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General introduction 
If there is one researcher who has been of unmistakable historic importance to 
the field of venous thromboembolism, it is Rudolph Virchow (1821 - 1902). He is 
referred to so often in the literature that citing him has become a cliché. His most 
enduring achievement in this field has been formulating the “Virchow’s triad”, 
which postulates that etiological factors in thrombosis can be categorized into 
hemodynamic abnormalities, blood hypercoagulability and damage to the vessel 
wall. A less well known fact about his academic contributions, is that he was a fierce 
anti-Darwinist. He was convinced that no evidence would ever be generated for the 
theory of evolution of man “for we are not living in a dream” [1]. 

Scientists are recognized for their hypotheses that turn out to be correct, not for those 
that were rejected. The juxtaposition of Virchow’s enormous impact on the research 
field of thromboembolism and his stance on the losing side of the evolution theory 
debate provides a historic backdrop for this thesis. In it, we look at pathophysiological 
aspects of thrombosis through Virchow’s paradigm, but at the same time take an 
evolutionary perspective, to find some hypotheses supported but certainly also some 
rejected. 

The coagulation cascade
The coagulation cascade is central to the etiology of venous thromboembolism. It 
is an important component of hemostasis, the process of cessation of bleeding, of 
which the end stage is a thrombus. Occurring after vasoconstriction and formation of 
a platelet plug, the coagulation cascade is a series of enzymatic reactions that activate 
specific plasma proteins in response to damage to the vessel wall. It is initiated by the 
complex of tissue factor (TF)–activated factor VII. The TF-VIIa complex activates 
factor X, either directly or via the IXa–VIIIa complex. In each case, factor Xa together 
with factor Va forms the prothrombinase complex which converts prothrombin to 
thrombin. 

Thrombin is the central enzyme in the cascade. It cleaves fibrinogen, enabling the 
latter to polymerize into fibrin which, together with the platelet plug, forms the 
thrombus. Thrombin also initiates positive feedback loops in the cascade, through the 
activation of multiple upstream factors. Clearance of the thrombus occurs through 
the process of fibrinolysis, which is another enzymatic cascade of which the central 
acting protein is plasmin, which cleaves the formed fibrin. Figure 1 is a simplified 
schematic of the system.
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Figure 1. The coagulation cascade 
and anticoagulant systems [2]. IIa 
thrombin; V factor V; VIIa activated 
factor VII; VIII factor VIII; IXa acti-
vated factor IX; Xa activated factor X; 
XIa activated factor XI; APC activated 
protein C; TAFI thrombin-activatable 
fibrinolysis inhibitor; TF tissue factor; 
TFPI tissue factor pathway inhibitor; 
TM thrombomodulin. Uninterrupted 
lines indicate activation. Interrupted 
lines indicate inhibition.

The protein C system
The coagulation cascade is inhibited at different reaction steps by various proteins 
to prevent fibrin formation when it is not required. Defects in these anticoagulant 
mechanisms give rise to an increased risk of thromboembolism. One of the most 
important of these anticoagulants is activated protein C. The enzyme that activates 
protein C is, again, thrombin. This occurs when a complex is formed by protein C and 
thrombin, each bound to their respective receptors on the endothelium: endothelial 
protein C receptor and thrombomodulin (Figure 2).

Activated protein C proteolytically inactivates factor Va, which is part of the 
prothrombinase complex, effectively blunting thrombin generation [3]. It similarly 
inactivates factor VIIIa. The protein C pathway thus provides a negative feedback on 
thrombin generation.

Activated protein C and its related proteins are however involved in more pathways. 
Through cleavage of protease-activated receptor-1 it has a myriad of effects including 
anti-apoptotic activity, anti-inflammatory activity, gene expression alterations, and 
endothelial barrier stabilization [4]. These interactions are collectively referred to as 
the cytoprotective activities of activated protein C.

Similarly, thrombomodulin has a range of anti-inflammatory and anti-fibrinolytic 
properties separate from its role in protein C activation [5]. Thinking of the 
heavily intertwined protein C pathway as merely anticoagulant is thus a gross 
oversimplification. This thesis pays specific attention to the pleiotropic effects of the 
protein C system.

Thrombophilia
Thrombophilia can be defined as laboratory abnormalities, usually in the coagulation 
system, that result in a hypercoagulable state and thus predispose to thrombosis [6]. 
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These abnormalities may be acquired or inherited. This thesis covers the two most 
common inherited thrombophilias, the prothrombin 20210A mutation and factor V 
Leiden. The prothrombin 20210A mutation causes elevated levels of prothrombin, 
and has a prevalence of 2-3% in Caucasians and 0-1% in non-Caucasians [6]. Carriers 
have a threefold increased risk of venous thromboembolism [7].

Factor V Leiden has a prevalence of about 5% in Caucasians. It is a gain of function 
mutation that causes resistance of factor Va to inactivation by activated protein C. 
This gives rise to a fivefold increased risk of venous thromboembolism [8]. Factor V 
Leiden is also associated with pregnancy loss [9]. These detrimental phenotypes of 
factor V Leiden raise the question why this mutation is so prevalent. In fact there are 
various suggestions of antagonistically pleiotropic effects of factor V Leiden, meaning 
that this one mutation might simultaneously have beneficial and detrimental effects 
on the carrier’s evolutionary fitness. This concept is explored in the first part of this 
thesis.

Pregnancy, coagulation and thrombosis
In pregnancy, all three components of Virchow’s triad are present: stasis of blood, 
damage to the vessel wall and blood hypercoagulability. Venous stasis is caused by the 
uterus progressively exerting pressure on the inferior vena cava and iliac veins, and by 
hormone induced venous distension and increased intravascular volume. The second 
component, vessel wall damage, occurs during delivery, especially with caesarian 

Figure 2. The protein C system. IIa thrombin; APC activated protein C; EPCR endothelial protein C 
receptor; FVa activated factor V; FVIIIa activated factor VIII; PAR1 protease-activated receptor 1; PC 
protein C; PS protein S; TM thrombomodulin. Adapted from Bouwens et al (2013) [4].
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section. And third, pregnancy leads to extensive changes in the hemostatic system 
leading to a hypercoagulable state. These changes in pregnancy are part of a complex 
physiological adaptation which ensures control of bleeding from the placental site 
at the time of placental separation at delivery while allowing the expansion of the 
maternal and fetal circulations at the uteroplacental interface during pregnancy [10]. 
Generally speaking, circulating levels of factors in the coagulation cascade rise while 
both the anticoagulant system and fibrinolysis are downregulated. 

As a result of these prothrombotic changes, venous thromboembolism is an important 
complication of pregnancy. The typical manifestation is deep vein thrombosis of the 
leg, which presents with pain, swelling, warmth and redness of the affected leg. The 
thrombus can embolize towards the lung circulation causing pulmonary embolism. 
Symptoms include dyspnoea, pleuritic pain, hemoptysis and in severe cases 
hemodynamic instability. Deep vein thrombosis and pulmonary embolism together 
make up the disease entity venous thromboembolism. Venous thromboembolism 
complicates 1 to 2 in a 1000 pregnancies and is the leading cause of maternal mortality 
in the developed world [11,12]. 

Diagnosis of pregnancy-related venous thromboembolism
Diagnosing venous thromboembolism in pregnant women should be recognized as 
a distinct clinical scenario, for multiple reasons. Diagnostic management studies of 
venous thromboembolism have excluded pregnant women. Physiological signs of 
pregnancy itself, such as leg edema, mild shortness of breath and tachycardia can 
mimic symptoms of venous thromboembolism [13,14]. This, combined with the fact 
that pregnancy increases the risk of venous thromboembolism, correctly leads to a 
high index of suspicion among physicians. Yet the actual prevalence of pulmonary 
embolism in this group is only 4% [15]. Diagnostic accuracy is paramount since 
there are two lives potentially at stake when venous thromboembolism is missed, 
while at the same time an erroneous diagnosis of venous thromboembolism has 
major implications for the remaining gestation, delivery and lifelong thrombotic risk 
stratification. 

One would ideally select women for imaging through pretest probability assessments, 
in parallel to practice in the non-pregnant population. D-dimer is recommended 
by some [16]. The argument is made that even though D-dimer levels rise in 
physiological pregnancy, a normal value can still exclude pulmonary embolism. It is 
important to keep in mind that outside pregnancy, D-dimer is applied in combination 
with clinical prediction tools [17]. No such tools have been validated in prospective 
studies in pregnant patients [18,19]. Electrocardiography, arterial blood gas analysis 
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and echocardiography might be performed in the work-up, but have limited value in 
definitively excluding or confirming the diagnosis [20,21].

In the absence of validated prediction tools or biomarkers, every suspicion of venous 
thromboembolism during and immediately after pregnancy requires imaging. For 
the diagnosis of deep vein thrombosis, the cornerstone is ultrasound examination. It 
is a non-invasive technique that visualizes tissue contrasts using an ultrasound signal 
that is differentially reflected, combined with Doppler effect based flow measurement. 
Computed tomography pulmonary angiography and lung scintigraphy are the 
diagnostic modalities used for pulmonary embolism. The former combines computed 
tomography with intravenous contrast and is the imaging method of choice outside 
pregnancy. Lung scintigraphy makes use of inhaled and infused radioisotopes to 
expose a ventilation-perfusion mismatch. Given the lack of head-to-head comparison 
studies in the pregnant population, the choice between the two might be based on 
three important aspects: 1) diagnostic accuracy 2) rate of non-diagnostic results 
and 3) safety. The second part of this thesis covers these more clinical aspects of the 
interface between reproduction and coagulation.

Outline of the thesis
The central theme of this thesis is the disease entity of venous thromboembolism in its 
relation to reproduction at three levels: the pathophysiological, the epidemiological 
and the clinical. At the pathophysiological and epidemiological level, the work 
focusses on the protein C system. At the clinical level, the diagnosis of pregnancy-
related venous thromboembolism is the object of investigation. The thesis is hence 
divided into two parts.

Part I takes an evolutionary perspective on the role of the protein C system in 
reproduction with special consideration of the factor V Leiden mutation, the most 
prevalent inherited thrombophilia, and thrombomodulin, the receptor required for 
efficient protein C activation.

The opening chapter of part I, chapter 2, reviews the pleiotropic aspects of factor V 
Leiden, revolving around the central hypothesis that factor V Leiden must confer 
evolutionary benefits that counterbalance the detrimental traits of being prone to 
thrombosis and miscarriage.

Chapter 3 provides a first example of such an evolutionary benefit. We test whether 
women carrying the factor V Leiden mutation become pregnant more easily, i.e. after 
a shorter period of trying to conceive, than women without the mutation.

Based on earlier epidemiological observation of increased fecundity in factor V 
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Leiden carrying males, we investigate in chapter 4 whether the mutation is associated 
with increased sperm count, and we explore possible biological mechanisms, both in 
men and mice, for this putative association.

In chapter 5 we investigate whether activated protein C is measurably elevated in 
thrombophilia carriers with the underlying hypothesis that increased levels of 
activated protein C could explain some of factor V Leiden’s pleiotropic traits.

In the final chapter of part I, chapter 6, we deploy several mouse models with 
genetic modifications in the protein C system. Using these approaches we aim to 
pinpoint the specific placental site where thrombomodulin expression is required for 
embryogenesis and healthy pregnancy, and explore whether observed pathologies 
were reversible by genetic supplementation of activated protein C.

In part II we take a clinical perspective on venous thromboembolism in reproduction. 
We focus on the diagnosis of pregnancy-related venous thromboembolism. We also 
look at sex-differences in pulmonary embolism diagnosis.

Chapter 7 covers a Cochrane systematic review in which we sought to estimate 
the accuracy of the imaging modalities available for the diagnosis of pulmonary 
embolism during pregnancy.

Chapter 8 describes the protocol for an ongoing Cochrane systematic review on the 
accuracy of diagnostic tests for pregnancy-related deep vein thrombosis. 

The final chapter of the second part of the thesis, chapter 9, is a comparison of the 
performance of three widely used clinical decision rules for pulmonary embolism 
between women and men.

In chapter 10 the main findings of the thesis are reiterated and interpreted in the 
context of the relevant literature.
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