

cyst disease; and other non-cholestatic cirrhosis, defined as auto-immune hepatitis, 

alpha-1 antitrypsin deficiency, Wilson’s disease, Budd-Chiari syndrome, sarcoidosis, or 

a combination of non-cholestatic aetiologies of cirrhosis. Patients with hepatocellular 

carcinoma (HCC) of diverse underlying liver disease aetiologies were also compared 

to patients without HCC. Exclusion criteria were a documented history of congenital 

coagulation disorders, recent viral infection (<2 weeks), use of antiviral drugs, alcohol 

or anticoagulant drugs in the past 10 days, pregnancy, HIV positivity, transfusion with 

blood products within the past 7 days, and those who received procoagulant treatments 

other than vitamin K prior to enrolment. Clinical and laboratory data were collected from 

the nearest time point to the performance of TEG, usually within 24 h. TEG was performed 

once at entry of the study. Informed consent was obtained from each patient before 

inclusion. The study protocol conformed to the ethical guidelines of the 1975 Declaration 

of Helsinki and was approved by the medical ethics committee of VCU Medical Center. 

Definition of complications and final outcomes of cirrhosis  
Patients were seen every 6 months (for Child’s class A patients) or at least every 3 months 

(for Child’s class B/C patients) as a matter of routine by one investigator (RTS). Electronic 

medical records were reviewed on each visit, and patients were specifically asked whether 

they had any “bleeding or clotting” complications during the interim. Medical records 

from outside institutions and physicians were requested in the event of a positive 
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response from a patient when the complication occurred at a hospital other than VCU  

Medical Center. 

Bleeding complications specifically included spontaneous (non-procedure-related) 

gastrointestinal bleeding from any source, the need for blood transfusion with evidence 

of blood loss, or other significant blood loss. Epistaxis was not included in the assessment 

of bleeding complication unless it required intervention. Thrombotic complications 

specifically included spontaneous (non-procedure-related) deep venous thrombosis of 

the arms legs and/or pulmonary embolism or new occlusive portal venous thrombosis 

on ultrasound during six-months surveillance exams for hepatocellular carcinoma. Final 

outcomes of cirrhosis included transplant-free survival, orthotopic liver transplantation 

(OLT), or death.  

Thromboelastography
TEG was performed on a single instrument (Thrombelastograph Haemostasis Analyzer 

5000 (Haemonetics Corp., Haemoscope Division, Niles, IL)). Briefly, 5 ml of 3.8% citrated 

whole blood was subjected to TEG within 2 h of blood draw. Clotting was initiated at 

37°C by the addition of 40ml of kaolin to 0.34 ml of re-calcified blood where 20µl of 0.2M 

CaCl2 is added for a final concentration of 11.1 mM. Kinetic changes in clot formation 

and clot dissolution were measured for 30 min after reaching maximal clot firmness. Five 

parameters were recorded (see Figure and Table 1). 

Coagulation tests
PT/INR, platelet counts, and plasma levels of fibrinogen were assayed by the Clinical 

Coagulation Laboratory at VCU. The PT/INR and fibrinogen plasma concentration were 

determined using the automated STA-R Evolution® clot detection system.  The PT/INR 

was determined using re-calcified plasma and recombinant human tissue factor and 

Figure 1. Schematic overview of TEG parameters.
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synthetic thromboplastin (Dade® Innovin-Reagent; Siemens Healthcare Diagnostics 

Products GmbH, Marburg, Germany). Fibrinogen was determined following the von 

Clauss technique using reagents provided by the manufacturer (Diagnostica Stago, 

Parsipanny, NJ). 

Statistical analysis
Continuous data were tested for normality and expressed as mean ± SD or median (range), 

and analysed by ANOVA or Wilcoxon/Kruskal-Wallis Rank Sums test, as appropriate. 

Categorical variables were analysed by Chi Square test and correlation of continuous 

data by Pearson correlation (r value). All data were analysed using Graphpad InStat 3.10 

(San Diego, CA) software package. Significance was defined as a p value equal or less 

than 0.05.

RESULTS
Demographic, laboratory, and clinical characteristics of patients with 
cirrhosis
Patient demographics, vital signs, and laboratory test results at the time of admission, as 

well as a selection of clinical outcome data, are presented in Table 2. In brief, the mean 

age of participants was 57 years and 38% were female. 30% was classified as having 

Child-Pugh A cirrhosis, 51% Child-Pugh B and 19% Child-Pugh C. With a median 

value of 135x109/L, platelet counts were highest in cholestatic disease, but this was 

not significantly higher than in other aetiologies of cirrhosis. However, patients who 

suffered from cholestatic cirrhosis had significantly higher fibrinogen levels (median 396 

mg/dL compared to 191 mg/dL in HBV/HCV cirrhosis, for example). Combined, 26% 

of the patients developed a bacterial infection during follow-up, 49% ascites, 21% 

renal failure, 25% encephalopathy, 3% thrombosis and 11% suffered from bleeding 

Table 1. Definition and normal range of TEG parameters

Parameter Definition Normal Range

R-time Latency of clot formation 2.5 -7.5 min

K-time Kinetics of fibrin formation (time from initial clot 
formation to an amplitude of 20 mm)

0.8 -2.8 min

α-Angle Kinetics of fibrin formation (rate of fibrin formation 
and cross-linking on platelets)

55.2 -78.4 degrees

Maximum Amplitude Maximum clot firmness 50.6 -69.4 mm

Lysis 30 Fibrinolysis 30 min from maximum amplitude 0.0 -7.5 %

An abnormal TEG parameter was defined as an R-or K-time above the upper limit of normal, or an α-Angle or 
MA below the lower limit of normal for our laboratory, which are similar to other series 
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complications. At the end of the study, 71% of the patients had been hospitalized, 19% 

underwent liver transplantation and 46% died. The mean time from performing TEG to 

bleeding was 347 days and 72 days to thrombosis. It was 328 days to liver transplantation 

and 484 days to death. Patients in the cholestatic patient group were up to 10 time 

less likely to develop encephalopathy (3%), but 2-3 times more likely to undergo liver 

transplantation (44%) compared to patients suffering from other aetiologies of cirrhosis, 

whilst the distribution among classes of disease severity between the groups was similar 

(i.e., Child-Pugh and MELD). 

Normal R-times in cirrhosis regardless of the aetiology 
In Figure 2A, it is shown that the R-time, indicating the latency of clot formation, was 

generally within normal range when patients were combined, with a median (range) 

of 4.3 min. (1-9.7) (normal range 2.5-7.5). 6% of patients had an R-time outside of 

the normal range (5% had shortened and 1% prolonged R-times). When patients were 

classified according to aetiology of disease, median R-times were normal in all groups:  

4.1 min. (1.7-7.2) in HBV/HCV; 4.4 min. (1.9-6.8) in ETOH; 4.5 min. (2.6-7.1) in NASH; 

4.3 min. (1-9.7) in cholestatic; 4.5 (2.5-7.5) in other non-cholestatic cirrhosis patients and 

4.4 min. (2.2-7.3) in cirrhotic patients with HCC. Similar results were generated when 

the cohort was subdivided according to disease severity (i.e., median R-times for Child-

Pugh A, 4.6 min.; B, 4.3 min. and C, 4.2 min.) (Figure 3A).

Normal-to-increased K-times in cirrhosis regardless of aetiology, with 
lowest values in cholestatic cirrhosis  
In Figure 2B, it is shown that the K-time, the time to initial fibrin formation, was within 

normal range in 73% of the cases and prolonged in 27%. The median K-time in all 

patients combined was 2.1 (0.8-15.2) (normal range of 0.8-2.8). The median K-time 

increased with disease severity (i.e., Child-Pugh A, 1.9 min.; B, 2.2 min. and C, 2.5 min.) 

(Figure 3B). When subdivided by aetiology, the K-time was 2.4 min. (0.8-9.5) in HBV/HCV; 

1.8 min. (0.8-8.9) in ETOH; 2.1 min. (0.9-6.3) in NASH; 2.0 min. (0.8-6.2) in other non-

cholestatic cirrhotic patients and 2.1 min. (0.9-15.2) in cirrhotic patients with HCC. In 

contrast, the median K-time was 1.4 min. (0.8-6.2) in patients with cholestatic cirrhosis, 

which was significantly lower than each of the other groups, ETOH cirrhosis excepted. 

Indeed, only 10% of patients in the cholestatic group presented with K-times above 

the normal range.  

Normal-to-decreased α-Angles in cirrhosis regardless of aetiology, with 
highest values in cholestatic cirrhosis
In Figure 2C, it is shown that the α-Angle, indicating the speed of clot formation, was 

normal for most, but decreased in 16% of the patients, with a median of 64.9 degrees 

(18.6-80.3) (normal range 55.2-78.4 degrees) in all patients combined. The median 
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α-Angle decreased with disease severity (i.e., Child-Pugh A, 65 degrees.; B, 65.2 degrees; 

and C, 62.2 degrees.) (Figure 3C). When subdivided by aetiology, α-Angle was 63.8 

degrees (33.7-77.1) in HBV/HCV; 63.7 degrees (43.8-76.5) in ETOH; 63.7 degrees (41.7-

76.0) in NASH; 64.9 degrees (45.3-80.3) in other non-cholestatic cirrhosis and 63.4 

degrees (18.6-75.9) in cirrhotic patients with HCC. In patients with cholestatic cirrhosis, 

the median α-Angle was 70.3 degrees (37.5-79), which is significantly higher than each 

of the other groups. 

Normal-to-decreased MA in non-cholestatic cirrhosis, but normal-to-
increased values in cholestatic cirrhosis
In Figure 2D, it is shown that the MA, indicating maximal clot strength, was decreased in 

45% of patients combined, normal in 52% and elevated in 3% with a median of 51.7 

mm. (24.7-79.7) against a normal range of 50.6-69.4. The median MA decreased with 

disease severity (i.e., Child-Pugh A, 55.4 mm.; B 50.6, mm.; and C, 49.4 mm.) (Figure 

3D). When subdivided by aetiology, MA was 49.3 mm. (26.7-69.3 in HBV/HCV; 53.5 

mm. (32.4-68.5) in ETOH; 52.1 mm. (34.3-67.6) in NASH; 54.2 mm. (35.7-69.3) in other 

non-cholestatic cirrhosis patients and 50.8 mm (24.7-69.2) in cirrhotic patients with HCC. 

Whereas the largest proportion of patients with non-cholestatic cirrhosis had MA values 

within or below reference range, 43% of the cholestatic patients had values above it. 

Indeed, the median MA in this group was 63.8 mm. (33.5-79.7), which is significantly 

higher than each of the other groups. 

Normal Ly-30 in cirrhosis regardless of the aetiology 
In Figure 2E, it is shown that the Ly-30, indicating the percentage of clot lysed within 

30 min. after reaching MA, was normal for all patients, with a median (range) of 0.5 % 

(0-5.2) of all patients combined (normal range 0-7.5). Ly-30 was 0.5 % (0-4) in HBV/HCV; 

0.8 % (0-5.2) in ETOH; 0.25 % (0-3.7) in NASH; 0.6 % (0-2.5) in cholestatic; 0.15 % 

(0-5.1) in other non-cholestatic cirrhotic patients and 0.1 % (0-2.9) in cirrhotic patients 

with HCC. The median Ly-30 decreased with disease severity (i.e., Child-Pugh A, 0.6%; 

B, 0,5%; and C, 0.1%) (Figure 3E).

K-time, α-Angle and MA correlate with platelets and fibrinogen in 
cirrhosis
In this large group of patients with cirrhosis, K-time, α-Angle and MA correlated with 

platelet count (r=-0,45; r=0.52; r=0.74, respectively; p<0.0001) as well as with fibrinogen 

levels (r=-0.52; r=0.55, r=0.78, respectively; p<0.0001). These correlations were consistent 

regardless of the aetiology, as further demonstrated in Table 3. Platelet count, fibrinogen 

levels as well as INR also associated with disease severity as shown in Figure 3F-H. 
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9 8Figure 2. Admission TEG parameters of patients with cirrhosis combined or subdivided by aetiology 
of disease. (A) R-time, (B) K-time, (C) α-Angle, (D) Maximum Amplitude (MA) and (E) Lysis-30. 
Reaction and K-time are expressed in minutes, α-Angle in degrees, MA in millimeter and Lysis-30 in 
percentage of clot lysed 30 minutes after reaching MA. Horizontal bars represent medians. * P<.05 
in comparison with each group of non-cholestatic patients. Grid lines indicate the upper and lower 
limit of the normal range.

TEG parameters at admission do not predict thrombosis, bleeding 
events, and transplantation or death in patients with cirrhosis. 
As shown in Figure 4, TEG parameters at baseline did not significantly differ between 

patients who experienced thrombosis or bleeding events during follow up or between 

patients that underwent transplantation or died compared to those who survived during 

follow-up. Nevertheless, the limited number of patients that experienced a thrombotic 

event during follow-up had a lower median R-and K-time and higher median MA and 

α-Angle at baseline compared to the median of those who did not suffer from thrombosis. 
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Table 3. Correlations between TEG parameters and INR, platelet count or fibrinogen levels according to 
aetiology. Coefficients were computed using Pearson r correlation, with p<0.05 considered significant 
and n.s. not significant.

HBV/HCV ETOH NASH Cholestatic
Non‐
cholestatic HCC

Patients 
combined

INR
K‐time 0.4024 

(P=.002)
0.8518 
(P<.0001)

n.s. n.s. 0.373 
(P=.0325)

n.s. 0.4004 
(P<.0001)

α‐Angle −0.3982 
(P=.002)

−0.48 
(P=.047)

n.s. n.s n.s. n.s −0.3141 
(P<.0001)

MA −0.4936 
(P<.0001)

−0.7028 
(P<.0001)

−0.3398 
(P=.0493)

n.s. −0.5765 
(P=.0004)

n.s −0.3308 
(P=.0664)

Platelet count
K‐time −0.5119 

(P<.001)
−0.5984 
(P=.002)

−0.6305 
(P<.0001)

−0.5153 
(P=.0141)

−0.5766 
(P=0.0004)

−0.3884 
(P=.0076)

−0.4525 
(P<.0001)

α‐Angle 0.4585 
(P<0.001)

0.5653 
(P=.0006)

0.5964 
(P=.0002)

0.5818 
(P=.0045)

0.5297 
(P=.0015)

0.469 
(P=0.001)

0.5189 
(P<.0001)

MA 0.662 
(P<.0001)

0.7542 
(P<.0001)

0.7224 
(P<.0001)

0.8034 
(P<.0001)

0.7073 
(P<.0001)

0.7788 
(P<.0001)

0.7353 
(P<.0001)

Fibrinogen levels
K‐time −0.486 

(P<.0001)
−0.6338 
(P=.0001)

−0.7155 
(P<.0001)

−0.6169 
(P=.0022)

−0.6384 
(P<.0001)

−0.4227 
(P=.0038)

−0.517 
(P<.0001)

α‐Angle 0.4769 
(P<.0001)

0.3988 
(P=0263)

0.6955 
(P<.0001)

0.617 
(P=.0022)

0.5471 
(P=.001)

0.5015 
(P=.0004)

0.5499 
(P<.0001)

MA 0.6637 
(P<.0001)

0.7379 
(P<.0001)

0.7597 
(P<.0001)

0.8063 
(P<.0001)

0.7425 
(P<.0001)

0.7566 
(P<.0001)

0.7766 
(P<.0001)

Coefficients were computed using Pearson r correlation, with P<.05 considered significant and n.s. indicates 
not significant

Also, no associations with outcome were found when groups with different aetiologies 

were investigated separately or when patients with Child-Pugh B and C cirrhosis were 

combined into a single group (i.e., with advanced disease at baseline) (data not shown). 

DISCUSSION
The above study of kaolin‐initiated TEG shows a generally preserved function of 

the haemostatic system in cirrhosis. This is in line with earlier studies using TEG in patients 

with cirrhosis (5, 13).  Nevertheless, this is the largest study of TEG in cirrhosis so far, 

which allowed comparison between groups with different aetiologies of underlying 

liver disease, but with similar baseline characteristics. In addition, data on outcome 

were gathered prospectively over an average period of almost 3  years to investigate 

the predictive potential of the test for bleeding, thrombosis, and liver transplantation 

and/or death.



171

9 8

Figure 3. Association between TEG and laboratory parameters measured at admission and disease 
severity. (A) Reaction time, (B) Kinetic time, (C) α-Angle, (D) Maximum Amplitude (MA), (E) Lysis-30, 
(F) INR, (G) Platelet count and (H) Fibrinogen levels classified according to Child-Pugh A, B or C. 
Horizontal bars represent medians. **P<0.1 and * P<.05 in comparison with Child-Pugh A patients.
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Figure 4. Association between TEG parameters measured at admission and disease outcome. (A) 
Reaction time, (B) Kinetic time, (C) α-Angle, (D) Maximum Amplitude (MA) and (E) Lysis-30 in 
patients who did or did not experience a bleeding or thrombotic event and, in transplant-free 
survivors or patients who received a transplant or died. Horizontal bars represent medians.

We found that regardless of aetiology, the majority of patients with cirrhosis had TEG 

parameters within normal reference range, whereas a significant proportion also had 

parameters outside the normal range. Hypocoagulable features reflected by increased 

K‐time and decreased α‐Angle and MA were found in 16‐45% of patients. The latter 

was not reflective of the cohort as a whole. Indeed, compared to the other aetiologies, 

TEG values in patients with cholestatic liver disease were significantly different. This 

group demonstrated hypercoagulable tendencies, notably increased MA values above 

the normal upper limit, probably because of higher fibrinogen concentrations and platelet 

count compared to the other aetiologies in combination with platelet hyperreactivity, 



173

9 8

which is in accordance with previous studies (6,14). Ultimately, however, clot dissolution 

30 minute after MA was well within normal limits in all groups. In addition, despite some 

patients having abnormal TEG measurements on admission, this had no implication for 

their clinical outcome: TEG parameters between patients that did or did not experience 

bleeding, thrombosis, death and/or liver transplantation were similar, indicating that 

the test has no value in predicting these events.

We and others have systematically shown that primary and secondary haemostasis 

are preserved in cirrhosis, with distinct hypercoagulable features, and the present study 

adds up to the concept of a rebalanced haemostatic system in cirrhosis. We have first 

demonstrated that elevated levels of the platelet adhesive protein von Willebrand factor 

(over)compensate for abnormalities in platelet number and function (15). Others have 

subsequently shown that the thrombin generating capacity in blood samples taken for 

patients with cirrhosis was preserved (3)  (even increased in advanced cirrhosis (16-18), 

as a consequence of a simultaneous decrease in pro‐ and anticoagulant factors. More 

importantly, these laboratory studies have contributed to a major shift in the understanding 

of the clinical consequences of cirrhosis‐associated coagulopathy. Expert opinion now 

suggests that bleeding in many (surgical) cases are/were more likely due to haemodynamic 

changes in patients with cirrhosis than to an underlying haemostatic disorder (2). It is now 

also acknowledged that patients with cirrhosis are not “auto‐anticoagulated”; they are 

not protected from thrombotic events even when PT/INR and aPTT are prolonged, or 

when platelet counts are low (19).  In fact, it is increasingly recognized that thrombosis 

can be a major complicating factor in cirrhosis (20) and may even contribute to disease 

progression (21)

While the results of this study confirm relatively preserved haemostasis in patients 

with cirrhosis of diverse aetiologies, it raises some concerns on how to interpret abnormal 

TEG results in stable patients with cirrhosis. Notably, the lack of correlation with clinical 

outcome needs further appreciation, because ultimately this questions the utility of TEG 

in patient management beyond routine diagnostic tests of haemostasis and the operation 

theater. So far, there is only evidence that TEG might be useful in detecting an invasive 

procedure‐related bleeding or thrombotic risk in cirrhotic patients (8,9,22,23) as well 

as early rebleeding following sclerotherapy (7).  A recent randomized study looking at 

patients with cirrhosis undergoing invasive procedures, compared standard haemostasis 

screening tests (platelet count and PT) with TEG. It showed that the latter was more 

useful in deciding whether allogenic blood product transfusion was necessary (24). One of 

the reasons why TEG has not proven useful in stable patients with cirrhosis is that it is still 

not sophisticated enough detect the full range of potential changes in the haemostatic 

system. This logically hampers accurate (long‐term) prediction of thrombosis or bleeding, 

although the lack of association between low K‐time/α‐Angle/MA and bleeding reported 

here can easily be explained by the current notion that bleeding in cirrhosis is usually 

secondary to haemodynamic changes (ie, variceal bleeding due to increased pressure in 

the splanchnic venous system) (2).



174

98

Kaolin‐modified TEG is inherently limited by its initiation of the intrinsic clotting cascade 

which does not reflect physiological (tissue‐factor driven (TF)) clotting dynamics. However, 

even in TF‐triggered TEG, the absence of thrombomodulin prohibits protein C activation 

during clot formation, and therefore TEG does not fully reflect the balance between pro‐ 

and anticoagulant drivers. Also, while TEG can be useful in recognizing a hyperfibrinolysis‐

related bleeding risk, it is not designed to detect a potential thrombotic risk driven by 

hypofibrinolysis. We have recently shown that clots from patients with cirrhosis are less 

permeable compared to healthy individuals despite impaired clot formation, and hence 

these are relatively resistant to lysis (25).  The proposed underlying mechanism is that 

a reduced potential of fibrinolytic proteins to permeate through the clot increases the risk 

of thrombus development. Failure to detect thrombogenic clot phenotypes in cirrhosis 

may also partly explain why the TEG has not proven useful in predicting outcome in  

this study.

A simpler explanation as to why we did not find a correlation between TEG and clinical 

outcome is that the incidence of thrombosis was either too low to detect one or that 

the time period between TEG measurements and measures of outcome was too long. In 

the present study, thrombosis incidence was 3%, and interestingly, there were no cases 

of thrombosis in cholestatic disease group, which clearly stood apart by demonstrated 

hypercoagulable features of TEG. Moreover, there were only two cases of thrombosis in 

the HCC group, while it is well known that malignancies are associated with an increased 

risk of thrombotic events. The low incidence of thrombotic events in our study was not 

necessarily lower than previous studies of venous thrombosis in cirrhosis (incidence of 

0.5‐6.5%)(16,  26-28). but nevertheless highlights that it will be extremely difficult to 

predict thrombotic events in the general cirrhotic population. Also, because the clinical 

phenotype of patients may be altered radically during disease progression, there will be 

variations in thrombotic or bleeding risk over time, which makes it difficult to identify 

the ideal time point for TEG measurement in the individual patient. Preferably, future 

prospective studies would incorporate serial TEG measurements to identify the time 

window wherein the test has predictive potential. In addition, to validate the test as 

a predictor of thrombosis and/or disease progression, a critical first move forward will be 

to identify target groups that have high risk for thrombotic events in the short‐term. One 

approach would be to adopt the PADUA prediction score that identifies admitted patients 

at high‐risk for VTE (29)  and to compare it with TEG in a randomized study of VTE 

risk detection in hospitalized patients with cirrhosis. Prospectively, TEG could even guide 

thromboprophylaxis by measuring individual and potentially supra‐/sub‐clinical response 

to therapy.

In conclusion, a single kaolin activated TEG measurement does not predict future 

bleeding or thrombosis in stable patients with cirrhosis. Future studies designed to 

determine if the TEG is sensitive enough to detect haemostatic changes in cirrhosis 

should include either serial TEG measurements from baseline up to the bleeding/
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thrombotic event (to better evaluate the dynamic nature of the haemostatic abnormalities 

in patients with cirrhosis), and/or a TEG measurement at the time of or shortly after 

the bleeding/thrombotic event. Nevertheless, this study of TEG provides evidence of 

preserved haemostatic function in a large group of patients with cirrhosis across a variety 

of aetiologies. It adds to an increasing number of epidemiological, clinical, and in vitro 

studies documenting rebalanced haemostatic function in cirrhosis.
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SUMMARY
In Chapter 1 we introduce the reader to the fundamentally new concept of 

a “hypercoagulable state” in cirrhosis and weigh this against the antiquated but 

prevailing dogma of “auto-anticoagulation”.  It is followed by a comprehensive review of 

the pathophysiological mechanisms underlying the increased risk of venous, arterial, and 

portal vein thrombosis demonstrated in epidemiological and clinical studies of thrombosis 

in patients with cirrhosis. Finally, the use of anticoagulant agents to treat thrombotic 

complications in cirrhosis is discussed, in addition to their potential to reduce disease 

progression by preventing intrahepatic thrombosis. 

In Chapter 2 we review platelet abnormalities in liver failure specifically and discuss 

why this may affect clinical management. We also discuss how more modern platelet 

function testing may better reflect complex changes in platelet function in vivo compared 

to routine laboratory tests.  

In Chapter 3 we show that acute liver failure leads to a massive release in the platelet-

adhesive protein von Willebrand factor (VWF) and in an unbalance between VWF 

and its cleaving protease ADAMTS13. The decrease in ADAMTS13 does not result in 

the formation of high-molecular-weight or ultra-large VWF multimers, which bind platelets 

more easily. Nevertheless, a more severe VWF/ADAMTS13 unbalance is associated with 

a more progressive disease course, possibly because of platelet-induced microthrombus 

formation in the diseased liver (i.e., intrahepatic thrombosis).

In Chapter 4 we demonstrate that a VWF/ADAMTS13 unbalance also occurs in lung 

transplantation and coronary artery bypass graft (CABG) surgery. We discuss how this 

may negatively affect their outcome and should prompt a cautious approach towards 

platelet transfusion in such situations.  

In Chapter 5 we comment on a study conducted by Tersteeg and colleague that 

showed that plasmin, a pro-fibrinolytic enzyme, can regulate the size and thus 

the reactivity of von Willebrand factor when ADAMTS13 levels are low. We make the case 

that this may explain why ultra-large hyperreactive von Willebrand factor was not found 

in the systemic circulation of our patients with acute liver failure or of those undergoing 

liver and lung transplantation, but also why it not found in other diseases characterized 

by low ADAMTS13 levels, such as malaria. We think that plasmin may function within 

a backup mechanism to prevent (more) thrombosis and hence that there is a promising 

future for studies using therapeutic plasminogen activators to reduce thrombosis-related 

disease progression in patients who have low ADAMTS13 levels. 

In Chapter 6 we show that IV fluid-induced haemodilution which decreases plasma 

levels of both pro-and anticoagulant proteins can further tip the haemostatic balance 

towards a prothrombotic state in lung transplantation. Together with unbalance in 

the VWF/ADAMTS13 ratio, this partly explains the high rate of thrombotic events generally 

occurring in this group of patients. Besides, we show how this can directly lead to poor 

recovery post-procedure. Based on these findings, we recommend that physicians adopt 



182

108

a cautious approach to IV fluids during lung transplantation. We now propose that this 

recommendation may be extended to other clinical situations in which large volumes of 

fluids are routinely infused.

In Chapter 7 we investigate the consequences of low Thrombin-Activatable Fibrinolysis 

Inhibitor (TAFI) in liver failure. TAFI is produced by the liver and has both anti-fibrinolytic 

and anti-inflammatory properties, and low levels may, therefore, lead to less intrahepatic 

thrombosis or more inflammation. Using mouse models of chronic and acute liver failure, 

we show that the anti-inflammatory properties of TAFI prevail over the anti-fibrinolytic 

effect. Mice that have the TAFI gene knocked out show a more progressive disease 

course compared to wildtypes. Over time, however, TAFI levels become severely reduced 

in the wild type mice too, and therefore they ultimately suffer the same damage to liver 

tissue as their TAFI knock-outs counterparts.

In Chapter 8 we demonstrate in an in vitro study that clot formation in cirrhosis 

is delayed but ultimately the permeability of clots is decreased. We attribute this to 

procoagulant changes in fibrin metastructure resulting from excessive carbonylation 

(i.e.., oxidation) of fibrinogen, which appears to compensate for decreased fibrinogen 

level generally observed in these patients. We argue that a procoagulant clot structure 

contributes to the thrombotic risk associated with the disease.

In Chapter 9 we investigate the value of thromboelastography (TEG) to predict 

bleeding, thrombosis or a progressive disease course (through intrahepatic thrombosis) 

in a large group of stable patients with cirrhosis. TEG is a sophisticated laboratory test 

that measures haemostatic function and clot stability. The test was not predictive for any 

of the outcomes, but the study showed that haemostatic function and clot stability was 

generally preserved across a wide variety of aetiologies, which was yet unknown. 
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GENERAL DISCUSSION
Many may have heard stories of bloody theatre scenes during liver transplantation or seen 

pictures of uncontrollable nosebleeds in patients with cirrhosis and, most importantly, 

observed how this coincided with abnormal routine tests of haemostasis such as 

a prolonged INR and low platelet count or increased plasma markers of fibrinolysis, 

such as D-dimer and plasmin-antiplasmin complexes. For a long time, there has been 

the notion that patients with liver disease were comparable to patients with haemophilia: 

they can bleed both easily and profoundly (1-3). This perceived increased risk of bleeding 

still exists among many physicians. It has been strengthened by the design of clinical 

trials of anticoagulant agents in which patients with cirrhosis are generally excluded. 

In other cases, doctors have been deterred by warnings of cautious anticoagulant drug 

use on leaflets. This influences clinical decision making. Anticoagulation therapy can be 

routinely withheld or delivered at a reduced dose, for example. When a patient develops 

a thrombotic complication, it is often put down to everything but their underlying disease, 

despite emerging and convincing evidence that liver failure is an independent risk factor 

for thrombosis (4).

New insights from the laboratory
New insights such as those erupting from this thesis are contributing to a new concept. 

The concept is that there is a real thrombotic risk associated with liver failure, even when 

the numbers of platelets and coagulation factors are low. We know now from laboratory-

based studies that the complex changes of the haemostatic system in liver failure are 

ultimately rebalanced and may even drive a hypercoagulable state. Therefore, the practice 

of generally withholding antithrombotic treatment has become indefensible, even when 

coagulation tests such as the INR are prolonged (5). This is the result of 20 years of research 

on the role of the haemostatic system and its components, not in the least by the Surgical 

Laboratory in Groningen, where adoption of state-of-the-art new technologies allowed 

for better measurements that help infer how the haemostatic system functions the human 

body. We now understand that it is too simple to conclude that a prolonged INR or 

a reduced platelet count in isolation reflects an overall reduced haemostatic function 

(6). In turn, while the elevated levels of D-dimers and plasmin-antiplasmin complexes 

in liver failure suggest hyperfibrinolysis, they appear to be caused by defective hepatic 

clearance rather than accelerated activation of hyperfibrinolytic molecules (7). Other 

evidence generated out of our laboratory shows that the haemostatic rebalance tends 

to be more fragile compared to patients with an intact liver function. Besides, our team 

has demonstrated that the haemostatic system of patients with liver failure is activated 

at baseline across a variety of aetiologies, examples of which are demonstrated in this 

thesis (5,8). 
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New insights from the surgical theatre
Observations in the surgical theatre no longer support the view that patients with 

advanced liver failure only “easily bleed”. For example, whilst bleeding in patients 

undergoing liver transplantation in the 1980s was comparable to patients with major 

trauma, advancement in anaesthetic and surgical techniques have now greatly reduced 

the number of blood transfusions needed during the procedure. Many procedures can 

now be done without transfusion (9). Clinical evidence for the efficacy of transfusion 

for prophylaxis or treatment of bleeding is also lacking. Our team has shown that when 

patients with liver failure undergo major surgery, they are generally at increased risk of 

developing thrombosis perioperatively (10,11). We thus encourage physicians to treat 

them in the same way as they would treat the general surgical population. We encourage 

to adopt a cautious approach to blood product transfusion and to routinely administer 

antithrombotic prophylaxis in the immediate post-operative period. 

New approaches to bleeding in the peri-operative period
In liver transplantation, the threshold for platelet and fibrinogen transfusion (historically 

50.000/uL for platelets and 120mg/dL for fibrinogen) has been raised. There is a lack 

of evidence that preoperative correction of thrombocytopenia and elevated PT/APTT 

with substantial volumes of fresh-frozen plasma (FFP) or platelets concentrate improves 

haemostatic function or outcome (12). There is a proven better outcome without them. 

Transfusion-related side effects such acute lung injury are better recognized. The practice 

of prophylactic transfusion, whilst still common in some centers, has become unjustified 

in most cases except during some very high-risk procedures.  

If the procedure is perceived to involve a very high-risk of haemostatic bleeding, 

relatively safe antifibrinolytics are now considered the first choice as means of prophylaxis. 

Antifibrinolytic drugs exert positive effects on multiple facets of the haemostatic system, 

notably platelets, and are not associated with fluid overload and increased portal pressure 

(13). However, randomised studies that compare liberal FFP or platelets concentrate with 

no blood products or with alternative prohemostatic agents such as antifibrinolytics are 

yet to be conducted in both prophylactic and treatment settings. Nevertheless, given 

the potentially serious side-effects, blood product transfusion should effectively be 

considered only when a haemostatic bleed occurs. This means that if a bleed occurs 

a mechanical or surgical cause should be ruled out first. If transfusion is urgently needed 

(i.e., when there is bleeding from multiple or non-identifiable sites or delayed bleeding 

despite adequate haemostasis), low-volume blood products such as prothrombin complex 

concentrate or fibrinogen should be preferred over FFP or platelets concentrate. This is 

because any worsening of portal hypertension or engorgement of the collateral bed as 

a consequence of fluid overload can paradoxically worsen a bleed (14). 
In this regard, viscoelastic test tracings have proven useful to guide haemostatic 

function during transfusion. They have helped reduce blood product administration (15) 
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and identify patients at higher risk of hypercoagulable complications (16). Indeed, whilst 

the effects of a range of pro-haemostatic agents on procedural bleeding are currently 

being examined, one should also remain vigilant of the risk of thrombosis when using 

these products (17).

New approaches to bleeding in non-surgical patients
Non-surgical patients with liver failure have a risk of spontaneous bleeding, which is in 

most cases related to portal hypertension. Together with local vascular abnormalities, 

portal hypertension can lead to gastrointestinal varices (enlarged or swollen veins) 

being formed. These can spontaneously rupture. Variceal bleeding is thus generally not 

considered a direct result of haemostatic dysfunction. This is supported by evidence from 

studies showing that anticoagulant drugs do not appear to worsen a variceal bleed when 

it occurs and that rapid administration of recombinant Factor VIIa does not appear to be 

able to stem a variceal bleed (18,19). A recent international randomised, double blind 

placebo-controlled trial (HALT-IT) found that tranexamic acid did not reduce death from 

gastrointestinal bleeding (20). On the basis of these results, tranexamic acid and other 

procoagualant drugs should not be used for the treatment of gastrointestinal bleeding 

outside the context of a randomised trial. From a haemostatic point of view, most non-

surgical patients with stable liver failure, therefore, will have a low bleeding risk. When 

a bleed occurs this is often the result of other issues unrelated to haemostasis such as 

vessel rupture or poor quality of the vascular bed. When a gastrointestinal varices is 

found, therapy with non-selective beta-blockers should be initiated or they should be 

routinely ligated. Such precautionary measures may be more effective and will be likely to 

reduce the rate of bleeds in general. 

There will be some patients at the extremes of disease who may still experience 

spontaneous or delayed haemostatic bleeding during or immediately after invasive 

procedures if any or all of the haemostatic systems (platelet, coagulation, fibrinolysis) fail 

to be rebalanced to support a normal function. Collective results from a recent cohort 

study in critically ill patients with liver failure admitted to the Intensive care unit (ICU) 

show a rebalanced haemostatic system with clear hyper-and hypocoagulable features 

that may predispose to bleeding and thrombosis (21). However, their fragile haemostatic 

rebalance appears to become destabilized more easily, either by acute decompensation 

or acute or worsening co-morbidities such as renal failure or systemic disturbances 

such drugs, acidosis, hypocalcaemia or hypothermia or because of an active infection 

where the endogenous release of heparinoids may contribute to an anticoagulant effect. 

The clinical reality is that these complex patients may present with both bleeding and 

thrombotic complications simultaneously. As a result, in the ICU there appears to be 

a tendency towards a less cautious approach to transfusions. This is partly based on 

reports of an increased frequency of spontaneous bleeding or bleeding following risky 

procedures in this setting (22,23). However, questions remain about the validity, safety 
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and effectiveness of routinely offering blood product transfusions in patients in the ICU 

and other high-risk patient groups burdened by an unstable haemostatic system.

This thesis
The thesis aimed to provide further evidence on how the haemostatic system becomes 

destabilized or overactivated and describes how this may contribute to liver and lung failure 

progression across a variety of aetiologies. We provided further evidence that endothelial 

activation via VWF release and a simultaneous decrease in levels of its cleaving protease 

ADAMTS13 plays a major role in haemostatic activation and compensates for low platelet 

levels. We showed that further lowering of anticoagulant factors via haemodilution 

removes important control mechanisms for haemostatic activation, essentially leading 

to a pro-haemostatic state. We showed that whilst previously dysfibrinogenemia and 

low fibrinogen levels were associated with impaired clot formation in cirrhosis, this does 

not necessarily translate to a decreased haemostatic capacity. On the contrary, clots of 

patients have thrombogenic features as evidenced by reduced permeability likely because 

of an oxidative transformation of fibrinogen’s structure. Furthermore, almost all studies 

associated haemostatic activation with worse clinical outcome suggesting that it either 

contributes to intraorgan thrombosis and subsequent ischaemia and loss of tissue or 

directly progresses the disease process in another way. For example, we provide evidence 

that when levels of one of the haemostatic components produced by the liver, TAFI, are 

low this increases inflammation. This indicates that the haemostatic system can contribute 

to disease progression in other ways adjacent to or even independently of thrombosis.

New challenge: predicting bleeding and thrombosis
We have only just begun unravelling some of the processes that help tip the balance 

towards systemic complications or intraorgan thrombosis. Continuing this work is 

important because we ultimately aim to develop effective therapies against systemic 

thrombosis and haemostasis related disease progression. But there is a simultaneous 

challenge at hand to predict which patient will bleed or develop thrombosis and even 

haemostasis-related disease progression. In the latter cases, we need to predict who will 

be likely to be harmed and who will benefit from anticoagulant therapy. To achieve this 

we must do more than dissect the processes that lead to an elevated thrombotic risk. 

We must identify that patient or patient group in which the thrombotic or bleeding risk 

materializes sufficiently to decide when treatment is justified or deemed too high risk.

As demonstrated in the previous chapter, this is where laboratory-based research can 

lead to a breakthrough. In the first instance because in theory laboratory tests, such as TEG, 

can indicate a bleeding or thrombotic risk in specific individuals or groups by mimicking 

what happens in vivo, but mostly because they may predict bleeding or thrombosis by 

continuously telling us what is changing in vivo. In the same chapter, we discuss that this 

becomes more difficult as the time window between sampling and the actual thrombotic 
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event increases. A positive test indicating an elevated risk of bleeding or thrombosis 

appears to lose its predictive value over time. This is because disease progression and 

hence the risk increase is not always linear: in cirrhosis, repetitive injury from alcohol 

or hepatitis virus may stimulate disease progression, and in turn, increases the risk, but 

this is undone when a patient is treated with antiviral drugs or when they cut down on 

their alcohol use, become more active or lose weight, for example. In advanced cirrhosis, 

the prediction is further complicated by the fragile haemostatic balance. In theory, 

the haemostatic balance can shift each time a new stressor arises, such as acute infection 

or acidosis.

It may thus prove to be difficult to make long-term predictions (months/years), 

but in the short term (days/weeks) a test is more likely to keep its predictive potential 

(24,25). Certain conditions must be met, however. One of them is that the test must 

be as ‘physiological as possible’. This means that it should retain most if not all qualities 

of the haemostatic system in vivo. This why perhaps unsurprisingly simple tests such 

(prolonged) PT/INR or platelet levels have failed to predict bleeding in cirrhosis in the past. 

One explanation for this is that INR and when measured in isolation do not adequately reflect 

the haemostatic function as a whole. This hampers predictive value unless coagulation 

factors and platelet numbers become so low that they cannot be compensated for. 

‘Critical mass’ is reached and these “pillars” of the haemostatic system collapse. Indeed, 

severe thrombocytopenia (<30 x 109 /L) and very low fibrinogen level <60 mg/dL predict 

bleeding, but only in critically ill patients (23) and not in patients with stable cirrhosis or 

acute liver failure who may have retained some compensatory mechanisms (5). In critically 

ill patients the bleeding risk is confounded by other complications of severe liver failure, 

thus whether severe thrombocytopenia or very low fibrinogen single handily increase 

the bleeding risk can be debated. Nevertheless, it may be clinically wise to transfuse such 

patients among other interventions aimed at supporting a normal haemostatic function 

such as maintaining the acid-base balance.

Advantages and limitations of TEG in predicting bleeding and 
thrombosis
The development of viscoelastic tests such as TEG, the whole blood-based test described 

in this thesis, introduced an “as good at it gets” method when it comes to estimating 

haemostatic function in vivo. TEG measures clot formation and when primed with 

tissue plasminogen activator (TPA), clot breakdown. The test has clear advantages over 

measuring isolated platelet or factor levels and therefore may prove more valuable in 

aiding risk assessment and prediction. But still, it does not fully grasp the “local” influence 

of the endothelium in the human body. This is a thin but complex layer of cells covering 

the vessel wall. In humans, it has a total surface area of 4000–7000 m2 which around 

the size of a football field and in liver disease it is continuously activated as evidenced by 

ongoing VWF release in the blood from the liver endothelium (26). The endothelium is 
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the maestro of haemostasis control, by activating platelets and triggering coagulation, 

but also by simultaneously releasing inhibitors that contain clot formation, such tissue 

factor inhibitor and thrombomodulin (via hepatocyte derived Protein C) or activators of 

clot breakdown, such as TPA. These control mechanisms were evolved to prevent deadly 

thrombosis. Thus, if a laboratory test such as TEG indicates an increased risk of bleeding 

or thrombosis, it will have done so without taking into account changes in VWF, protein 

C and TPA among other endothelial releasates which it cannot detect. The test has also 

not been designed to fully detect hyper-and hypofibrinolysis or thrombogenic features of 

clots. Hence, abnormal TEG results should be appreciated as being an ‘as-good-as-it gets’ 

albeit incomplete indicators of thrombotic or bleeding risk. One small study of serial TEG 

measurements using blood of cirrhotic patients associated thrombelastographic changes 

with early rebleeding between 24 hours and seven days after admission for variceal 

bleeding (23).

Composite risk-score calculation
Each laboratory test has its limitations, but when virtually all tests point towards a risk of 

bleeding or thrombosis in liver failure, it would make sense to calculate their combined 

predictive potential. But this approach, even if promising, may prove too cumbersome 

or costly to be applied on a routine basis in clinical practice. Another approach would 

be to strengthen the predictive potential of a lab test by merging it with a calculated 

risk-score. This composite risk-score could combine abnormal results of TEG, or another 

standardized near-physiological test with general patient-related risk factors. For 

thrombotic risk prediction, this would include age >40 years, obesity, advanced disease, 

systemic disturbances, oestrogen use, immobility, previous history of VTE, MI or stroke, 

among others such as found in the PADUA prediction score for risk of VTE (27), for 

example. This new algorithm would need to be validated in prospective cohorts of several 

thousand individuals with liver failure of different sorts and nature, which is estimated 

based on generally low VTE rates in the population. Ideally, its value would be examined in 

the context of disease progression too. It could predict which patients will be at high-risk 

into developing a decompensated liver disease, because of intra-organ thrombosis. This 

would involve patients with more advanced stages of cirrhosis, patients with acute liver 

failure, and patients on the transplantation waiting list. 

Treating disease progression with anticoagulation: possibilities and 
pitfalls
It has already been demonstrated that when patients with advanced but compensated 

cirrhosis are treated with anticoagulant drugs for PVT that this also prevents fibrosis 

progression towards a stage of decompensated liver disease. One of the proposed 

mechanisms of action is that these drugs open up the thrombosed liver microvasculature, 

although this needs further confirmation (28). Nonetheless, this is thought-provoking. If 
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confirmed, it opens up a new horizon for anticoagulation therapy. Generally administered 

to treat or prevent macrovascular complications, anticoagulant therapy could be applied 

more broadly to treat the underlying disease as well by preventing microvascular thrombosis 

within the affected organ. Examples include treatment of intrahepatic thrombosis, but 

also in atrial fibrillation (AF) where anticoagulation therapy is given to prevent stroke but 

appears to delay the new onset of (vascular) dementia, as well (29-33). However, some 

types of anticoagulant medications may also lead to worse outcomes in patients with AF 

such as reduced kidney function and the new onset of acute myocardial infarction (34,35). 

Warfarin inhibits the vitamin K dependent protein matrix gamma-carboxyglutamic acid 

and this may promote renovascular calcification and progressive nephropathy (36-38). 

This highlights that a beneficial effect within one organ may be negated by an adverse 

one within another and therefore a careful examination of the effects of anticoagulant 

drugs on a multiple organ level is warranted. 

The promise of new antithrombotic drugs
We are slowly leaving the era of ‘bulldozer’ anticoagulation such as warfarin behind us. We 

are moving forward towards promising fine-tuned direct-acting inhibitors of coagulation 

proteins or proteins involved in platelet adhesion/activation. This offers a new opportunity 

of treating patients with minimal risk of collateral damage or bleeding. The ultimate 

goal is to target only those components of the haemostatic system that contribute to 

the thrombotic risk. This can be achieved through decreasing their levels or activity, ideally 

only within the affected organ, without affecting the backbone of components that are 

needed to maintain normal haemostasis or indeed that of other processes that positively 

influence the disease course. Promising strategies include recombinant ADAMTS13 or 

direct VWF inhibitors (39) or as proposed in this thesis, fibrinolytic therapies. These agents 

target platelet activity by specifically containing VWF hyperreactivity. In this thesis, VWF 

hyperreactivity was associated with a poor outcome in patients with liver and lung failure, 

likely because of the formation of platelet-rich thrombi. Other promising strategies, such 

antioxidant supplements to prevent fibrinogen dysfunction or the use of fibrinolytic 

therapies to target thrombogenic clot formation also warrants further exploration. 

Studying the safety and efficacy of different anticoagulant drugs in the 
laboratory
By conducting in vitro tests using the blood of patients with cirrhosis of different degree 

our team has investigated the safety and efficacy of various anticoagulants available on 

the market. We found the extent by which thrombin generation is inhibited by these 

drugs differs considerably between patients and healthy control and between groups 

of anticoagulant medication (40). The anticoagulant effect of direct thrombin inhibitors 

increased proportionally with the severity of the disease. In contrast, only a slightly 

increased anticoagulant response to was observed when adding heparin and low-
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molecular-weight heparin to cirrhosis plasma. The anticoagulant potency of oral direct Xa 

anticoagulants such Apixaban or Rivaroxaban was reduced compared to injectable low-

molecular-weight heparins. Taken together these results highlight that in addition to dose 

adjustments based on altered pharmacokinetics, drug-specific dose adjustments based 

on altered anticoagulant potency in the laboratory may be required in some patients. 

Monitoring of anticoagulant potency after initiation of treatment
Vitamin K antagonists (VKAs) decrease levels of vitamin K-dependent procoagulant factors 

II, VII, IX, X and anticoagulant proteins and C, all of which can be already reduced in 

cirrhosis. Thus, since the INR can be already elevated in liver failure, this logically hampers 

determining an appropriate target range for VKAs, such as warfarin. Modified anti-FXa/

FIIa probably better estimate drug bioavailability of heparin and direct oral anticoagulants 

(DOACs), but not necessarily their anticoagulant activity in vivo. Therefore the utility of 

such tests may be limited to screening for an increased bleeding risk in patients taking 

them. In a worst-case scenario, this may lead to false dose-adjustments being made. More 

sophisticated technologies such as TEG may be better at estimating the anticoagulant 

potential in vivo and thereby better guide dose adjustments, but this needs to be  

further determined. 

Experiences with different classes of anticoagulant drugs in the clinic
Studies that have looked at the safety and efficacy of new and classical anticoagulant drugs 

in cirrhosis have shown promising results so far. These studies have caveats, however. 

They are often not randomised, treatment regimens are relatively short compared with 

the time of treatment that would be required to reduce the progression of the disease 

and they tend to include patients with stable disease only. One meta-analysis examined 

anticoagulation in patients with stable cirrhosis and PVT (41). It showed pooled bleeding 

rates (i.e., minor and major) of 3.3% for LMWH or VKA which is considered acceptable. 
Other studies looking at LMWH for VTE prophylaxis and LMWH/VKA for VTE treatment 

also indicate relatively low bleeding rates in (hospitalized) patients with stable cirrhosis 

(42-44). Moreover, there are reversal agents available for these drugs that can rapidly 

quench their anticoagulant effects which can help stem a bleed (unless non-haemostatic). 

In studies including patients with stable disease, DOACs compared favourably with classical 

anticoagulants in terms of safety profiles (45) and there is preliminary confirmation of 

similar efficacy (46). Ultimately, DOACs are more practical than injectable LMWH and are 

generally associated with shorter treatment duration. Reversal agents have been or are 

being developed for these drugs too. 

CONCLUSION
Liver failure leads to a rebalance in the haemostatic system. Many patients display 

a hypercoagulable state when there is sustained haemostatic activation, the rebalance 
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is destabilised and/or compensatory mechanisms are removed. This can increase the risk 

of systemic thrombotic complications or potentially worsen clinical outcome trough 

thrombotic occlusion of the micro- or macrovasculature of the liver. There is a new horizon 

for antithrombotic therapies in liver failure that may also reduce disease progression. This 

introduces new challenges. Whilst both more recent and classical anticoagulant drugs 

appear generally safe in patients with stable, compensated liver disease, the safety profiles 

of these drugs need further assessment in different groups of patients. Patients with 

more advanced stages of disease (i.e., Child-Pugh B and C) or multiple co-morbidities can 

display a fragile haemostatic system that easily tilts towards an hypocoagulable state. 

In these patients, a more cautious approach to anticoagulation is warranted. Different, 

more fined tuned, drugs may need to be applied in these groups. Dose-adjustments and 

frequent monitoring of safety and effect may be required. Anticoagulant prophylaxis 

may even need to be personalised to match the individual patient’s requirements. This 

translates into dose adjustments being made both at the start and during treatment. Since 

the risk profile for adverse events may change over time, sometimes unexpectedly, it will 

be difficult to make predictions on their safety and effect in the long term. Patients may 

develop an acute infection or renal failure, for example. Composite risk-scores may help 

determine which patients are at risk of developing thrombosis or bleeding in the short 

term, but this has yet to be evaluated in prospective studies. The risk profile may change 

again when the extremes of age or disease are approached. At one point, the system may 

be so fragile that even a minimal anticoagulant intervention can trigger a serious bleed 

in a previously stable patient. This will most likely affect groups identified as benefitting 

most from new therapies aimed at reducing disease progression, such as those on 

the transplant waiting list. These patients may have been excluded from clinical trials or 

there may be less real-world experience in this group with newer drugs. Conversely, these 

patients may be at risk thromboprophylaxis failure, an issue best observed in patients 

admitted to the ICU (47,48). Adverse effects other than bleeding need to be examined 

before administering new antithrombotic drugs to reduce disease progression. 
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FUTURE PERSPECTIVES 
In this thesis, we showed that TAFI anti-inflammatory activities are more important 

than its well-known anti-fibrinolytic function in models of progressive liver failure. Mice 

lacking TAFI are initially worse off than their wild-type counterparts. Therefore, targeting 

some pro-coagulant, platelet or antifibrinolytic proteins with the aim to reduce disease 

progression could paradoxically worsen it by triggering processes driving inflammation 

and calcification, for example. Oher animal studies show that disease progression is 

accelerated, or liver regeneration is impaired when platelets or fibrinogen are removed 

(49-51). This can be explained by their essential role in recruiting inflammatory cells 

and regulating tissue repair. It also highlights that any approach aimed at reducing 

disease progression by targeting components of the haemostatic system should be 

well studied beforehand. There will be an ongoing need for conducting animal studies 

when investigating new treatment modalities for thrombosis and haemostasis-related  

disease progression. 

Animal studies can help us detect unwanted effects but also help us understand 

how a specific antithrombotic therapy inhibits of disease progression. This may be 

independent of the classical mechanism of thrombosis of the microvasculature leading 

to tissue ischemia and parenchymal extinction. In vitro experiments have shown that 

thrombin and FXa can bind to members of the protease-activated cell surface receptors 

(PAR)-family. These receptors facilitate activation and transition of hepatic stellate cells 

towards a pro-fibrotic phenotype (52-56). FXa mediated PAR receptor cleavage has been 

shown to promote fibrogenesis in a murine model of pulmonary fibrosis (57). In the same 

study, pulmonary fibrosis could be reduced by administering a FXa inhibitor. A recent mice 

study showed that early inhibition of coagulation using a selective FXa inhibitor and direct 

thrombin inhibitor inhibited stellate cell activation and reduced murine liver fibrosis (58). 

The FXa inhibitor Rivaroxaban did so more effectively than the direct thrombin inhibitor 

Dabigatran. This suggests that regardless of their safety profile or ability to breakdown clots 

anticoagulants will not be similarly effective at reducing disease progression and choosing 

the best anticoagulant may be specific to the organ or the disease within that organ (59). 

For example, early inhibition of the coagulation may be preferred when planning anti-

fibrotic therapies in cirrhosis. FXa is activated upstream of thrombin and FXa inhibitors 

block stellate cell activation better than thrombin suggesting that Apixaban, Rivaroxaban, 

Edoxaban or LMWH will perform better than Dabigatran in this context (58). Oral anti-Xa 

anticoagulants may be the more viable candidates for disease progression treatment in 

humans by expected superior adherence to treatment compared to injectable LMWH, 

but also good overall safety profiles and potentially beneficial effects on inflammation, 

thrombosis and fibrosis. Currently, randomized controlled trials are assessing the efficacy 

and safety of Rivaroxaban in patients with established cirrhosis with decompensation and 

survival as primary endpoints (59). The potential therapeutic implications of such studies 

are eagerly awaited.
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Future studies
Via this thesis, our group has moved forward in investigating which pathophysiological 

mechanisms lead to thrombosis in liver and lung failure. It helped identify potential targets 

for existing and new antithrombotic drugs. The ultimate goal is the reversal of disease 

progression in the right patients and in the safest possible way. To achieve this ultimate 

goal, we need to conduct more studies. These ideally should include:

 » Further observational studies to identify target groups who have a favourable 

risk-benefit ratio for antithrombotic treatment as a step towards personalized 

prophylaxis. This may include testing of a composite risk score calculator that 

combines known risk factors with state-of-art laboratory assays of haemostatic 

function. Studies designed to determine if those assays are sensitive enough to 

detect an elevated risk should include either serial measurements from baseline 

up to the bleeding/thrombotic event (to better evaluate the dynamic nature of 

the haemostatic abnormalities), and/or measurement at the time of or shortly after 

the bleeding/thrombotic event.

 » Further in vitro and experimental in vivo studies using different anticoagulant 

strategies to determine the best agent at the right dose to cause the appropriate 

anticoagulant effect in patients with liver and lung disease. Efficacy and safety 

could be assessed by measuring the kinetics of clot formation, stability and 

breakdown using near-physiological state-of-the-art assays. Nevertheless, markers 

of inflammation should also be measured as some anticoagulants may have 

pleiotropic effects that may inhibit or drive disease progression via their effect 

on inflammatory molecules. Examples include antiplatelet agents that prevent 

platelet-mediated activation of neutrophils or pro-fibrinolytic agents targeting TAFI 

which in turn may worsen inflammation. 

 » Further prospective clinical trials to investigate efficacy, safety, and tolerability of 

(long-term) regimens of direct oral anticoagulants in the prevention and treatment 

of VTE and PVT. These studies should preferably include a control arm. We also 

propose a further exploration of the implementation of a restrictive perioperative 

fluid infusion and blood product transfusion management as well as routine 

postoperative anticoagulation as possible strategies to reduce the thrombotic risk 

or prevent thrombotic complications after lung and liver surgery.

 » Studies on efficacy, safety, and tolerability of anti-VWF/platelet drugs for 

the prevention and treatment of arterial thrombotic events. This should include 

exploration of the new concept on the protective role of the fibrinolytic system 

at low or undetectable ADAMTS13 levels. When proven, this warrants further 

analysis of efficacy and safety of thrombolytic therapy administered to slow down 

disease progression and improve outcome in a variety of disorders associated with 

(partial) ADAMTS13 deficiency.
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 » Prospective studies to ascertain whether the group of patients who present with 

both substantially decreased platelet numbers and/or coagulation factors and 

a history of severe or refractory bleeding could benefit from a therapy designed 

to improve the numbers of platelets or coagulation proteins without causing 

fluid overload or contributing to platelet hyperactivity (i.e., thrombopoietin/

FVIIa/fibrinogen/prothrombin complex concentrates but not fresh frozen plasma 

or platelet concentrate). Also, the potential role of other confounding variables 

such as active infection, renal failure, or changes in lipid composition warrants  

further investigation.

 » Double-blind, placebo-controlled, randomized, prospective trials of safety and 

efficacy of anticoagulant/antiplatelet strategies in reducing the progression of liver 

disease as well as experimental animal studies aimed at further understanding 

the potential mechanisms involved.
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Leverfalen kan acuut of chronisch verlopen, in het laatste geval noemen we dit cirrose. 

Uiteindelijk kan de leverfunctie dusdanig verslechteren dat een transplantatie nodig  

zal zijn. 

Het beloop van leverfalen is voor elk individu anders, want er zijn meerdere factoren 

die de snelheid van het ziekteproces beïnvloeden. Dit proefschrift richt zich op het 

ontwikkelen van trombose, oftewel een gevaarlijk bloedstolsel, als complicatie van 

leverziekte, maar tegelijkertijd ook als bijdrager eraan. 

Trombose kan overal in het lichaam ontstaan, maar wij weten nu dat dit ook in 

de lever zelf kan gebeuren. Dit kan vervolgens tot een versneld ziekteproces leiden, omdat 

de toevoer van zuurstof en voedingsstoffen in de leverbloedvaten wordt afgesloten. 

In principe heeft elke patiënt met een ziekte die gekenmerkt wordt door ontsteking in 

het lichaam een hogere kans op het ontwikkelen van trombose. Maar omdat de lever zelf 

de functie van bloedplaatjes beïnvloedt en de stollingsfactoren maakt die bloedstolsels 

genereren, en omdat leverfalen complexe veranderingen in het bloedplaatjes-en 

stollingssysteem teweegbrengt, is het risico hier wellicht nog hoger. 

Leverfalen lijkt zichzelf dus te versnellen. Wij weten echter niet precies welke 

veranderingen in het stollingssysteem hierachter zitten en vooral wat we eraan kunnen 

doen. Dit proefschrift draagt bij aan het ontrafelen van een aantal van deze mechanismen, 

op basis waarvan anderen weer therapieën kunnen ontwikkelen. Dit kan bijvoorbeeld 

een nieuwe antistollingstherapie zijn die het ziekteproces kan afremmen door trombose 

in de lever te voorkomen. 

Hoofdstuk 1 is een introductie tot het fundamenteel nieuw concept van 

“hypercoagulabiliteit”, oftewel “sterke stollingsneiging” in cirrose. Het staat is contrast 

met het verouderd concept dat leverziekte op zichzelf leidt tot een bloedingsneiging. Dit 

oude concept is nu obsoleet geworden, maar leidt er nog steeds toe dat artsen denken 

dat de leverpatiënt “zichzelf ontstolt” en dus geen antistollingsmiddelen nodig heeft of 

kan verdragen. Dit hoofdstuk vat verder onderzoek samen naar de pathofysiologische 

mechanismen onderliggend aan het verhoogd risico tot trombose in leverziekte. Het 

geeft ook een overzicht van epidemiologisch en klinisch onderzoek naar trombose in 

leverziekte. Tot slot, worden de mogelijkheden en beperkingen van antistolling in 

leverziekte besproken, met nadruk op de toepassing van antistolling als behandeling  

van leverfalen.

Hoofdstuk 2 geeft een overzicht van veranderingen in de functie van bloedplaatjes in 

leverziekte. In het hoofdstuk wordt uiteengezet waarom dit de klinische besluitvorming 

kan beïnvloeden. Verder worden moderne testen besproken die complexe veranderingen 

in bloedplaatjes beter kunnen detecteren de standaard labtesten en daarmee ook 

de bloedplaatjesfunctie in het lichaam beter kunnen weergeven.  

In Hoofdstuk 3 laten wij zien dat acuut leverfalen leidt tot een disbalans tussen het 

plaatjes-bindend von Willebrand factor (VWF) en het eiwit dat VWF knipt, de protease 

ADAMTS13. Het gevolg hiervan is dat VWF-moleculen groot blijven en makkelijker 
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bloedplaatjes binden. Hoe groter disbalans tussen VWF en ADAMTS13 hoe snellere het 

leverfalen verloopt. Wij denken dat dit komt doordat plaatjes-rijke bloedstolsels zich 

makkelijker vormen in de levers van deze patiënten.

In Hoofdstuk 4 laten wij zien dat een disbalans tussen VWF/ADAMTS13 ook 

ontstaat gedurende longtransplantatie en coronaire bypassoperatie.  Wij bespreken hoe 

dit het resultaat van de operaties negatief kan beïnvloeden (ie., trombosevorming in 

de organen). Verder adviseren wij artsen op basis van dit onderzoek voorzichtig te zijn 

met het transfuseren van bloedplaatjes, omdat dit het trombose risico juist kan verhogen. 

In Hoofdstuk 5 reageren wij op een studie van Tersteeg en collega’s waarin zij laten 

zien dat plasmine, een enzym dat het fibrine in stolsels kapot knipt, ook het lange 

VWF-molecuul kleiner kan knippen. Op deze manier kan deels voorkomen worden 

dat, wanneer de ADAMTS13 voorraad uitgeput raakt, zogenaamde “ultra-large VWF” 

moleculen ontstaan (UL-VWF). Deze kunnen heel gemakkelijk plaatjes binden en tot 

trombose leiden. Wij schrijven dat dit verklaart waarom wij geen UL-VWF hebben 

gevonden in het bloed van onze patiënten met acuut leverfalen of in dat van patiënten die 

een lever- of longtransplantatie ondergingen. Regulatie van VWF-grootte door plasmine 

lijkt daarmee een back-up mechanisme te zijn dat verergering van trombose tegengaat 

wanneer ADAMTS13 niveaus laag zijn. Wij hebben de literatuur toen onderzocht om 

te kijken of dit ook in andere ziektes het geval is. Inderdaad blijkt dat UL-VWF niet of 

nauwelijks voorkomt in een reeks van aandoeningen met lage of geen ADAMTS13, zoals 

bijvoorbeeld malaria. Wij denken dat er een toekomst is voor therapeutische strategieën 

waarin activators van plasminogeen (de voorloper van plasmine) worden toegediend aan 

patiënten met lage ADAMTS13, ongeacht de oorzaak, met als doel het risico op trombose 

te verlagen of om het ziekteproces zelf af te remmen.

In Hoofdstuk 6 laten wij zien dat tijdens een longtransplantatie, antistollingseiwitten 

relatief meer verdund worden door intraveneuze vloeistof toediening dan 

de prostollingseiwitten. Dit leidt ertoe dat de balans tussen stollingseiwitten 

verschuift en een groter risico op trombose ontstaat. Eerder lieten wij al zien dat er 

tijdens longtransplantatie al een disbalans in de VWF/ADAMTS13 ratio ontstaat, dus 

samengenomen blijken deze patiënten bijzonder vatbaar voor het ontwikkelen van 

postoperatieve trombose. Wij beschrijven verder dat een verhoogde stollingsneiging 

samenhangt met een slechter herstel. Naar aanleiding van dit onderzoek, adviseren 

wij artsen voorzichtig te zijn met het toedienen van intraveneuze vloeistoffen  

in longtransplantatie.

In Hoofdstuk 7 onderzoeken wij de gevolgen van lage Thrombin-Activatable Fibrinolysis 

Inhibitor (TAFI) niveaus in leverfalen. TAFI wordt gemaakt door de lever en heeft zowel 

anti-fibrinolytische (stolsel afbrekende) en anti-inflammatoire eigenschappen. Door 

gebruik te maken van muis modellen van acuut en chronisch leverfalen, laten wij zien dat 

in leverfalen de anti-inflammatoire eigenschappen van TAFI belangrijker zijn dan de anti-

fibrinolytische kenmerken. Muizen waarin het TAFI-gen is uitgeschakeld ontwikkelen 

sneller leverschade met meer ontsteking dan wild-type muizen. Aan het einde van het 
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experiment is de schade tussen de dieren echter vergelijkbaar, omdat de TAFI-niveaus 

nu ook in de wild-type muizen laag zijn geworden doordat de beschadigde lever minder  

TAFI aanmaakt. 

In hoofdstuk 8 tonen wij in een in vitro studie dat snelheid waarmee stolsels vormen 

in cirrose is verminderd. Echter, uiteindelijk is de permeabiliteit (doorlaatbaarheid) van 

de gevormde stolsels ook verminderd. Wij laten zien dat dit het gevolg is van oxidatie 

van het fibrinogeen in het bloed wat ertoe lijdt dan de structuur van stolsels verandert. 

Wij beargumenteren dat deze pro-trombotische structuur van stolsels bijdraagt aan het 

trombose risico in leverfalen. 

In hoofdstuk 9 onderzoeken wij de waarde van thrombo-elastografie (TEG) om 

bloedingen, trombose of een versneld ziekteproces te voorspellen (d.w.z., in het geval 

zich trombose in de lever plaatsvindt). TEG is een vernuftige labtest die de dynamieken 

van stolselvorming en -stabiliteit in kaart brengt. Wij gebruiken de test in een grote 

groep patiënten met stabiele cirrose, maar van verschillende aard. TEG blijkt hier geen 

voorspellende waarde te hebben voor de bovengenoemde uitgangsparameters, maar laat 

wel zien dat stolselvorming en -stabiliteit vergelijkbaar is tussen de verschillende groepen 

patiënten. Dit was toe nu toe onbekend. 

Alles samengenomen is het in deze dissertatie duidelijk geworden dat door leverfalen 

het bloedplaatjes- en stollingsysteem sterker dan normaal wordt geactiveerd, maar ook 

de uiteindelijke functie van stolsels verandert. Dit vergroot het trombose risico en kan 

het ziekteproces doen versnellen. Op basis van de studies beschreven in dit proefschrift 

concluderen wij dat het van wezenlijk belang is dit risico te verlagen. Een vergelijking 

met longtransplantatie laat bijvoorbeeld zien dat verstandig omgaan met bloedplaatjes 

transfusies en intraveneuze vloeistoffen intra-operatieve stollingsactivatie kan voorkomen 

en daarmee een slecht klinisch beloop na de operatie. Hoogstwaarschijnlijk is dit is 

ook toepasbaar voor een andere grote operaties of situaties waarin het plaatjes-en 

stollingssysteem overactief zijn.  Het ontwikkelen van medische therapieën met als doel 

trombose in de organen direct te remmen is ook denkbaar.  Een voorbeeld is VWF-remming 

door medicijnen die het enzym plasmine nabootsten. Wel moeten we eerst goed uitzoeken 

en liefst voorspellen welke patiënten een hoog risico op trombose hebben en het meest 

baat hebben bij antistollingstherapie het bloedingsrisico afwegend. Ook laten wij in deze 

dissertatie zien dat stollingsfactoren meerdere functies kunnen hebben, zoals TAFI. Er 

kan dus niet zonder meer worden aangenomen dat een nieuwe antistollingstherapie op 

slechts een manier zal werken: therapeutische remming van het stollingssysteem kan 

bijvoorbeeld een direct effect hebben door verlittekening van het orgaan tegen te gaan. 

Tegelijkertijd kan het een ander schadelijk effect teweegbrengen, zoals meer ontsteking. 

Hier komt dus het belang van grondig onderzoek in diermodellen naar voren alvorens 

(nieuwe) antistollingsmiddelen in patiënten met leverfalen toe te passen. Tot slot, tonen 

wij aan dat het functioneren van het stollingssysteem, na het ontstaan van de nieuwe 

balans, vergelijkbaar is tussen verschillende groepen patiënten met cirrose. Deze nieuwe 

kennis zal de bereidheid om antistollingstherapieën breed toe te passen vergroten.  
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LIST OF ABBREVIATIONS 
a-SMA  alpha smooth muscle actin  

ADP  adenosine diphosphate

AIH  autoimmune hepatitis

ALAT  alanine aminotransferase

ALF  acute liver failure

ALI  acute liver injury

ALP  alkaline phosphatase

AP  angina pectoris

APAP  acetaminophen

APTT  activated partial thromboplastin time 

ASAT  aspartate aminotransferase

BMI  body mass index

CABG  coronary artery bypass surgery

CCL4  carbon tetrachloride

CRP  C-reactive protein

DBD  donation after brain death

DCD  donation after cardiac death

DM II  diabetes mellitus II

DVT  deep venous thrombosis

ELISA  enzyme-linked immunosorbent assay

ETOH  alcohol

ETP  endogenous thrombin potential

F  Factor

FEV-1  forced expiratory volume in one second

FFP  fresh frozen plasma

GGT  gamma-glutamyl transpeptidase

GP  glycoprotein

HCC  hepatocellular carcinoma

HCV  hepatitis C virus

HMW  high-molecular-weight

INR  international normalized ratio 

ICU  intensive care unit

K-time  kinetic time

LDH  lactate dehydrogenase

LMW  low-molecular-weight 

LMWH  low-molecular-weight heparin

LOS  length of stay

MA  maximum amplitude

MAP  mean arterial pressure
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MDA  malondialdehyde

MELD  model for end-stage liver disease

NAC  N-acetylcysteine

NAFLD  non-alcoholic fatty liver disease

NASH  non-alcoholic steatohepatitis

PAR  protease-activated cell surface receptors

PBC  primary biliary cirrhosis

PC  protein C 

PE  pulmonary embolism

PFA-100  platelet function analyser-100

PS  protein S

PSC  primary sclerosing cholangitis

PT  prothrombin time

PVT  portal vein thrombosis

RBC  red blood cells

R-time  reaction time

ROTEM  rotational thromboelastometry

TAFI  thrombin-activatable fibrinolysis inhibitor 

TEG  thromboelastography

TGA  thrombin generation assay

TGT  thrombin generation test

TM  thrombomodulin

TM-SR  thrombomodulin sensitivity ratios 

UL  ultra-large 

VET  whole blood global viscoelastic test

VKA  vitamin K antagonists

VTE  venous thromboembolism

VWF  von Willebrand factor

VWF:Ag  von Willebrand factor antigen

VWF:RCo von Willebrand factor ristocetin cofactor activity

WBC  white blood cells

WT  wild-type 
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