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Chapter 10

The protein C system and venous thromboembolism 
in reproduction: pathophysiology, epidemiology 
and diagnosis

Background
In this thesis we examine blood coagulation and venous thromboembolism in their 
relation to reproduction. Chapter 1 provides a general introduction. Central to the 
etiology of venous thromboembolism, which comprises deep venous thrombosis 
and pulmonary embolism, is the coagulation cascade. The coagulation cascade is the 
series of enzymatic reactions in the blood that leads to thrombus formation. The 
cascade is regulated at different levels, with the protein C system being one of the 
most important mechanisms. 

Protein C is a pleiotropic protein. In its activated form, it acts as an anticoagulant by 
inactivating coagulation factors Va and VIIIa. But it also has a range of “cytoprotective” 
effects through the proteolytic activation of protease activated receptor-1 [1]. 
Thrombomodulin, an endothelial receptor that greatly enhances the activation of 
protein C, also has various non-anticoagulant properties [2].

Genetic mutations that cause increased thrombotic risk through coagulation 
abnormalities are referred to as inherited thrombophilia. The most common form is 
factor V Leiden. Factor V Leiden causes factor V to be partially resistant to inactivation 
by activated protein C. Carriers have an increased risk of venous thromboembolism 
as well as miscarriage [3,4].

Pregnancy is another major risk factor for venous thromboembolism. The risk 
increase is the result of a range of physiological adaptations during gestation, 
including changes to the coagulation system [5]. The diagnosis of pregnancy related 
venous thromboembolism is a distinct clinical scenario. The index of suspicion 
among physicians is high due to the established association between pregnancy and 
thrombosis. At the same time, signs of pregnancy can mimic manifestation of venous 
thromboembolism [6], and in pregnant women examined for pulmonary embolism 
the diagnosis is confirmed in only 4% of cases [7]. Some of the applied diagnostic 
techniques involve ionizing radiation which carries risks for the mother and growing 
fetus. Both missing venous thromboembolism as well as falsely diagnosing it have 
serious consequences. It is currently not known what the best diagnostic approach is 
for pregnancy related deep venous thrombosis and pulmonary embolism.
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Part I
The first part of the thesis focusses on the protein C system in reproduction, at the 
(patho)physiological and epidemiological level. The general hypothesis that factor 
V Leiden possesses antagonistic pleiotropy is explored. The detrimental phenotype 
must have been balanced by beneficial traits for the mutation to have reached the 
current high prevalence. In chapter 2 we reviewed the literature on phenotypic 
manifestations of factor V Leiden that potentially have evolutionary effects, either 
beneficial or detrimental. These can be categorized into effects on coagulation, 
inflammation and reproduction. In each category we found various examples 
of both beneficial as well as detrimental phenotypes. For these factor V Leiden 
associated traits to have had an evolutionary impact, they must meet three criteria. 
The condition with which the trait interacts should have historically been reasonably 
prevalent, it should be relevant to the carrier’s chances of having fertile offspring, and 
the association should have reasonable strength. Not all identified traits met these 
criteria. Furthermore, the reproducibility of some reported associations has proven 
poor, suggesting the possibility of publication bias. It is however clear that factor 
V Leiden is a multi-faceted mutation that has many more phenotypes than merely 
increased risk of venous thromboembolism.

Chapter 3 and chapter 4 offer examples of phenotypes that might have provided an 
evolutionary advantage for factor V Leiden carriers, through increased fecundity in 
respectively females and males. Chapter 3 describes a prospective study in which 
we compared the fecundity of 11 carriers and 239 non carriers, in a nested cohort 
of women with unexplained recurrent miscarriage who were trying to become 
pregnant. Factor V Leiden carriers were found to have a shorter time to conception 
than non-carriers (median 11 weeks versus 23 weeks respectively, p 0.032). In 
chapter 4 we pooled individual patient data from three European cohorts and found 
that male carriers of factor V Leiden have an increased total sperm count (adjusted 
mean difference of 31 × 106, p 0.048). Increased sperm count was absent in carriers 
of the second most prevalent thrombophilia, the prothrombin G20210A mutation, 
which affects thrombin generation in a similar way. We also found no increase in 
spermatogenic parameters in a factor V Leiden mouse model. These latter two 
findings suggested that the correlation might not reflect a direct effect of factor V 
Leiden on sperm count. We hence explored genetic linkage as an explanation for 
the association. Search of public haplotype data and exon sequencing of candidate 
genes, however, did not provide evidence for co-inheritance of factor V Leiden with 
a causative polymorphism as an explanation for the increased sperm count. 

Aside from supporting the antagonistic pleiotropy hypothesis, these newly identified 
factor V Leiden phenotypes potentially provide opportunities for discerning 
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pathways involved in female and male fecundity. Shorter time to conception could 
reflect improved embryo implantation in carriers, which has indeed been suggested 
by the findings of a small observational study on in-vitro fertilization [8]. In-vitro 
implantation models might be deployed to investigate the mechanism [9]. For 
the increased sperm count, our efforts did not uncover a mechanism behind the 
association. However, follow-up research might consist of more exhaustive genetic 
sequencing of larger numbers of subjects, attaining differential gene-expression data 
from spermatozoa or testicular tissue of carriers and non-carriers and analysis of the 
coagulation cascade in seminal plasma.

Given the variety in factor V Leiden traits discussed in chapters 2, 3 and 4, one 
attractive candidate for further research on this topic is activated protein C [10]. 
As described above, activated protein C has a range of downstream effects through 
protease activated receptor-1 signaling, which can easily be imagined to play a role 
in the described phenotypes. As an experimental therapeutic compound, activated 
protein C has been shown to have beneficial effects in a multitude of disease states 
in both pre-clinical and clinical studies [11]. Thrombophilias all have increased 
thrombin generation in common, which should lead to increased activation of protein 
C. To test this hypothesis, in chapter 5 we used a sensitive assay to measure activated 
protein C in thrombophilia carriers and non-carriers. We found no difference in 
detectable activated protein C levels between carriers and non-carriers. Moreover, 
the plasma concentrations of activated protein C under physiological conditions 
were extremely low, in contrast to findings of studies using older methods. These 
results put into question the relevance of activated protein C elevation for the factor 
V Leiden phenotypes. It is however by no means ruled out that activated protein C 
has beneficial properties in non-physiological conditions such as sepsis. Although 
recombinant activated protein C has been extensively researched for sepsis patients 
and lacks efficacy on mortality according to a Cochrane systematic review [12], 
variants have been engineered that almost exclusively possess the signaling properties 
of the molecule [13]. This should eliminate the bleeding risk of activated protein 
C treatment, and these variants are being tested in clinical trials (ClinicalTrials.gov 
NCT02222714).

Another pleiotropic molecule in the protein C system is thrombomodulin. In chapter 6 
we used mouse models with tissue-selective or temporally controlled thrombomodulin 
gene knockout and genetic supplementation of activated protein C to study to role 
of the protein C system in embryonic development, pregnancy and adult physiology. 
Using cre-lox recombination we demonstrated that preservation of thrombomodulin 
expression in the extraembryonic fetal trophoblast cells is sufficient to overcome early 
blocks in embryonic development seen with ubiquitous thrombomodulin ablation. 
These mice were however susceptible to thrombo-hemorrhagic birth trauma. The 
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surviving mice reached adulthood with a thrombotic phenotype resembling mild 
consumptive coagulopathy, with elevated levels of thrombin-antithrombin complexes 
and D-dimer, decreased fibrinogen and reduced in-vivo clot formation and ex-vivo 
thrombin generation. Both the embryonic and the adult phenotype were negated 
by genetically supplementing activated protein C. The resulting double mutants 
(thrombomodulin deficient and expressing a “hyperactivatable” protein C transgene) 
showed no pathology, except when challenged by pregnancy. The double mutant 
females suffered from pregnancy induced morbidity and mortality with hemorrhage 
in the uterus and other organs. From these combined observations it is clear that, in 
mice, the protein C system is essential for embryonic, pregnancy and adult physiology. 
Comparison with the embryogenesis and pregnancy phenotypes of knockout models 
of other protein C system related genes could lead to valuable insights into the exact 
role of the system in coagulation-related pregnancy pathology.

An unexpected finding in this study was the difference in phenotype severity 
with an earlier model of tissue-specific thrombomodulin deficiency. In the tie2cre 
model in which the depletion is restricted to the endothelium, the adult thrombotic 
phenotype was much more pronounced. As this knockout strategy is restricted to the 
endothelium, whereas the current meox2cre model eliminates the gene in the entire 
embryo proper, the difference, if any, in thrombotic severity should theoretically be 
the reverse. The expression of the tie2 gene, and thus the cre-recombinase, has been 
reported in trophoblast cells however [14], partially eliminating thrombomodulin 
in the cells in which it is crucial. This led us to conclude that in these mice subtle 
differences in in-utero expression patterns during early development have 
consequences for the thrombotic phenotype later in life. This concept merits further 
investigation in light of the epidemiological links between early development and 
cardiovascular disease in adulthood in humans [15].

Part II
When coagulation turns pathologic, the common result is venous thromboembolism. 
The second part of this thesis takes a clinical perspective on thrombosis and 
reproduction, detailing the challenges of diagnosing pregnancy related venous 
thromboembolism. Chapter 7 describes a Cochrane systematic review that aimed to 
estimate the diagnostic accuracy of computed tomography pulmonary angiography 
(CTPA) and lung scintigraphy for the diagnosis of pulmonary embolism during 
pregnancy. Judged in light of this aim, the overall quality of the included studies was 
poor. There was considerable heterogeneity in study design, population and index 
test technical characteristics. For these reasons we did not perform meta-analysis 
to obtain summary estimates of the test accuracies. No head-to-head comparison 
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between CTPA and lung scintigraphy was identified. Methodological challenges 
inherent to this topic include the diagnostic category of “inconclusive” results and 
treatment of those patients with anticoagulants which precludes identification of 
false positive and false negative test results. The reference standard in all studies 
was clinical follow-up, performed in a way that did not enable reliable identification 
of false positives. As a result, the only valid test accuracy measures were negative 
predictive value and sensitivity. 

CTPA had a median negative predictive value of 100% (range 96% to 100%) and a 
median sensitivity was 83% (range 0% to 100%). Lung scintigraphy also had a median 
negative predictive value of 100% (range 99% to 100%) and a median sensitivity of 
100% (range 0% to 100%). Most cases of PE that were “missed” involved patients with 
an inconclusive scan result, who in clinical practice often go on to receive additional 
testing. 

The review represents the most robust summary of state of the literature on 
pulmonary embolism diagnosis in pregnancy. Despite the limitations in the literature 
on this topic, which necessitate careful interpretation, it seems both CTPA and lung 
scintigraphy are safe for this indication. 

Since the publication, one study appeared that reported on an indirect comparison of 
both modalities in this population, and in line with the review did not identify one as 
superior [16]. One way forward is to perform management studies in which patients 
are managed according to strategies involving either one or the other imaging modality 
and measuring clinical outcome parameters. Two such studies are ongoing (NTR5913 
and NCT00771303). However, generalizability is hampered by integrating the whole 
diagnostic and therapeutic management in this way, and the findings would apply 
to the specific clinical scenario as tested. Rather, we might require studies looking 
specifically at diagnostic accuracy as an outcome with prospective inclusion of truly 
consecutive patients. Accuracy estimates can be used for decision making in a wider 
range of clinical settings, since they are robust against changing treatment strategies, 
assumptions about radiation effects, costs, availability and other contingencies. Such 
studies should include magnetic resonance imaging and ventilation-perfusion single 
photon emission computed tomography because of promising safety and accuracy 
properties, respectively. For now, it is acceptable to assume equivalent accuracy of 
CTPA and lung scintigraphy and guideline makers should base recommendations on 
other aspects including ionizing radiation doses, other safety issues, patient burden, 
availability and costs.

In chapter 8 we consider the other manifestation of pregnancy-related venous 
thromboembolism: deep vein thrombosis. Like chapter 7 this is a Cochrane 
systematic review, although this chapter concerns the review protocol. The aim is 
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to estimate the accuracy of all tests, both triage and imaging, used for diagnosing 
deep vein thrombosis of the leg during pregnancy and the post-partum period. These 
tests comprise clinical decision rules, D-dimer, ultrasound and magnetic resonance 
imaging. Challenges will include the use of clinical follow-up as a reference standard, 
which does not allow proper identification of false positive cases; the category of 
inconclusive test results; and the possibility of differential verification bias for the 
triage test. No systematic reviews on this research question were published in the last 
decade, but based on non-systematic knowledge of the literature, we might expect 
several findings. Likely the only clinical decision rule investigated in this population 
is the pregnancy specific LEFt rule [17]. D-dimer testing can be expected to have poor 
specificity given the physiological rise in D-dimer levels during pregnancy [18], but 
theoretically it might still have adequate sensitivity, perhaps with a gestational-age 
dependent cut off. Ultrasound is the mainstay of diagnosis of pregnancy-related deep 
venous thrombosis. Ideally the review will enable comparison of multiple ultrasound 
techniques (e.g. proximal compression versus whole leg) and strategies (e.g. single 
vs serial testing). Magnetic resonance imaging will likely not have been studied 
extensively for this indication, notwithstanding the promise of good visualization 
of the pelvic veins which are more often afflicted in this population than in non-
pregnant patients.

In the final chapter, chapter 9, we investigated clinical decision rules for the diagnosis 
of pulmonary embolism, broadening the scope from reproduction to sex differences. 
Clinical decision rules are applied without distinction between women and men, 
despite sex differences in multiple aspects of venous thromboembolism. Using 
individual patient level data from seven previously published studies, we compared 
the diagnostic performance between women and men of three of the most widely 
used clinical decision rules: the Wells rule with traditional and with age-adjusted 
D-dimer cutoff and the YEARS algorithm. All three decision rules showed no 
difference between women and men in the main outcomes of diagnostic efficacy and 
failure rate. Secondary analyses showed that, first, the important subgroup of patients 
under 50 years also demonstrated no sex differences in decision rule performance. 
And second, that estrogen use by women, adjusted for age, was associated with 
higher pulmonary embolism prevalence and D-dimer levels and correspondingly 
a lower efficiency of the decision rules. The question of sex differences in clinical 
decision rule performance is relevant in the context of individualized patient care. 
Our findings support the indiscriminate application of the algorithms in women 
and men, and may furthermore inform future studies on possible risk stratifiers in 
pulmonary embolism clinical decision rules.
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Concluding remarks
Throughout this thesis we have observed that coagulation and reproduction are 
intertwined. Physiology and pathophysiology of the protein C system have implications 
for multiple facets of reproduction: spermatogenesis, embryo implantation, fecundity 
and pregnancy. The pleiotropic nature of different components of the protein C 
system - thrombomodulin, factor V (Leiden), activated protein C - shows us that 
biochemistry is always more complicated than our working models make us believe. 
It has also provided some directions for further research efforts: the role of factor 
V Leiden in spermatogenesis and in embryo implantation; the influence of the 
coagulation system on embryogenesis and healthy pregnancy; and the link between 
placental gene expression and adult cardiovascular disease. On the clinical side, the 
diagnosis of pregnancy related venous thromboembolism presents an important 
challenge. For pulmonary embolism it seems acceptable for the time being to assume 
diagnostic equivalence of CTPA and lung scintigraphy, but the field is in need of 
higher quality evidence on state-of-the-art diagnostic modalities with reliable 
estimates of ionizing radiation exposure. 

Research at the interface of coagulation and reproduction is ongoing. Further 
molecular characterization of the processes involved in spermatogenesis and embryo 
implantation will hopefully result in advances in treatment options for infertility. 
Activated protein C variants are currently being investigated as therapeutic agents 
for new indications. Ongoing studies aim to improve the diagnostic management of 
pregnancy related venous thromboembolism. In the coming years these efforts will 
deliver new insights at the levels of pathophysiology, epidemiology and diagnostic 
and therapeutic management, which will ultimately contribute to better care and 
prevention of coagulation-related reproductive pathology. 
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