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List of abbreviations  

ACE2   Angiotensin-converting enzyme 2
AF   Atrial fibrillation
APC   Activated protein C
ATC   Anatomical therapeutic chemical
BMI   Body mass index
CAD   Coronary artery disease
CAT   Calibrated automated thrombogram
CHF   Congestive heart failure
CI   Confidence interval
CVD   Cardiovascular disease
CVRFs   Cardiovascular risk factors
DVT   Deep venous thrombosis
ELISA   Enzyme-linked immunosorbent assay
ETP   Endogenous thrombin potential
F-   Coagulation factor
GHS   Gutenberg health study
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HR   Hazard ratio
HRT   Hormonal replacement therapy
IQR   Interquartile range
LDL  Low-density lipoprotein
LMWH   Low-molecular-weight heparin
MACE   Major adverse cardiovascular events
MI   Myocardial infarction
PAD   Peripheral arterial disease
PE   Pulmonary embolism
PPP   Platelet-poor plasma
SD   Standard deviation
TF   Tissue factor
TFPI   Tissue factor pathway inhibitor
TGA   Thrombin generation assay
VKA   Vitamin K antagonists
VTE   Venous thromboembolism
VWD   Von Willebrand disease
VWF   Von Willebrand factor
WPBs   Weibel-Palade bodies
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Chapter 1: General introduction and 
outline of the thesis

Introduction

Cardiovascular disease (CVD) is the number one cause of death and disability 
worldwide.1 Even more worrying, the scope of the problem is still expanding 
due to an increasing prevalence of cardiovascular risk factors (CVRFs) such as 
obesity, dyslipidemia, diabetes and hypertension in middle- and low-income 
countries.2,3 Needless to say, the identification of high risk individuals to 
ensure timely prevention of cardiovascular events is of eminent importance. 
In the general introduction of this thesis, I will first discuss the coagulation 
system and pathogenesis of CVD. Hereafter I will further delve into the outline 
and aims of this thesis.

Coagulation system, arterial and venous thrombosis

Hemostasis, the physiological process to stop bleeding, is traditionally 
divided into primary and secondary hemostasis, although both occur simul-
taneously and are intertwined. Primary hemostasis involves the activation 
and aggregation of platelets through multifaceted processes, in which von 
Willebrand factor (vWF) plays an important role.4 Following vascular injury 
vWF binds to exposed fibrillar collagen type I and type III. Once vWF is 
immobilized on the collagen layer, it then mediates hemostasis through binding 
of circulating platelets via specific platelet receptors.5 Secondary hemostasis 
encompasses the process of the formation of a fibrin clot. The intact vascular 
endothelium has anticoagulant properties through the membrane proteins 
thrombomodulin and heparan sulfate proteoglycans, as well as via released 
tissue factor pathway inhibitor (TFPI). Upon injury of the vascular wall due 
to trauma, or rupture or erosion of an atherosclerotic plaque, subendothe-
lial tissue factor (TF) is exposed to blood; TF binds the serine protease factor 
(F)-VII, forming a catalytic complex which binds and activates both F-X and 
F-IX. In turn, F-Xa activates, in presence of its cofactor F-Va, prothrombin into 
thrombin. Thrombin generates a soluble form of fibrin which then, under the 
influence of F-XIIIa, precipitates into an insoluble fibrin mesh at the site of 
injury.6 After the initial fibrin formation, amplification of thrombin generation 
occurs as a result of positive feedback mechanisms. Therefore, more than 95% 
of thrombin occurs after the initial fibrin formation. Ultimately, thrombin also 
down-regulates the coagulation cascade by binding to thrombomodulin on 
endothelial cells which enhances the activation of protein C, thereby generating 
the anticoagulant activated protein C (APC). APC proteolytically inactivates 
F-VIIIa and F-Va, a process which requires cofactor protein S and additionally 
F-V. Another inhibitor of the coagulation system is TFPI, which directly inhibits 
the main initiator of the hemostatic cascade, the TF/F-VIIa complex and F-Xa.7 
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The hemostatic cascade is further down regulated by serine protease inhibitors; 
most notably antithrombin. Antithrombin directly inactivates thrombin, F-Xa, 
F-IXa and F-XIa, a reaction that is markedly enhanced in presence of glycos-
aminoglycans including the endogenous heparan sulfate.
 To maintain adequate blood flow to the tissue, fibrinolysis occurs to pro-
teolytically degrade the fibrin clot at the site of the injury. In this process, 
tissue plasminogen activator catalyzes the conversion of plasminogen into 
plasmin which cleaves and breaks down fibrin into fibrin degradation products 
including D-dimer fragments.
 Hemostasis acts as protection from bleeding while maintaining blood 
flow. Normally, there is an equilibrium, while imbalances contribute to 
a risk of bleeding or thrombosis.8 According to Virchow’s triad, there are 
three mechanisms underlying thrombosis; stasis of blood, vessel injury 
and hypercoagulability.9 Thrombosis is a condition which can be classified 
according to the vascular location into arterial and venous thrombosis and 
although traditionally seen as distinct conditions, there is overlap in both 
risk factors and underlying pathology.10,11 Venous thromboembolism (VTE) 
most commonly manifests as deep venous thrombosis (DVT) in the lower 
extremities, complicated by pulmonary embolism (PE) (although the events 
may also occur independently). In terms of classification we speak of provoked 
VTE (risk factors consist of cancer, use of oral contraceptive, immobility, 
trauma, surgery, pregnancy and inherited or congenital thrombophilia), 
however most events are unprovoked.12 As indicated, arterial thrombosis 
occurs in the arterial system, mostly as a result of atherosclerosis and clinically 
manifests as myocardial infarction (MI), ischemic stroke and/or peripheral 
arterial disease (PAD). Alternatively, arterial thromboembolism occurs in 
conditions including atrial fibrillation (AF), where altered atrial flow dynamics 
and endothelial changes precipitate thrombi that may dislodge and transfer to 
the brain: embolic stroke. Arterial thrombi predominantly consist of platelets, 
whereas venous thrombi are rich in red blood cells and fibrin. While fibrin also 
consist in arterial thrombi, it predominantly plays an important role in venous 
thrombi.13

Atherosclerosis and atherothrombosis

Many of the manifestations of CVD result from atherothrombosis due to erosion 
or rupture of an atherosclerotic plaque in the large arteries of the brain (stroke) 
or heart (MI). In specific settings, such as, PAD, impaired blood flow as a result 
of atherosclerotic stenosis of arteries in the extremities is a first clinical sign 
of systemic atherosclerosis with secondary atherothrombotic complications as 
main cause of morbidity and death. 

Atherosclerosis is a chronic inflammatory process as a consequence of 
long-term endothelial dysfunction and damage inflicted by risk factors such 
as smoking, hypercholesterolemia and hypertension. Endothelial perturbation 
triggers inflammation and leukocyte migration into the arterial vessel wall. 
Subsets of leukocytes, including neutrophils and particularly mononuclear cells 
attract more leukocytes and monocytes through secretion of chemokines and 
cytokines. The monocytes that transmigrate into the vascular wall differentiate 
into macrophages which then engulf modified lipoproteins (oxidized LDL). 
These cells, commonly known as foam cells, produce chemo-attractants that 
promote the proliferation of smooth muscle cells which eventually forms a 
fibrous cap. The end product is either a stable fibrous fatty streak or an unstable 
plaque, depending on the inflammatory burden.14

Biomarkers for thrombotic risk assessment

As previously discussed, arterial and venous thrombotic disease are two 
different disease entities with distinct pathophysiology, but also with 
shared commonalities. Considering that this thesis mainly focuses on the 
risk assessment of arterial thrombotic disease, I will not further discuss the 
biomarkers that are investigated in the context of venous thrombotic risk 
assessment. Hitherto, risk assessment for arterial thrombotic disease relies 
for the majority on identifying individuals at risk by clinical risk factors, such 
as hypertension, diabetes and hypercholesterolemia; many subjects will have 
one or more CVRFs. Up until now, literature on biomarkers in CVD report 
conflicting findings: whereas some reported biomarkers aid in risk prediction, 
others show not only that the impact of systemic markers of inflammation and/
or coagulation for the prediction of CVD risk is modest, but also that their use 
does not have therapeutic consequences. 15-22

Thrombin generation assay 

Thrombin generation is a pivotal process in clot formation and its analysis 
may be potentially beneficial in estimating bleeding or thrombosis risk. The 
continuous assessment of generation of thrombin was first introduced by 
Hemker et al. in 1993.23 At that time, TG assays (TGA) were time-consuming: 
it took a skilled laboratory technician one hour to complete measuring one 
sample. The efforts from Hemker and colleagues led to the establishment of 
the calibrated automated thrombogram (CAT) in 2003.24 The CAT employs 
a slow-reacting fluorogenic substrate that enables for the continuous 
measurement of TGA. Thrombin activity is calculated as a function of time 
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by comparing the fluorescent signal from the thrombin-generating sample to 
that from a known stable concentration of thrombin activity measured simul-
taneously in a parallel sample. TGA parameters are derived from the TGA curve 
and include lag time (time to minimum thrombin formed [min]), peak height 
(the maximum amount of thrombin formed [nM]) and endogenous thrombin 
potential (ETP or area under the curve [nM.min]). Several studies have shown 
that TGA is a potential indicator of thrombotic or hemorrhagic tendency.25–28

 Despite its potential in a diagnostic setting, the clinical validation and imple-
mentation of the TGA are still pending.  One missing element is the analysis of 
reference ranges in a larger population and this is one of the reasons for testing 
the CAT assay in the Gutenberg Health Study (GHS). 

Gutenberg Health Study

The GHS is a prospective population-based study which started in 2007 in the 
area of the Rhein-Main in mid-west Germany. It was designed primarily to 
improve the individual cardiovascular risk evaluation by taking into account 
traditional, psycho-social, socio-economic, environmental and life style risk 
factors. In addition, GHS aimed to investigate development and progression of 
CVD, but also metabolic disorders, pulmonary, psychosomatic, ophthalmolog-
ical, auditory, and dermatological diseases, cancer as well as disorders of the 
immune and coagulation system and to improve diagnosis, prognosis, therapy 
and prevention of these diseases.29 At baseline, 15,010 individuals between the 
age of 35-74 years underwent a standardized 5-hour clinical examination to 
collect data on the participant’s (medical) background, psychosocial factors, 
laboratory parameters and to investigate the extent of subclinical disease by 
using standardized medical measurements of systems. Moreover, a biobank 
was established to perform future laboratory and genetic analyses. After 
2.5 years, participants are contacted for a computer-assisted standardized 
telephone interview with assessment of endpoints. After 5 years, participants 
are invited for a detailed follow-up examination comparable to the visit at 
study inclusion in the study center. Primary endpoints of the GHS include MI 
and cardiac mortality. Secondary endpoints include the occurrence of ischemic 
stroke, diabetes mellitus, heart failure (HF), AF and all-cause mortality. 
 One of the main aims of the GHS is to identify new clinically relevant risk 
factors for CVD. Therefore, blood samples are taken from the study participants 
to measure a variety of components of the coagulation system in addition to 
standard laboratory measurements.

Outline of the thesis

This thesis focuses on the coagulation markers and assays as markers for risk 
of CVD. Hence it is divided into 2 parts, each focusing on a specific part of the 
coagulation cascade. The first two chapters centre around the TGA measured 
in the first 5,000 participants of the GHS. Chapter 2 discusses the sex-specific 
reference values of the TGA parameters derived from a cardiovascular healthy 
subpopulation. In addition, this chapter reports on the relation between TGA 
parameters and CVRFs, CVD and all-cause mortality. Chapter 3 addresses the 
biochemical (i.e. natural coagulation and anticoagulant factors) determinants 
of the TGA within cardiovascular healthy individuals as compared to 
individuals with a history of arterial or venous thrombosis. The second part 
of this thesis, chapter 4 and 5, focuses on TFPI, a natural anticoagulant, and 
vWF, a key protein in the haemostatic process. Chapter 4 explores the relation 
between TFPI activity levels and CVRFs and CVD. Chapter 5 addresses whether 
low vWF antigen and activity levels protect against CVD.
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Abstract

Background

TGA may be a potential tool to improve risk stratification for CVD. This study 
aims to explore the relation between TGA and CVRFs, CVD and total mortality. 
For this study, N=5000 subjects from the population-based GHS were analyzed 
in a highly standardized setting. 

Methods

TGA was assessed by the CAT method at 1 and 5 pM TF trigger in platelet-poor 
plasma (PPP). Lag time, ETP and peak height were derived from the TGA curve. 
Sex-specific multivariable linear regression analysis adjusted for age, CVRFs, 
CVD and therapy, was used to assess clinical determinants of TGA. Cox 
regression models adjusted for age, sex, CVRFs and vitamin K antagonists (VKA) 
investigated the association between TGA parameters and total mortality. 

Results

Lag time was positively associated with obesity and dyslipidemia for both 
sexes (p<0.0001). Obesity was also positively associated with ETP in both sexes 
(p<0.0001) and peak height in males (1 pM TF, p=0.0048) and females (p<0.0001). 
Cox regression models showed an increased mortality in individuals with lag 
time (1 pM TF, hazard ratio (HR)=1.46, [95% CI: 1.07; 2.00], p=0.018) and ETP (5 
pM TF, HR = 1.50, [1.06; 2.13], p=0.023) above the 95th percentile of the reference 
group, independent of the cardiovascular risk profile. 

Conclusion

This large-scale study demonstrates traditional CVRFs, particularly obesity, 
as relevant determinants of TGA. Lag time and ETP were found as potentially 
relevant predictors of increased total mortality, which deserves further 
investigation.

Introduction

Thrombin generation is one of the key enzymatic processes that direct the 
activity of the hemostatic system and coagulation cascade up to and including 
the formation of a fibrin clot.1 Physiologically, thrombin formation is essential 
to maintain hemostasis and bleeding tendencies are associated with reduced 
thrombin (and hence fibrin) formation.2  An enhanced plasma potential to 
generate thrombin has been linked to an increased risk of VTE, while the 
associations with arterial vascular disease are still inconsistent.3-8 The TGA is 
an important method addressing the overall potential of a plasma sample to 
form thrombin. More than 95% of TG occurs after initial formation of fibrin, so 
routine diagnostic coagulation tests, such as prothrombin time and activated 
partial thromboplastin time fail to reproduce this overall potential. Hence, 
there is a strong research interest in TGA as a promising diagnostic tool for 
hypo- and particularly hypercoagulability phenotypes.9

 In a study of healthy individuals, fibrinogen, F-XII, free TFPI and antithrombin 
have been identified as major determinants of TGA parameters.10 Relation to 
demographic characteristics, such as age and sex, has been previously addressed 
but the studies have been small and results are not entirely consistent.11,12 As 
TGA analysis is a promising tool to estimate a subject’s risk for thrombosis or 
more broadly CVD, it is of eminent importance to fully understand the nature 
and direction of effects of CVRFs.
 Hence, we undertook the present investigation in the first 5,000 participants 
of the population-based GHS. The primary aim of this study was to investigate 
CVRFs and CVD as major clinical determinants of increased TGA in a large 
population-based sample. Additional aims were to obtain age- and sex-related 
reference values for TGA parameters in a representative subsample of adults who 
were healthy from a cardiovascular point of view. Finally, having prospective 
data on total mortality allowed us to investigate the relation between TGA 
parameters and all-cause mortality.
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Methods

Research design

The GHS, a population-based, prospective, observational, single-center cohort 
study in the Rhine-Main region in Western Mid-Germany, was designed to 
improve the individual risk prediction of CVD. At baseline examination, the 
study included a total of 15,010 individuals. The sample was drawn randomly 
from governmental local registry offices in the City of Mainz and the district of 
Mainz-Bingen and was stratified 1:1 for sex and residence (urban and rural) and 
in equal strata for decades of age. Individuals between 35 and 74 years of age 
were enrolled, and written informed consent was obtained from all participants 
for clinical examinations, laboratory analyses, sampling of biomaterial and use 
of data records for research purposes. As part of the study, every participant 
underwent a comprehensive, highly standardized 5-hour clinical examination 
program. In addition to the clinical assessment, a large biobank has been 
established for biochemical and genetic analyses. Further details of the study 
protocol and purpose are discussed elsewhere.13

 The study was designed in accordance with the tenets of the revised Helsinki 
protocol, and the protocol and sampling design were approved by the local 
ethics committee. The sampling design was additionally approved by local and 
state data safety commissioners.
 

Study sample and reference sample

The study sample consisted of the first 5,000 subjects enrolled into the GHS 
between April 2007 and October 2008. After excluding subjects without 
biomaterial available or without complete TGA assessment (one or several 
TGA parameters missing), 4,843 individuals were successfully included in the 
overall study sample for the present analysis.
 The reference group was defined as subjects apparently healthy from a 
cardiovascular point of view, without a history of CVD (MI, congestive heart 
failure (CHF), coronary artery disease (CAD), VTE, AF or PAD), presence of 
CVRFs (obesity, dyslipidemia, arterial hypertension, diabetes mellitus) or use of 
antithrombotic agents, oral contraceptives or hormonal replacement therapy. 
In addition, individuals with a self-reported history of inherited coagulation 
abnormalities were excluded from the reference sample. A detailed definition of 
traditional CVRFs and categorization of medications are provided in Appendix: 
Supplemental Material.

Clinical assessment and laboratory measurements

Clinical examination and determination of CVRFs were performed as published 
elsewhere.14,15  Standard laboratory measurements were carried out at the 
Institute of Clinical Chemistry and Laboratory Medicine, University Medical 
Center Mainz, Germany. Venous blood sampling was performed according to 
standard operating procedures in lying position and the blood was collected 
in trisodium citrate (0.109 M, 1:9 vol:vol)  monovette plastic tubes, while 
the subject was in fasting state (i.e. overnight fast, if subject was examined 
before 12 p.m. and 5 hour fast, if subject was examined after 12 p.m.). PPP 
was prepared by 10 minutes centrifugation at 2,000 x g at room temperature, 
aliquoted and immediately stored at -80 °C. . TGA was assessed according to 
the recommendations16 for the CAT assay (Thrombinoscope BV, Maastricht, the 
Netherlands) in PPP. The TGA was triggered by 1 pM TF with 4 μM phospholipids 
at 20:20:60 mol% hosphatidylserine/phosphatidylethanolamine/
phosphatidylcholine, or 5 pM TF with 4 μM phospholipids. Trigger reagents 
were selected for commercial availability, e.g. PPP Reagent and PPP Low Reagent. 
The CAT method employs a low affinity fluorogenic substrate for thrombin 
(Z-Gly-Gly-Arg-AMC) in order to monitor thrombin activity continuously in 
clotting plasma. TGA measurements were calibrated against the fluorescence 
curve obtained in a sample from the same plasma (80 μL), supplemented with 
a fixed amount of thrombin-a 2-macroglobulin complex (20 μL of Thrombin 
Calibrator; Thrombinoscope BV, Maastricht, the Netherlands) and 20 μL of the 
fluorogenic substrate and calcium chloride mixture.16  TGA parameters were 
derived from the TGA curve and include lag time (time to minimum thrombin 
formed, in min), peak height (the maximum amount of thrombin formed, in 
nM) and ETP (area under the curve, in nM.min). All samples were tested as one 
batch using one batch of reagents within a period of 6 months. Two technicians 
performed the analyses on three validated systems and normal pooled plasma 
was included in each assay run for in-house quality control according to our 
ISO9001 certification (Coagulation Profile BV, Maastricht, the Netherlands).

Data management and statistical analysis

A central data management unit conducted quality control on all data. For 
presenting the distribution of TGA parameters, means with standard deviation 
(SD) were calculated for ETP and peak height whereas medians with the 
interquartile range were used for the lag time, due to its skewed distribution. 
P-values for means were calculated by t-test and for medians by Mann-Whitney 
test. Linear regression analysis performed on the overall study sample, 
exploring clinical determinants of TGA parameters, was stratified by sex and 
adjusted for age, CVRFs, CVD and use of the following medications: VKA, oral 
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contraceptives and hormone replacement therapy (HRT). Due to a skewed 
distribution, lag time, as a dependent variable, was log-transformed prior 
to further analysis. Estimated regression coefficients are presented with 
corresponding 95% confidence interval (CI). Considering the explorative 
character of the analysis, a significant threshold was not defined for p-values. 
P-values were interpreted as continuous measure of statistical evidence. 
Multiple linear regression models, exploring associations of TGA parameters 
and medications in the study sample, were adjusted for age, sex, CVRFs and 
CVD. Analysis of prospective mortality data with censoring, performed on the 
overall study sample, is presented by Kaplan-Meier curves and by three Cox 
proportional hazards models, excluding individuals using oral contraceptives 
or HRT from the latter. The first Cox regression model was adjusted for age, sex 
and VKA, where the second and third models were additionally adjusted for 
CVRFs and CVD, respectively. Statistical analysis was performed with software 
program R, version 3.3.1 (http://www.R-project.org).

Results

Study sample and reference subsample characteristics

While there was a balanced sex ratio in the overall study sample, there was 
a slight preponderance of women (55.3%) in the reference subsample. The 
median and interquartile range (IQR) of age of the study sample was 56 years 
(IQR, 46-66) in males and 55 years (IQR, 45-64) in females. The reference sample 
included 1,210 subjects, of whom 541 (44.7%) were male and 669 (55.3%) female.   
 The median age of the reference sample was 47 years (IQR, 42-55) in males 
and 48 years (IQR, 41-54) in females. In the study population, hypertension 
was the most prevalent CVRFs, being present in 56.6% of the male population 
and 46.1% of the female population, followed by dyslipidemia. Antithrombotic 
agents were taken by 15.9% of males and 9.4% of females. Among females, 
6.4% were taking oral contraceptives and 12.3% hormone replacement therapy. 
Detailed characteristics of the study population and reference sample are 
presented in Supplementary Table S1.

TGA reference values and parameters in the overall study sample

The results of the TGA parameters in males and females from the study sample 
and reference subsample (reference values) are shown in  Table 1. Females 
presented with a shorter lag time at 1 pM TF and 5 pM TF (p<0.0001 for both), 
higher ETP at 1 pM TF (p<0.0001) and higher peak height at 1 pM TF (p=0.014) 
and at 5 pM TF (p<0.0001) compared to males from the reference subsample. 
In the study sample, females presented with a shorter lag time at 1 pM TF 
(p<0.0001), as well as higher ETP and peak height at both 1 pM TF and 5 pM TF 
(p<0.0001 for both), compared to males.
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Clinical determinants of TGA in the overall study sample

As shown in  Table 2, age was associated with longer lag time, both in males 
(Table 2A) and females (Table 2B), at 1 pM TF (males: p=0.014; females: p<0.0001) 
and at 5 pM TF (Supplementary Table S2A, B). In males, age was positively 
associated with ETP at 1 pM TF (Table 2A) and peak height at 1 pM TF (Table 
2A) and at 5 pM TF (Supplementary Table S2A). In contrast, in females, age 
was associated with lower ETP at 1 pM TF (p=0.015) and lower peak height at 5 
pM TF (Supplementary Table S2B).
 Of the various CVRFs considered, obesity showed a positive association 
with lag time (males:  p<0.0001; females:  p<0.0001), ETP (males:  p<0.0001; 
females:  p<0.0001 ) and peak height (males:  p=0.0048; females:  p<0.0001) at 
1 pM TF. Dyslipidemia was positively associated with lag time in both males 
(p<0.0001) and females (p<0.0001) and with ETP in males only (p=0.0057) at 
1 pM TF. Similar findings for both obesity and dyslipidemia were observed at 5 
pM TF as shown in Supplementary Table S2A, B. No associations were found 
for TGA and history of CVD.

Therapeutic agents and TGA parameters in the overall study sample

Females using oral contraceptives or hormone replacement therapy presented 
with shorter lag time, higher ETP and peak height at both 1 pM TF (Table 2B) 
and 5 pM TF (Supplementary Table S2B).
 Use of VKA reduced TGA as shown by prolonged lag time, and reduced ETP 
and peak height (Table 2A, B). These effects were detectable at 1 pM TF in both 
males (p<0.0001; ETP: p<0.0001; peak height: p<0.0001) and females (p<0.0001; 
ETP: p<0.0001; peak height: p<0.0001;). Similar results were obtained at 5 pM 
TF (Supplementary Table S2A, B).
 Results from multiple linear regression analysis for TGA parameters at 1 pM 
TF and at 5 pM TF, demonstrated associations between other medications, in 
addition to VKA, and TGA as shown in  Table 3A, B. The lag time at 1 pM TF 
was positively associated with intake of cardiac drugs (p<0.0001), diuretics 
(p=0.00043), anti-gout preparations (p=0.00038) and immunosuppressants 
(p=0.00021), and inversely associated with hormone- containing drugs (i.e., 
hormone replacement therapy and oral contraceptives, p<0.0001). Differently, 
ETP was inversely associated with cardiac drugs, ATC code C01 (p<0.0001) at 5 
pM TF and positively with hormone-containing drugs (p<0.0001). Peak height 
showed a positive association with hormone-containing drugs (p<0.0001). The 
results at 5 pM TF were comparable to the results at 1 pM TF.
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Kaplan-Meier survival curves and Cox-regression models

During the follow-up period until April 2017, with a median follow-up of 9.21 
(8.83-9.65) years, a total of 308 deaths were registered. As presented in Figure 
1A-F, a longer lag time above the 90th percentile of the reference, at both 1 pM 
TF (Figure 1A) and 5 pM TF (Figure 1B), was significantly associated with worse 
survival (p<0.0001). In addition, higher ETP above the 90th percentile (p=0.034) 
and 97.5th percentile (p=0.00097) of the reference sample (Figure 1D), measured 
at 5 pM TF was associated with worse survival. No such associations were 
observed for ETP at 1 pM TF.
 Considering the strong positive association between TGA and the use of 
oral contraceptives or hormone replacement therapy, individuals taking these 
medications were excluded from Cox regression analysis. In the first model, 
adjustments were made for age, sex, and vitamin K antagonist use, whereas 
in the second and third models, additional adjustments were made for CVRFs 
and CVD, respectively. As demonstrated by the second model in Table 4A, B, 
Cox regression analysis confirmed an increased mortality for individuals with 
a lag time at 1 pM TF above the 95th percentile of the reference [HR= 1.55, 95% 
confidence interval (95% CI): 1.14-2.11;  p=0.0058] and with ETP at 5 pM TF 
above the 95th percentile of the reference (HR=1.53, 95% CI: 1.09-2.15; p=0.015), 
independently of the presence of CVRFs. After additional adjustment for CVD, 
lag time at 1 pM TF (HR=1.46, 95% CI: 1.07-2.00; p=0.018) and ETP at 5 pM TF 
(HR=1.50, 95% CI: 1.06-2.13; p=0.023) remained associated with mortality.

Figure 1A-F Survival over 10 years for markers of TGA above and below 
reference limits.
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Figure legend: Kaplan-Meier survival curves of the overall study sample 
demonstrating the 10-year survival of individuals with the TGA parameters 
lag time (upper panels), endogenous thrombin potential (ETP) (middle panels), 
and peak height (lower panels) within the range of the reference group (green 
line), individuals above the 90th  percentile of the reference group (blue line), 
and individuals above the 97.5th percentile of the reference group (red line), at 1 
(upper panels) and 5 pM (lower panels) TF. For the lag times at both 1 and 5 pM 
TF, p<0.001 for the difference between the reference and the 90th percentile, as 
well as for the reference and the 97.5th percentile. For the ETP at 5 pM TF, p=0.034 
for the difference between the reference and the 90th percentile and p=0.00097 
for the difference between the reference and the 97.5th percentile.
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Discussion

The formation of thrombin is one of the key processes underlying thrombotic 
diseases and its role in CVD due to atherosclerosis attracted new interest 
with recent data showing superior efficacy of a combined strategy of aspirin 
and low-dose direct oral anticoagulation in reducing atherothrombot-
ic events.17  Hence, limiting TGA by inhibiting F-Xa provides an interesting 
approach to lower cardiovascular risk. In this study we explore the clinical 
determinants of TGA measured in plasma, in a large population-derived 
study. Our data provide important insights into the effects of CVRFs in males 
and females. This study is the first to demonstrate the positive association of 
TGA parameters, ETP as a global measure of procoagulant and anticoagulant 
action in plasma and lag time, with total mortality, independent of age, sex 
and CVRFs.
 The presented reference values may be generalized to other laboratories. 
However, the reference ranges should be used with caution as the (pre-)
analytical conditions of the assay may influence the reference ranges and 
standardization between laboratories is needed, as well as confirmation of 
the observed data. The reference values of the TGA parameters as well as the 
mean and median values of the TGA parameters in the overall study sample 
showed sex-specific differences with females having shorter lag times and 
higher ETP and peak height, compared to males. The sex differences in TGA 
can be partly explained by the strong influence of female endogenous sex 
hormones on the coagulation cascade, as higher levels of fibrinogen and lower 
levels of protein S, antithrombin and protein C were observed in females, 
compared to males, irrespective of hormonal treatment.18

 Following a sex-stratified, fully adjusted, large, multivariable model 
analysis we show that age, obesity and dyslipidemia are the most important 
clinical factors linked with higher TGA potential. Furthermore, this study 
demonstrates the effect of different groups of medication on TGA, with hor-
mone-containing drugs being positively associated and anticoagulant and 
antiarrhythmic drugs being inversely associated with TGA potential.
 Few studies have described the effect of age on TGA parameters.10,11,19   
Collectively, these studies suggest that TGA potential enhances with 
increasing age, indicated by shorter lag time and higher ETP and peak 
height. However, these studies had rather small sample sizes and included a 
homogeneous population of healthy volunteers. In the present analysis, age 
was positively associated with lag time in both males and females. In males, 
ETP and peak height increased with age, whereas in females the amount of 
TGA showed a rather negative trend with less strong associations compared 
to those in males.
 Other positive determinants of lag time observed in this study were obesity 
and dyslipidemia, which may partly be explained by increased levels of TFPI, 
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a lipoprotein-associated coagulation inhibitor. It has been suggested that 
free TFPI is a major determinant of lag time.10 Elevated TFPI levels have been 
reported in individuals with impaired glucose tolerance and type 2 diabetes 
mellitus20  and it has been suggested that these TFPI levels were elevated 
due to related obesity.21  Smid and colleagues found that a prolongation 
in lag time in patients with previous MI may be due to release of TFPI.7  In 
addition to lag time, both ETP and peak height showed positive associations 
with obesity and dyslipidemia. Total body fat percentage and body mass 
index have been positively associated with lag time, ETP and peak height in 
females, independently of age, prior CVD, glucose metabolism and smoking 
status, though no associations were observed in males.22 The present study 
demonstrates strong relations of obesity with a longer lag time and higher 
ETP and peak height in both males and females, independently of potential 
confounders. The association of ETP and peak height with obesity may be 
attributed to a low-grade inflammation observed in obese individuals.23

 The results on associations between therapy and TGA parameters 
showed that use of VKA was positively associated with lag time and 
negatively associated with ETP and peak height, as expected from previous 
studies.24-26  Aspirin showed no effect on TGA (data not shown), in line 
with recent findings from the COMPASS trial, in which treatment with a 
combination of aspirin and rivaroxaban, a direct F-Xa inhibitor, showed a 
superior effect on prevention of the manifestation of atherothrombosis in 
atherosclerotic disease, as compared to treatment with aspirin alone.17

 Furthermore, intake of oral contraceptives or hormone replacement 
therapy was associated with a shorter lag time and higher ETP and peak 
height, in line with previous reports.10,27-29 The influence of estrogen-contain-
ing medication on the TGA potential has been linked through increased levels 
of the coagulation factors II, VII, VIII, and X and fibrinogen, decreased levels 
of the natural anticoagulants, antithrombin and protein S, and acquired 
resistance to APC.27,28

 Hitherto, only a limited number of studies have explored the association 
between TGA and mortality. The PROSPER study, including only elderly 
individuals, showed positive associations of vascular mortality with lag time 
and peak height and total mortality with lag time.5 However, after adjustment 
for interleukin-6 and C-reactive protein levels, the associations were no longer 
significant, indicating that inflammation may be contributing to higher TGA 
in these individuals. In another smaller study, higher ETP and peak height (at 5 
pM TF), independently of age, sex and CVRFs, were associated with increased 
risk of cardiovascular death in patients with acute coronary syndrome.30  In 
the present large, adult, population-based study, we demonstrate a positive 
association between lag time at 1 pM TF and total mortality, which remained 
significant after adjusting for traditional CVRFs and CVD. Furthermore, this 

study highlights the relation between higher ETP (above the 95th percentile of 
the reference group) at 5 pM TF, as a global measure of both procoagulant and 
anticoagulant forces in the plasma, and increased risk of death, independently 
of CVRFs and CVD. 
 These findings indicate that both lag time and ETP are potential biomarkers 
for increased mortality risk, beyond the traditional CVRFs. As discussed for 
the previous published PROSPER study, the association between a prolonged 
lag time and total mortality is not only a surprising and counterintuitive 
observation, but also one that is difficult to explain. With a risk of being too 
speculative, potential mechanisms might include consumption of initiators of 
coagulation before the system overshoots to start actual thrombosis. In other 
words, a constant (weak) prothrombotic trigger activates the coagulation 
system which is subsequently down-regulated by the natural anticoagulants 
antithrombin and TFPI until, at a certain moment, the prothrombotic trigger 
increases and the system becomes overactivated and anticoagulants can no 
longer prevent thrombosis. In such a scenario, consumption of F-VII or F-XII, 
for example, could lead to a prolonged lag time in a sensitive  in vitro assay. 
Another potential contributor to the prolonged lag time could be altered TFPI 
levels between subjects. However, assessing the TFPI levels in the presented 
cohort is part of another study and beyond the scope of the current study.
 Limitations of our study are that we measured TGA in PPP after one-step 
centrifugation of whole blood (10 minutes at 2,000 x g) in contrast to recom-
mendations (two-step centrifugation, 2000 x g for 5 minutes, 10,000 x g for 10 
minutes). A previous small-scale analysis by Loeffen and colleagues16 showed 
that in order to eliminate residual platelets and microparticles, which may 
contribute to variability in TGA results, double-centrifuged samples are 
preferable. We cannot, therefore, exclude that residual platelets and mi-
croparticles contributed to the observed associations between CVRFs and 
TGA parameters. Next, we had only cumulative mortality data available, 
so conclusions could not be made regarding associations between TGA 
variables and specific causes of mortality. However, the standardized 
clinical investigation of the cardiovascular profile, standardized laboratory 
measurements of the large GHS sample and availability of prospective 
mortality data are essential strengths of our study, which delivers important 
evidence on the TGA as a potential tool for improving risk stratification for 
CVD.
 In conclusion, this is the first, large, population-based study demonstrating 
an important relation between TGA parameters, such as the time to minimum 
thrombin formed or the amount of thrombin formed, and total mortality. 
Further research is required on the underlying mechanism as well as to 
explore the potential role of the parameters as independent biomarkers for 
increased mortality risk. The observed association of TGA and traditional 
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CVRFs, particularly obesity, is an important finding in light of the growing 
“globesity’’ issue worldwide.31
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Appendix: Supplemental Material 

Definition of classical cardiovascular risk factors

Diabetes mellitus and dyslipidemia were defined as individuals with a definite 
diagnosis of by a physician. Additional definition of diabetes was a blood glucose 
level of ≥126mg/dl in the baseline examination after an overnight fast of at least 
8 hours or a blood glucose level of ≥200mg/dl in the baseline examination after 
a fasting period <8 hours. Dyslipidemia was additionally defined as a LDL/
HDL-ratio of >3.5. Hypertension was diagnosed, if antihypertensive drugs 
are taken, or a mean systolic blood pressure of ≥140mmHg or a mean diastolic 
blood pressure of ≥90mmHg (in the 2nd and 3rd standardized measurement 
after 8 and 11 minutes of rest). Smoking was classified into non-smokers (never 
smokers and former smokers) and smokers (occasional smoker, i.e. <1 cigarette/
day, and smoker, i.e. ≥1 cigarette/day). Obesity defined as a body-mass index ≥ 30 
kg/m². Self-reported CAD,  MI, HF, stroke, DVT, PE and PAD indicated personal 
history of CVD. A positive family history was defined as history of MI or stroke 
in a female first-degree relative ≤65 years or a male first-degree relative ≤60 
years. 

Categorization of medication

Medications were classified according to the ATC classification system. The 
following medication groups were selected for analysis: antithrombotic agents 
(excluding direct oral anticoagulants) (B01), sex hormones and modulators 
of the genital system (G03), cardiac therapy (C01), diuretics (C03), antigout 
preparations (M04) and immunosuppressants (L04). For the use of oral contra-
ceptives and/or hormone replacement therapy, both ATC-code and self-reported 
information was used.
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Abstract

Background: The current study aims to identify the biochemical determinants 
of plasma TGA in a large population-based study by comparing individuals 
with a history of arterial or venous thrombosis to cardiovascular healthy 
individuals. 

Methods: This study comprised 502 individuals with a history of arterial 
disease, 195 with history of venous thrombosis and 1402 cardiovascu-
lar healthy individuals (reference group) from the population-based GHS. 
Calibrated Automated Thrombography was assessed and coagulation factors 
were measured by means of BCS XP Systems. To assess the biochemical 
determinants of TGA variables, a multiple linear regression analysis, adjusted 
for age, sex and antithrombotic therapy, was conducted. 

Results: The lag time, the time to form the first thrombin, was mainly positively 
associated with the natural coagulant and anticoagulant factors in the reference 
group, i.e. higher factors result in a longer lag time. The same determinants 
were negative for individuals with a history of arterial or venous thrombosis, 
with a 10 times higher effect size. Endogenous thrombin potential, or area 
under the curve, was predominantly positively determined by F-II, F-VIII, F-X 
and F-IX in all groups. However, the effect sizes of the reported associations 
were 4 times higher for the arterial and venous disease groups in comparison 
to the reference group.

Conclusion: This large-scale analysis demonstrated a stronger effect of the 
coagulant and natural anticoagulant factors on the thrombin potential in 
individuals with a history of arterial or venous thrombosis as compared to 
healthy individuals, which implicates sustained alterations in the plasma 
coagulome in subjects with a history of thrombotic vascular disease, despite 
intake of antithrombotic therapy. 
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Introduction 

TGA is established as an important research tool for exploring the plasma 
“coagulome” in relation to clinical risks for bleeding or thromboembolism. For 
a bleeding tendency, like hemophilia subjects lacking F-VIII or F-IX, reduced 
peak height and ETP of the TGA curve have been observed, supporting a state of 
hypocoagulability.1–5  Correction of such factor deficiency normalized the TGA 
profile.6 In thrombosis research, the reported findings on TGA are conflicting, 
e.g. whereas an increased thrombin potential is frequently reported in venous 
thrombosis, for subjects with arterial thrombosis data are quite inconsistent.7–10  
While some studies show positive associations of increased peak height and/or 
ETP to outcomes like ischemic stroke, other studies show reverse associations 
of increased lag time and/or lower peak height levels in patients that suffered 
a myocardial infarction or stroke.11,12 The reasons for these discrepancies are 
not fully understood but might include variations in coagulation factor con-
centrations, release of TFPI from the endothelium as well as effects of specific 
medication. Solid evidence based on a comprehensive set of different data  is 
still missing.13

 VTE and arterial thrombotic diseases share several risk factors and several 
studies have shown that the risk of arterial thrombosis is increased in those 
that suffered a first VTE and vice versa.14 Therefore, one would expect that also 
the plasma coagulome, assessed by the TGA, would reflect certain similarities 
between subjects with VTE or arterial thrombosis.15 However, given the 
observed discrepant associations with TGA data, different profiles between 
venous and arterial thrombotic disease may also be present.
 In order to address these issues, we carried out the present study to identify 
the biochemical determinants (coagulation factors and natural anticoagulants) 
of the TGA parameters in individuals with a history of either an arterial car-
diovascular disease or venous thrombotic disease compared to cardiovascular 
healthy group within the population-based GHS. 

Methods

Research design

The GHS is a prospective, observational, single center cohort study, designed 
for population-based health research, in the Rhine-Main region in Germany. 
With a total of 15,010 individuals between 35 and 74 years enrolled at the 
baseline examination, the GHS aims to assess the consequences of diseases 
and environmental factors in addition to the inherited predisposition on the 
development and progression of asymptomatic and symptomatic disease. 
The study has been conducted in accordance with the tenets of the revised 
Declaration of Helsinki. The study protocol was approved by the local ethics 
committee and by the local and federal data safety commissioners (Ref. No. 
837.020.07 [5555]). Written informed consent was obtained from all participants 
for laboratory analyses, clinical examinations, sampling of biomaterial 
and use of data records for research purposes. During the baseline visit, 
every participant underwent a comprehensive, standardized 5-hour clinical 
examination program, as reported elsewhere.16,17 The baseline visit comprised 
of a detailed computer-assisted interview covering cardiovascular risk factors, 
life style, socioeconomic status, and other areas. The prevalence of cardio-
vascular disease was determined by history taking. In addition to the clinical 
assessment, a large biobank has been established for future biochemical and 
genetic analyses. As part of the follow-up, a standardized computer-assist-
ed telephone interview and an inventory of primary and secondary endpoints 
were done 2.5 years after baseline visit. In addition, participants undergo a 
quinquennial, extensive clinical examination in the research facility similar to 
the baseline visit. Primary endpoints of the study were MI and cardiovascular 
death. Secondary endpoints were cerebrovascular accident, diabetes mellitus, 
heart failure, atrial fibrillation or death caused by the previously named 
diseases. Details of the study protocol and the further purposes of the study are 
discussed elsewhere.18 

Study sample 

The overall study sample consisted of the first 5000 subjects enrolled into the 
GHS between April 2007 and October 2008. After excluding subjects without 
biomaterial available or without complete TGA assessment (one or several TGA 
parameters were missing), 4843 individuals were successfully included in the 
present analysis.
 The reference group was defined as apparently cardiovascular healthy 
subjects without history of cardiovascular disease (MI, CHF, CAD, PAD, VTE, AF) 
or the presence of CVRFs (obesity, dyslipidemia, arterial hypertension, diabetes 
mellitus) and included 1402 individuals. Individuals with a self-reported history 
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of inherited coagulation abnormalities were excluded from the reference 
sample. The arterial disease group was defined as individuals with a history 
of MI, CAD, stroke or PAD and included 502 individuals. The venous disease 
group was defined as individuals with a history of DVT or PE and included 
195 individuals. Individuals that did not meet the above mentioned criteria 
for the various groups were excluded from the current analysis. For a detailed 
definition of traditional CVRFs and categorization of medications, please see 
Appendix: Supplemental Material of chapter 2.
 

Blood sampling and laboratory assessment

Venous blood sampling was performed according to standard operating 
procedures and the blood was collected in trisodium citrate (0.109 M, 1:9 vol:vol) 
monovette plastic tubes, while the subject was in fasting state (i.e. overnight 
fast, if subject was examined before 12 p.m.. and 5 hour fast, if subject was 
examined after 12 p.m.). PPP was prepared by one-step centrifugation at 2,000 x 
g at room temperature for 10 minutes. After preparation the PPP was aliquoted 
and immediately stored at -80 °C in the biobank of the GHS study center.
 The TGA was assessed in the Laboratory for Clinical Thrombosis and 
Hemostasis, Maastricht University, the Netherlands, by the CAT assay 
(Thrombinoscope BV, Maastricht, The Netherlands), according to the recom-
mendations.19,20 The TGA was triggered by PPP Reagent Low (Stago) in freshly 
thawed PPP. The CAT method employs a low affinity fluorogenic substrate for 
thrombin (Z-Gly-Gly-Arg-AMC) to continuously monitor thrombin activity in 
clotting plasma. TGA measurements were calibrated against the fluorescence 
curve obtained in a sample from the same plasma (80 µL), supplemented with a 
fixed amount of thrombin–alfa 2-macroglobulin complex (20 µL of Thrombin 
Calibrator; Thrombinoscope BV, Maastricht, The Netherlands) and 20 µL of 
the fluorogenic substrate and calcium chloride mixture. TGA parameters were 
derived from the TGA curve and include lag time (time to minimum thrombin 
formed [min]), peak height (the maximum amount of thrombin formed [nM]) 
and ETP (or area under the curve [nM.min]).
 Coagulation factors were measured by means of BCS XP Systems in the 
Biomolecular laboratory at the Department of Epidemiology, University 
Medical Center Mainz, Germany. The coagulation factors II, V, VII, VIII, IX, X, 
XI, XII were determined using the clotting-based coagulation methodology, 
protein C and antithrombin by the chromogenic assay and vWF and protein S 
by using immunological-based assay. Reference values by the WHO standard 
provided by Siemens were used. 
 Total TFPI activity was assessed in PPP by the Actichrome TFPI activity 
assay (American Diagnostica, Stamford, CT, USA) in the Laboratory for Clinical 
Thrombosis and Hemostasis, Maastricht University, the Netherlands.
  

Data management and statistical analysis

A central data management unit conducted quality control on all data in this 
study. Statistical analysis was performed with software program R, version 
3.3.1 (http://www.R-project.org). Data on coagulation factors and inhibitors are 
presented as mean (standard deviation) in case of normal distribution. 
 Multiple linear regressions were used to assess the associations between 
biochemical variables and TGA parameters in the reference group as well as in 
the arterial and venous disease group. The analyses were adjusted for age, sex 
and additionally for hormones (oral contraceptives and hormone replacement 
therapy = G03) and anticoagulant agents (B01AA, B01AB, B01AE, B01AF, B01AX) 
as these may affect the thrombin potential. Due to a skewed distribution, 
lag time, as a dependent variable, was log-transformed prior to the analysis. 
Estimated beta regression coefficients, presented with corresponding 95% CI, 
were calculated as per standard deviation to compare the effects of different 
coagulation-related factors on TGA parameters. Due to its explorative nature, a 
p-value threshold was not defined. However, to account for multiple testing and 
to avoid a false positive finding, a Bonferroni corrected p-value (0.00036) was 
set for the results on the multiple linear regression analyses.
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Results

Baseline characteristics of the study sample

Baseline characteristics of the reference group, arterial and venous disease 
groups are shown in Table 1. The majority of the individuals in the arterial 
subsample were males (63.3%), whereas there was a preponderance of females 
in the reference group (60.5%) and the venous disease group  (63.6%). The 
mean age in the reference group was 49.3 years and the mean age of the 
study population in the arterial and venous disease groups was  63.8 years 
and 61.3 years, respectively. In both the arterial and venous disease groups, 
hypertension (arterial disease group: 72.5%, venous disease group: 59.0%) 
was the most prevalent traditional CVRFs, followed by family history of MI/
stroke (arterial disease group: 43.6%, venous disease group: 43.6%). Of the car-
diovascular diseases, CAD was the most prevalent with 46.5% of the study 
subjects in the arterial disease group. In the venous disease group, 99.0% of 
the individuals had a history of DVT and 5.7% of the individuals had a history 
of PE. Of the arterial vascular diseases, PAD was predominant with 26.6% of 
the study subjects in the venous disease group. Anticoagulant therapy was 
most common in the arterial disease group (61.0%), followed by the venous 
disease group (35.4%) and the reference group (1.8%). While individuals from 
the reference group were most often taking oral contraceptive therapy (12.5%), 
individuals in the arterial disease group were most often using hormonal 
replacement therapy (11.3%). 

Levels of coagulation factors and inhibitors 

Levels of coagulation factors and inhibitors in the reference group, arterial 
and venous disease group are shown in Table 2. Most notably, the lag time was 
significantly prolonged in individuals with a history of arterial vascular disease 
or venous thrombosis in comparison to the cardiovascular healthy individuals. 
In addition, the ETP from the arterial disease group was lower compared to the 
reference group. The activity level of F-II, F-X and antithrombin were lower 
in the arterial and venous disease groups compared to the reference group. 
Differently, activity levels of F-VIII and F-XI, vWF activity and fibrinogen 
concentration were higher in both arterial and venous disease groups compared 
to reference group. The individuals from the arterial disease group compared 
to the control subjects showed additionally higher activity levels of F-IX and 
Protein S and slightly lower activity of F-XII. 
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Determinants of thrombin generation 

The multivariate analysis of the determinants of the TGA in the reference group, 
arterial and venous disease group is presented in Figure 1A-C. Presented in 
Appendix: Supplemental Material table 1A-C are beta per standard deviation 
SD, meaning that one SD change of the predictor (coagulation factors) leads 
to beta change in dependent variable (TGA parameter). The lag time in the 
arterial and venous disease group was strongly and negatively associated with 
coagulation F-II, F-V and F-VII and with the natural anticoagulants protein S, 
antithrombin and TFPI activity. Fibrinogen was negatively associated with the 
lag time in the arterial disease group and positively associated in the venous 
disease group. Differently, F-XII was positively associated with the lag time 
in the arterial disease group and negatively associated in the venous disease 
group. In general, the effect size of the reported biochemical determinants 
was 10 times higher for the arterial and venous disease groups compared to 
the reference group (e.g. F-II, beta estimate median: arterial: -0.18 vs venous 
-0.23 vs reference 0.017). In addition, the direction of the associations for the 
reference group was positive for all reported variables, except for F-VII that was 
negatively associated.  
 The ETP was strongly positively determined by F-II, F-VIII, F-X and F-IX in 
the reference group as well as the arterial and venous disease groups. (Figure 
1A-C) In addition, antithrombin was a negative determinant for the ETP in the 
reference group, though no association was observed for antithrombin in the 
arterial and venous disease groups. VWF was a negative determinant for the 
ETP in both the arterial and venous disease group, whereas vWF was positively 
associated with the ETP in the reference group. Moreover, the effect size of the 
reported biochemical determinants was nearly 4 times higher for the arterial 
and venous disease groups in comparison to the reference group (e.g. F-VIII, 
beta estimate median: arterial 184 vs venous 217 vs reference 55.6).
 There was a positive association between F-VIII, F-IX, F-II, F-X and the peak 
height in the reference group, arterial and venous disease group. (Figure 1A-C) 
Protein S was a negative determinant of the peak height in the reference group, 
whereas it was positively associated with the peak height in the arterial and 
venous disease group. In addition, F-IX was a negative determinant for the 
peak height in the reference group, though no association was found in the 
arterial and venous disease group. In general, the effect sizes for the reported 
biochemical determinants of the peak height were similar in all groups, with the 
exception of F-VII that had lesser effect in the arterial disease group compared 
to the reference group and venous disease group (beta estimate: arterial: 10.4 vs 
venous 24.4 reference 17.6).
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Figure 1A. Graphical depiction of the biochemical determinants of the lag time.

Figure 1B. Graphical depiction of the biochemical determinants of the ETP.

Figure 1C. Graphical depiction of the biochemical determinants of the  
peak height. 

Figure legend: Graphical depiction of the biochemical determinants of the 
TGA parameters in the reference, arterial and venous disease group. Values 
are corresponding to supplemental table 1A-1C. The dots represent the beta per 
standard deviation with corresponding 95% confidence interval. 
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This is the first large scale population-based study that has explored the 
biochemical determinants of the TGA parameters in individuals with a history 
of arterial vascular disease or venous thrombotic disease, as compared to 
cardiovascular healthy individuals. The main findings from our study show 
important distinct differences for the biochemical determinants between car-
diovascular healthy individuals and those with a background of an arterial 
or venous disease. Whereas lag time was mainly negatively associated with 
the procoagulant and anticoagulant factors in the plasma, meaning higher 
factor levels result in a shorter lag time, the same associations were positive 
for the healthy individuals. Furthermore, the effect size for the biochemical 
parameters determining the lag time was about 10 times higher for the arterial 
and venous disease than for the reference group. 
 Dielis et al. previously investigated the coagulation factors as determinants 
of the TGA parameters at 1 pM TF (comparable to the applied PPP Reagent Low) 
and 13.6 pM TF in the absence or presence of thrombomodulin or in the absence 
or presence of activated protein C in a sample of healthy adults.21 TFPI activity, 
protein S and fibrinogen were the strongest positive determinants of the lag 
time. Similarly, the results of the present study showed that TFPI activity, 
protein S and fibrinogen are strong positive determinants of the lag time in 
the control individuals. Fibrinogen was also positively associated with the lag 
time from the venous disease group. A possible explanation for the paradoxical 
association between fibrinogen and lag time may be the anticoagulant 
properties of fibrinogen by inhibiting the binding with thrombin directly as well 
as through accelerating the activation of plasminogen into plasmin by tissue 
plasminogen activator.22 Interestingly, for the arterial disease individuals, 
higher fibrinogen concentration was associated with shorter lag time. These 
contrasting results raise the possibility of differential effects of fibrinogen on 
the initiation phase of the TG process in diseases affecting different vascular 
beds. F-VII was the unique coagulation factor that shared the same direction 
of association with the lag time for control subjects and disease individuals. 
F-VII is well known to play an important role in the initiation phase of the 
coagulation cascade by formation of the F-VIIa/TF complex that promotes the 
generation of the prothrombinase complex (F-Xa/F-Va) and ultimately leads to 
TG amplification.23 Higher F-VII activity level and shorter lag time, shared by 
both control and disease individuals, confirms the role of F-VII in the ambient 
coagulation cascade reaction. 
 Furthermore, Dielis and colleagues reported fibrinogen and F-XII as positive 
determinants for the ETP, which we confirmed in the present study.21   As 
expected and as previously reported, antithrombin, a potent anticoagulant, 
was negatively associated with the ETP. In general, the present analysis 
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demonstrated that the direction of associations with coagulation factors and 
ETP were similar in the reference group, arterial and venous disease group. 
The analysis of the levels of natural coagulation and anticoagulant factors 
showed that F-II, F-VIII, F-X and F-XI were significantly increased in the subjects 
with an arterial or venous disease background in comparison to the healthy 
individuals, which is in accordance with previous reports.9,24–29 This finding 
illustrates a ‘‘hypercoagulable’’ state in these subjects and may explain the 
fourfold increased effect size of the associations with the reported coagulation 
factors and the ETP in arterial and venous disease groups compared to the 
reference group. This is further supported by evidence from previous TGA 
studies demonstrating its potential to expose hypercoagulability in plasma 
from patients with arterial and venous thrombosis.30

 In contrast to the reference group, protein S, a natural anticoagulant, was 
a positive determinant for the peak height in individuals with a history of 
arterial or venous thrombotic disease. Our analysis confirms increased levels 
of coagulation factors in patients with an arterial or venous thrombotic 
disease background, which could potentially result in excessive activation of 
the activated protein C pathway to which protein S is a supporting cofactor. 
Therefore, as demonstrated by the analysis from the arterial disease group, 
levels of protein S may be elevated. However, the net effect of these pathological 
mechanism remains an increased thrombin generation which translates to the 
increased peak height. The effect sizes of the associations with the peak height 
were similar for healthy individuals and individuals with an arterial or venous 
thrombotic disease background. 
 Limitations to the study were: The TGA was measured in PPP after one-step 
centrifugation of whole blood (10 minutes at 2,000 x g), in contrast to standard 
recommendations (two-step centrifugation; 2,000 x g for 5 minutes, 10,000 
x g for 10 minutes), which may affect the TGA results. The history of arterial 
or venous disease was self-reported by the participants. There was no data 
available for analysis on the time from the initial diagnosis of the arterial and/
or venous event to study enrollment. Therefore, we were not able to investigate 
if different duration of disease has different impact on the coagulation and  
TGA profile. However, this study has important strengths, including the 
standardized clinical investigation of the participants’ present cardiovascular 
profile and the comprehensive laboratory investigation of coagulation and anti- 
coagulant factors.  
 In conclusion, this large-scale analysis of TGA biochemical determinants 
shows that the individual coagulation factors more strongly affect TGA 
parameters in individuals with a history of arterial or venous thrombosis as 
compared to cardiovascular healthy individuals. This illustrates the different 
effect size contribution of the coagulation factors to the hypercoagulable 
state of individuals at risk for a cardiovascular event and suggests that the 

coagulome might be tuned to a “hypersensitive” state increasing the risk for 
recurrence. Overall, the important finding of altered determinants of thrombin 
generation shows that in patients with a history of cardiovascular disease levels 
of coagulation factors should be taken into account. It also provides further 
rationale for the observed benefits of anticoagulant therapy in patients with 
cardiovascular disease at risk of atherothrombosis. 
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Abstract

Background

TFPI is a potent anticoagulant protein in the extrinsic coagulation pathway. In 
the present study, we aim to identify the cardiovascular determinants for total 
TFPI activity and its association with CVD and total mortality.

Methods

Total TFPI activity was assessed in a selection of the population-based GHS 
(n=5,000). Statistical analysis was performed to identify the determinants for 
total TFPI activity as well as the associations with CVD and mortality.

Results

Multivariable linear regression analysis identified smoking (β 0.095 [0.054-
0.136]) as a positive determinant for total TFPI activity, while diabetes (β -0.072 
[-0.134 to -0.009]), obesity (β -0.063 [-0.101 to -0.024]) and history of CAD were 
negatively associated with total TFPI activity, independent of age, sex and 
the remaining CVRFs. After adjustment for lipoprotein levels, the association 
between total TFPI activity levels and obesity and CAD was lost. The analysis 
additionally revealed a strong positive association between total TFPI 
activity levels and low-density lipoprotein (LDL) (β 0.221 [0.204-0.237]). The 
Cox regression models revealed that a higher total TFPI activity, above 97.5th 

percentile of the reference group, was associated with an increased mortality 
risk (HR = 2.58 [95%CI: 1.49-4.47]), independent of age, sex, and cardiovascular 
risk profile.

Conclusion

In the GHS population-based cohort the highest percentage of total TFPI 
correlated with an increased mortality risk. While elevated TFPI may reflect 
endothelial cell activation, the associations between total TFPI activity and 
obesity and CAD, points to additional mechanistic interactions.

Introduction

TFPI, a Kunitz-type serine protease inhibitor, is a potent anticoagulant regulator 
of the extrinsic coagulation pathway. TFPI acts by inhibiting F-Xa, after which 
TFPI•F-Xa subsequently inhibits the TF-F-VIIa complex, the initiator of the 
extrinsic pathway.1 Inhibition of the TF-F-VIIa complex by TFPI greatly depends 
on its cofactor protein S, which enhances the interaction between TFPI and 
F-Xa 10-fold.2

 TFPI mainly originates from vascular endothelial cells and the majority of 
plasma TFPI is C-terminally truncated and lipid-bound. Only 10-20% of plasma 
TFPI circulates as a free full-length form and has previously been recognized 
as the active, and biologically more important, anticoagulant in vitro.3-5 Free 
TFPI antigen levels correlate strongly with endothelial cell markers, whereas 
total TFPI antigen levels correlate more strongly with traditional CVRFs.6 Male 
sex, current smoking, diabetes mellitus and increased LDL levels have been 
proposed as positive determinants of total TFPI antigen levels, while treatment 
with hormone replacement therapy or oral contraceptives was strongly 
associated with lower total TFPI levels.7,8

 Conflicting results have been reported on the relation of TFPI activity with 
arterial and venous thrombotic disease. Evidence from a case-control study 
showed that individuals with a TFPI activity below the 5th percentile had a 2-fold 
increased risk for developing DVT, independent of hormonal state, compared to 
individuals above the 5th percentile.9 In a large observational study, a decreased 
TFPI function posed patients with an unprovoked first time DVT at 10-fold 
increased risk for recurrent VTE.10 Interestingly, previous epidemiological and 
pathological studies show positive associations between TFPI activity and MI 
in young women.11 Increased expression of TFPI was observed in arterial ath-
erosclerotic lesions in similar plaque regions as TF, suggesting an active role 
of TFPI in regulating TF-dependent procoagulant activity and possibly other 
pro-atherogenic mechanisms.12,13

 Given these apparent diverging risk associations for total TFPI activity and 
venous or arterial vascular disease, we embarked on a more extended analysis 
of this protein in relation to history of CVD, mortality, as well as CVRFs, in a 
large population based study.
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Methods and materials

Research design

The GHS, a population-based, prospective, observational, single-center cohort 
study in the Rhine-Main region in western mid-Germany, was designed to 
improve the individual risk prediction of CVD. At baseline examination, the 
study included a total of 15,010 individuals. The samples were drawn randomly 
from the governmental local registry offices in the City of Mainz and the 
district of Mainz-Bingen and was stratified 1:1 for sex and residence (urban 
and rural) and in equal strata for decades of age. Individuals between 35 and 
74 years of age were enrolled, and written informed consent was obtained 
from all participants for laboratory analyses, clinical examinations, sampling 
of biomaterial and use of data records for research purposes. The study was 
designed in accordance with the tenets of the revised Helsinki protocol, which 
together with the sampling design was approved by the local ethics committee 
and by the local and federal data safety commissioners. Details of the study 
protocol and further purposes of the study are discussed elsewhere.14 As part 
of the study, every participant underwent a comprehensive, standardized 
5-hour clinical examination program. Clinical examination and assessment 
of CVRFs were performed as published elsewhere.15,16 In addition to the 
clinical assessment, a large biobank has been established for biochemical and  
genetic analyses.

Blood sampling and laboratory assessment

Venous blood sampling was performed according to standard operating 
procedures and the blood was collected in trisodium citrate (0.109 M, 1:9 
vol:vol) monovette plastic tubes, while the subject was in fasting state (i.e. 
overnight fast, if subject was examined before 12 p.m. and 5 hour fast, if subject 
was examined after 12 p.m.). PPP was prepared by one-step centrifugation at 
2,000 x g at room temperature for 10 minutes. After preparation the PPP was 
aliquoted and immediately stored at -80 °C. Total TFPI activity was assessed in 
PPP by the Actichrome TFPI activity assay (American Diagnostica, Stamford, 
CT, USA).

Study cohort and reference population

Total TFPI activity was measured in plasma of the first 5,000 participants of 
the GHS. After excluding individuals for which total TFPI activity levels could 
not be determined, 4779 individuals were included for statistical analysis.

The reference population was defined in order to carry out the cox-regres-
sion models, as explained further in the section on the statistical analysis. The 
reference population was defined as individuals without known history of CVD 
(MI, stroke, AF, CAD, stroke, PAD, CHF, VTE). Additionally, individuals suffering 
from diabetes mellitus, hypertension, dyslipidemia or a BMI higher than 45 kg/
m2 were excluded from the reference population. The definition of classical 
CVRFs is described in Appendix: Supplemental Material of chapter 2.

Categorization of medication

Medications were classified according to the ATC classification system. Lipid-
modifying agents (C10) and sex hormones and modulators of the genital system 
(G03) were selected for analysis. For the use of oral contraceptives and/or 
hormone replacement therapy, both ATC-code and self-reported information 
was used.

Data management and statistical analysis

A central data management unit conducted quality control on all data in this 
study. Statistical analysis was performed with software program R, version 
3.3.1 (www.R-project.com). The 10th and 90th percentiles of total TFPI activity 
were calculated for the sex-specific reference values and t-tests were used 
to determine significant sex-specific differences. Sex-specific nomograms 
were established depicting the age-related values of total TFPI activity of the 
lowest, as well as the highest percentiles of the reference group. Multiple linear 
regression models, adjusted for CVRFs, lipid profile, CVD, oral contraceptives, 
HRT and lipid-modifying agents were used to assess the clinical determinants 
of total TFPI activity. Lastly, Cox-regression models, adjusted for age, sex, 
CVRFs, lipid profile and CVD show the association between total TFPI activity 
and total mortality. The 2.5th and 97.5th percentile cut off in the Cox-regression 
models were based on the 2.5th and 97.5th percentile of the reference population. 
Because of the explorative character of the analysis, a significant threshold was 
not defined for p-values.  A p-value of 0.05 was set as indication for statistical 
significance.
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Results

Sample characteristics

The current GHS sample featured a well-balanced sex ratio, whereas a 
preponderance of females (60.9%) compared to males (39.1%) was observed 
in the reference population. The study cohort included 4,779 individuals and 
consisted of 2,426 males with a mean age of 56.0 years and 2,353 females with 
a mean age of 54.9 years. The reference population included a total of 1,480 
individuals and comprised of 579 males with a mean age of 49.3 years and 901 
females with a mean age of 48.7 years. Hypertension and family history of MI 
or stroke were the most prevalent traditional CVRFs in the study cohort. In the 
male population of the study cohort, a history of CAD was the most common 
CVD, while in the female population a history of VTE was more prevalent. A 
detailed overview of the sample characteristics of the study and reference 
population is given in Table 1.

Sex-specific total TFPI activity reference values and nomograms

Sex-specific percentiles of total TFPI activity were calculated in the reference 
population and were 0.9 U/mL for males in the 2.5th percentile and 0.8 U/mL for 
females. In the 97.5th percentile, total TFPI activity was 3.0 U/mL for males and 
2.8 U/mL for females. Overall, as indicated by these data, females had lower 
total TFPI activity levels in both the 2.5th and the 97.5th percentiles compared 
to males. Nomograms, based on the reference population, relating total TFPI 
activity levels to age, were established and further subdivided by sex (Fig. 1). 
These sex-specific nomograms display age-related reference values of total 
TFPI activity in both sexes, where the age-related effect is stronger for the 2.5th, 
50th and 97.5th percentile in females than in males.
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Figure 1 Sex specific nomograms describing the association between age and 
TFPI activity 

Figure legend: Sex-specific nomograms describing the association between age 
and TFPI activity. The dashed line represents the 50th percentile of the reference 
subsample. The upper line, bordering the upper red area and the green area, 
represents the 97.5th percentile of the reference subsample. The lower line, 
bordering the lower red area and the green area represents the 2.5th percentile 
of the reference subsample.

 

Figure 1. Sex-specific nomograms describing the association between age and TFPI activity. 
The dashed line represents the 50th percentile of the reference subsample. The upper line, 
bordering the upper red area and the green area, represents the 97.5th percentile of the 
reference subsample. The lower line, bordering the lower red area and the green area 
represents the 2.5th percentile of the reference subsample.  
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CVRFs, CVD and total TFPI activity levels

Multiple linear regression models were used to establish the clinical 
determinants of total TFPI activity levels and are demonstrated in Table 
2. Age showed a positive association (β, 0.054 [0.039 to 0.0685], p<0.0001) 
and female sex showed a negative association with total TFPI activity levels 
(β, -0.067 [-0.099 to -0.035], p<0.0001), that remained after adjustment for 
potential confounders. The analysis demonstrated smoking (β, 0.0952 [0.0541 
to 0.136], p<0.0001) as a positive determinant for total TFPI activity levels, 
whereas diabetes (β, -0.0716 [-0.134 to -0.00905], p=0.025) and obesity (β, 
-0.0627 [-0.101 to -0.024], p=0.0015) were negatively associated with total TFPI 
activity levels, in a model adjusted for age, sex and remaining CVRFs (Table 
2, Model 2.).  Further adjustments for history of CVD (Model 3) describes 
a negative relation between total TFPI activity levels and CAD (β, -0.160 
[-0.256 to -0.0637], p=0.0011), independent of age, sex, and the remaining 
CVRFs and CVD. After adjustment for high-density lipoprotein levels (HDL), 
LDL and triglycerides, the association between total TFPI activity levels and 
obesity and CAD was lost (Table 2, Model 4).). Additionally, this adjustment 
revealed a strong positive association between total TFPI activity levels and 
LDL (β, 0.221 [0.204 to 0.237], p<0.0001). Oral contraceptives (β, -0.144 [-0.235 
to -0.054], p=0.0018) and HRT (β, -0.0983 [-0.164 to -0.0324], p=0.0035) 
were both associated with lower levels of total TFPI activity in females  
(Table 2).

Total TFPI activity levels and total mortality

During the follow-up period until December 2017, with a median follow-up of 
9.82 years (IQR: 9.42/10.3), a total of 333 deaths were reported. In a Cox regression 
model adjusted for age and sex (Table 3), a higher total TFPI activity, above 97.5th 

percentile of the reference group, was associated with an increased mortality 
risk (HR = 2.20 [95% CI: 1.26; 3.84], p=0.0056). Adjustments for CVRFs, CVD, 
oral contraceptives, HRT and LDL levels did not change the observed relation 
between total TFPI activity levels and mortality. However, the relation became 
stronger after additional adjustment for LDL levels (p=0.00074).
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Discussion

We report an increased mortality risk in individuals with higher total TFPI 
activity in a large epidemiological study of the general population. The Cox-
regression models reveal that individuals with the highest total TFPI activity 
levels, above the 97.5th percentile of the reference population, are at 2.2 fold 
increased mortality risk, independent of CVRFs and CVD. Adjustment for LDL 
levels strengthened this risk association. The presented study demonstrated 
that diabetes, obesity and a history of CAD were, independently of age, sex and 
the remaining CVRFs and CVD, associated with lower total TFPI activity levels.
 It has been reported that atherosclerotic plaques of dyslipidemic patients 
exhibit low levels of TFPI, as well as that individuals presenting with lower 
levels of TFPI are at increased risk for MI.17,18 In contrast, subclinical atheroscle-
rosis was associated with higher levels of TFPI, which may be precipitated by 
endothelial damage. Winckers et al. demonstrated higher levels of full length 
TFPI antigen in females with MI as well as that an increased TFPI activity posed 
females at a higher risk for MI.11 These conflicting directions may partially be 
explained by a difference in study design, e.g. prospective versus retrospective 
study design. In an acute situation of MI or any arterial vascular disease, the 
high levels of TFPI may be a surrogate for endothelial damage, whereas in 
individuals with a history of CAD or CVRFs, lower levels of total TFPI activity 
may reflect chronic depletion due to sustained stimulation of coagulation.
 Interestingly, after additional adjusting for HDL, LDL and triglyceride levels, 
obesity and a history of CAD were no longer negatively associated with total 
TFPI activity levels, suggesting that this negative effect on total TFPI activity is 
mediated through lipoprotein particles. In addition, after additional adjustment 
for HDL and LDL, diabetes showed a positive association with total TFPI activity 
levels. Moreover, the linear regression model, adjusted for age, sex, CVRFs, CVD 
and lipid profile, displayed a strong positive link between total TFPI activity 
and LDL levels, in line with previous clinical data. However, the latter studies 
investigated free and total TFPI levels, while total TFPI activity was studied in 
the current report.6,19 TFPI, in the lipid-bound form rather than the free variant, 
combines mainly with LDL, which may be important for its clearance.20

 The positive association between smoking and total TFPI activity levels 
remained after additional adjustments for CVD and lipid profile. A similar 
association was previously observed in a large, population-based cohort. It was 
hypothesized that the higher levels of TFPI antigen as well as activity reflect 
endothelial dysfunction in smokers.7

 The normograms as well as the linear regression models in the current 
analysis demonstrate lower levels of total TFPI activity in females compared 
to males. In addition, the current analysis demonstrates exogenous female sex 
hormones such as oral contraceptives and HRT to be negative determinants 
for the total TFPI activity, in accordance with the previous literature on TFPI 

levels and endogenous and exogenous female sex hormones. A recent study 
including healthy individuals revealed that females had profound lower 
levels of total TFPI compared to males. In addition, oral contraceptives were 
significantly associated with decreased total TFPI in plasma.21 It was suggested 
in another study that TFPI levels in a patient population with previous VTE were  
down-regulated by oral contraceptive use and HRT.22 A small-scale study, 
conducted in healthy female volunteers, shows a negative association between 
HRT and TFPI antigen levels, whereas a positive association between HRT 
and TFPI activity levels was observed.23 It has been postulated that estrogen, 
endogenous as well as exogenous, regulates TFPI plasma concentration at the 
cellular level, by binding to the estrogen receptor on endothelial cells, thereby 
decreasing TFPI plasma levels.24

 In accordance with numerous studies, age showed positive associations 
with total TFPI activity, suggesting that aging is linked with higher total 
TFPI activity, presumably mediated by increased endothelial damage with 
aging.6,25 In addition to reported total and free TFPI antigen levels in the 
general population7,18,25,26, the current study now adds reference values, clinical 
determinants of TFPI activity and the association with CVD to these analyses.
 TFPI is mainly derived from and associated with vascular endothelial cells 
and to a lesser extend (5-10%) from platelets, suggesting that changes in TFPI 
plasma levels most likely  reflect endothelial function. Therefore, it is important 
to understand the nature and direction of the association of TFPI with CVRFs 
and CVD. A key finding in this study is the association of TFPI activity with CVD 
mediated through LDL cholesterol. This, once again, highlights the role of lipids 
on the pathophysiological mechanism of CVD, which is of major concern with 
the current global obesity epidemic. In addition, independent from cholesterol 
subfractions, increased levels of total TFPI activity were associated with total 
mortality.
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Abstract

Objective

The current study was undertaken to prospectively explore whether having low 
levels of vWF antigen and vWF activity reduce the risk for CVD and (cardiovas-
cular) death. 

Methods

VWF antigen and vWF activity were measured by enzyme-linked 
immunosorbent assay and an immunological-based assay, respectively, in 
a subsample of 4,857 individuals enrolled between April 2007 and October  
2008 in the population-based GHS. VWF antigen and activity below the 
20th percentile was set as a measure of ‘‘low vWF’’. Adjusted robust poisson 
regression models were used to analyse the relation between low vWF and 
the incidence of CVD. Consequent adjusted cox regression models as well as 
cumulative incidence plots were calculated to explore the relation between 
all-cause and cardiovascular mortality and low vWF. 

Results

VWF activity levels <20th percentile (i.e. <76.2%) were associated with a 
decreased relative risk for CVD (95%CI: 0.37-0.95), independent of age and sex. 
After adjusting for levels of F-VIII, the association persisted  (95%CI: 0.36-0.99). 
The cumulative incidence plots demonstrated that vWF antigen <20th percentile 
significantly correlated with decreased cardiovascular mortality.  VWF 
antigen<20th percentile (i.e. <83%) was significantly associated with lower risk 
of all-cause mortality, independent of clinical factors (95%CI: 0.41-0.91).

Conclusion

The study demonstrated that having low vWF activity levels is associated 
with a lower risk for CVD, independent of age, sex, risk factors and F-VIII 
levels. Additionally, it reveals a decreased risk of cardiovascular and all-cause 
mortality in individuals with low levels of vWF antigen, shining new light on 
vWF as a potential target for novel therapies. 
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Introduction

VWF, a multimeric glycoprotein present in plasma, plays an important role in 
hemostasis. In vivo synthesis of vWF occurs in endothelial cells or megakaryo-
cytes. Subsequently, depending on the site of the synthesis, vWF is either stored 
within endothelial cells in organelles known as Weibel-Palade bodies (WPBs) 
or within platelet α-granules. Following damage to the vascular wall, agonists 
(e.g. on endothelial cells: histamine, estrogen, fibrin; on platelets: ADP) will 
trigger the release of vWF from the WPBs and α-granules.1 VWF mainly affects 
hemostasis by facilitating platelet adhesion and by stabilizing coagulation 
F-VIII thereby optimizing its function to enhance fibrin formation.2  In addition, 
by recruiting platelets to the damaged vessel wall, via the interaction with the 
platelet glycoprotein 1b, vWF stimulates platelet adhesion and aggregation 
contributing to proinflammatory effects that may enhance atherosclerosis.3,4  
 In studies of the general population, vWF plasma levels show weak positive 
associations with CVD, whereas a more convincing association between vWF 
levels and CVD is observed in a high-risk population.5,6 In addition, results from 
a recent study show that individuals with high vWF antigen levels have a higher 
risk of cardiovascular mortality than those with the lowest levels.7 The relation 
between vWF activity and CVD has not yet been investigated. VWF levels are 
genetically determined by single-nucleotide polymorphisms (SNPs) in the vWF 
gene. To date, four SNPs have been identified to affect the vWF gene; rs7964777, 
rs7954855, rs7965413 and rs7966230. Numerous studies have demonstrated 
that the genetic variations in the vWF promoter region resulted in higher levels 
of vWF.8,9 Higher levels of vWF have been repeatedly associated with cardiovas-
cular disease, in particular arterial thrombosis, thus SNPs affecting the vWF 
may be directly linked to the incidence of arterial thrombosis.10-12 In addition, 
novel genes that affect the vWF levels have been identified, such as ADAMTS13, 
TSP-1 and most recently soluble NSF attachment protein receptor (SNARE) 
genes. While more extensive research is required, the first results show an 
association between these genes, vWF and the risk of arterial thrombosis.7,13,14  

 A quantitative or qualitative deficiency of vWF, known as von Willebrand 
disease (VWD), poses an individual at greater risk of bleeding, most commonly 
manifested as epistaxis or menorrhagia.15 Lower plasma levels of vWF have 
been associated with reduced development of aortic atherosclerosis in pigs.16,17  
Only few studies investigating the effect of VWD on CVD in humans have been 
performed, demonstrating a significant negative association between VWD 
and CVD.18–20 VWD is an underdiagnosed condition, due to mild manifestation 
of symptoms, as well as a physiological wide range of vWF plasma levels in 
the population.21 Therefore exploring the association between vWF antigen 
levels as a continuous variable, rather than linked to a diagnosis of VWD 
(dichotomous variable), and CVD in a general population may give different 
findings than observed in previous studies.18,20 We hypothesized that the lower 

risk for CVD is not limited to VWD patients but also occurs in individuals at 
the lower end of the VWF activity and antigen range. Therefore, we carried out 
the present analysis within a subsample of the GHS to prospectively explore 
whether having low levels of vWF antigen and vWF activity reduces the risk for 
CVD and (cardiovascular) death.
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Methods

Research design

The GHS is a population-based, prospective, observational, single center cohort 
study and included 15,010 individuals at baseline examination. The aim of the 
GHS is to improve individual cardiovascular risk stratification. The sample 
was drawn randomly from the governmental local registry offices in the City 
of Mainz and the district of Mainz-Bingen and was stratified 1:1 for sex and 
residence (urban and rural) and in equal strata for decades of age. Individuals 
between 35 and 74 years of age were enrolled, and written informed consent was 
obtained from all participants for laboratory analyses, clinical examinations, 
sampling of biomaterial and use of data records for research purposes. At the 
baseline visit, study participants underwent an extensive 5-hour standardized 
clinical examination program as further discussed elsewhere.22,23 Next to this, 
a large biobank for further biochemical and genetic analyses was established. 
The study was designed in line with the tenets of the revised Helsinki protocol 
and the study protocol and sampling design were approved by the local ethics 
committee and by the local and federal data safety commissioners. Primary 
outcomes were incidence of MI and death related to CVD (MI, CAD, HF, AF, 
VTE, stroke, PAD). Secondary outcomes were the incidence of CAD, stroke, 
CHF, AF and PAD or all-cause mortality. Primary and secondary outcomes 
were assessed during the follow-up period through collection of the data on the 
participants from the University Medical Center in Mainz, as well as during the 
telephone interview after 2,5 years and the follow-up examination after 5 years. 
Afterwards the data on primary outcome were discussed by a research panel 
consisting of two physicians and one epidemiologist. Cardiovascular death was 
defined as mortality due to MI, CAD, stroke, PAD, HF, AF and VTE was assessed 
through the medical death certificate.

Follow-up

As part of the follow-up, a standardized computer-assisted telephone interview 
and an inventory of primary and secondary outcomes were done 2.5 years after 
baseline visit. In addition, participants undergo a quinquennial, extensive 
clinical examination in the research facility similar to the baseline visit.22 

During the follow-up period until June 2020 (median follow-up 10.1 years) 471 
out of 5,000 participants were lost to follow-up. Reasons for loss to follow-up 
were death (126 individuals), discontinuation of participation by participant 
(420 individuals), relocation (59 individuals) and lack of success in contacting 
the participant (136). 

Blood sampling and laboratory assessment

Venous blood sampling was performed according to standard operating 
procedures and the blood was collected in 3.2%(w/v) trisodium citrate (0.109 
M, 1:9 vol:vol) monovette plastic tubes, while the subject was in fasting state 
(i.e. overnight fast, if subject was examined before 12 p.m. and 5 hour fast, if 
subject was examined after 12 p.m.). PPP was prepared by one-step centrifu-
gation at 2,000 x g at room temperature for 10 minutes. After preparation 
the PPP was aliquoted and immediately stored at -80 °C. VWF antigen was 
measured by enzyme-linked immunosorbent assay (ELISA) in the Laboratory 
for Clinical Thrombosis and Hemostasis at Maastricht University Medical 
Center. VWF activity was measured by means of immunological-based assay at 
the departments of Clinical Epidemiology and Systems Medicine at University 
Medical Center Mainz. F-VIII (%) was measured by means of the Siemens 
BCS XP System, using the clotting-based coagulation methodology at the  
latter institution.

Study population 

For this study, a subsample of the first 5,000 participants of the popula-
tion-based GHS enrolled between April 2007 and October 2008, were included. 
Due to lack of material sent to Maastricht University Medical Center, resulting 
in a discrepancy between the total number of samples assessed at the two 
locations, 4,857 individuals remained for further analysis. 

Definition of traditional cardiovascular risk factors

Diabetes mellitus and dyslipidemia were defined as individuals with a definite 
diagnosis of the respective disease by a physician. Additional definition of 
diabetes was a blood glucose level of ≥126mg/dl in the baseline examination 
after an overnight fast of at least 8 hours or a blood glucose level of ≥200mg/dl 
in the baseline examination after a fasting period <8 hours. Dyslipidemia was 
additionally defined as a LDL/HDL-ratio of >3.5. Hypertension was diagnosed, 
if antihypertensive drugs are taken, or a mean systolic blood pressure of 
≥140mmHg or a mean diastolic blood pressure of ≥90mmHg (in the 2nd and 
3rd standardized measurement after 8 and 11 minutes of rest). Smoking was 
classified into non-smokers (never smokers and former smokers) and smokers 
(occasional smoker, i.e. <1 cigarette/day, and smoker, i.e. ≥1 cigarette/day). 
Obesity defined as a body-mass index ≥ 30 kg/m². Self-reported CAD, MI, HF, 
stroke, DVT, PE and PAD indicated personal history of CVD. A positive family 
history was defined as history of myocardial infarction or stroke in a female 
first-degree relative ≤65 years or a male first-degree relative ≤60 years. 
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Data management and statistical analysis

A central data management unit conducted quality control on all data in this 
study. Statistical analysis was performed with software program R, version 3.3.1 
(www.R-project.com). In order to study whether low levels of vWF affect the 
risk for cardiovascular disease and death, vWF antigen and activity below the 
20th percentile were set as a measure of ‘‘low vWF’’. Robust poisson regression 
models, adjusted for age, sex, traditional CVRFs, and F-VIII were used to analyse 
the relation between low levels of vWF antigen and activity (i.e. below the 20th 

percentile) and the incidence of CVD.
 Consequent cox regression models, each additionally adjusted for age, 
sex, CVRFs, CVD and F-VIII were calculated to explore the relation between 
all-cause and cardiovascular mortality and vWF antigen and activity below the 
20th percentile. Cumulative incidence plots of cardiovascular mortality were 
calculated according to Gray’s test, correcting for competing events. Due to 
the explorative nature of the current study, p-values were not set as a means of 
statistical significance. 

Results

Sample characteristics

Details on the study population are reported in Table 1A. and 1B. A detailed 
overview of the socio-economic status of the study population can be found 
elsewhere.24 Overall, there was a balanced sex ratio in the study population 
across all the individual percentiles of vWF antigen and vWF activity. As shown 
in Table 1A and 1B, both vWF antigen and activity increased with age (e.g. 
mean age was 60.4 years in the subgroup of vWF antigen >80%, as compared 
to a mean age of 51.1 years in the subgroup of vWF antigen <20). Arterial 
hypertension was the most prevalent CVRFs across all the percentiles of vWF 
antigen and activity, followed by dyslipidemia. The prevalence of all CVRFs, 
except for smoking, increased with higher vWF levels (Table 1A and 1B). Of the 
pre-existing comorbidities, CAD( 4.6%) was predominant across all percentiles 
of vWF antigen and vWF activity, followed by PAD and VTE. Similarly, the 
incidence of CAD was highest across all the percentiles of vWF antigen and 
vWF activity, followed by PAD. 
 As shown in Table 1A. and 1B., the group of vWF antigen and activity below 
the 20th percentile consisted of the highest number of subjects with blood group 
O (67.9% and 72.6%, respectively).

Distribution of vWF

In general, minimum and maximum measured values in the study population 
of vWF antigen were 28% and 369% and of vWF activity these were   22.8% 
and 300%, respectively, as demonstrated in Table 2. Furthermore, the median 
value of vWF antigen was 112% (Q1, 88%; Q3, 141%) and vWF activity was 107% 
(Q1, 81.6%; Q3 138%). The 20th percentile, which was the threshold set to be 
considered ‘‘low vWF’’, corresponded to vWF antigen levels of 83% and vWF 
activity levels 76.2% as shown in Table 2. 

Low levels of vWF and incidence of cardiovascular disease

Results from the multiple robust poisson regression analyses for vWF antigen 
and vWF activity are presented in Table 3. VWF activity level below the 20th 

percentile (i.e. below 76.2%) was associated with a decreased relative risk for 
CVD (RR: 0.57, 95%CI:  0.35-0.90), independent of age and sex. After adjusting 
for traditional CVRFs, the association persisted (RR:0.59, 95%CI: 0.37-0.95). 
After additionally adjusting for levels of F-VIII, the association remained  (RR: 
0.60, 95%CI: 0.36-0.99). On the contrary, there was no association between 
vWF antigen and the incidence of CVD, independent of age, sex, CVRFs, and 
levels of F-VIII (Table 3.).
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Cumulative incidence plots

As presented in Figure 1A-B, vWF antigen below the 20th percentile was 
significantly correlated with decreased death as a result of cardiovascular 
events (p=0.00011 for trend). Furthermore, the vWF activity below and within 
the 40th percentile was associated with a reduced mortality as a result of cardi-
ovascular events (p=0.0027 for trend).

VWF and mortality

The analysis of the low levels of vWF antigen and vWF activity (i.e. below the 
20th percentile) and risk of all-cause and cardiovascular mortality is shown in 
Table 4. During a follow-up period until June 2020 (median follow-up of 10.1 
years), a total of 351 deaths were registered of which 81 deaths were registered 
as a result of cardiovascular events. VWF antigen below the 20th percentile (i.e. 
vWF antigen levels below 83%) was significantly associated with lower risk 
of all-cause mortality (HR: 0.60, 95%CI: 0.41-0.88), adjusted for age and sex. 
After adjusting for the traditional CVRFs and a history of CVD, the association 
remained significant (HR: 0.61, 95%CI: 0.41-0.91). However, after further 
adjusting for F-VIII, the association was lost (HR: 0.81, 95%CI: 0.53-1.23). 
Furthermore, vWF activity below the 20th percentile (i.e. vWF activity levels 
below 76.2%) was associated with a reduced risk for all-cause mortality (HR: 
0.69, 95%CI: 0.49-0.99) in a model corrected for age, sex and traditional CVRFs. 
However, after additionally adjusting for pre-existing CVD and F-VIII, the 
association did not persist (HR: 0.99, 95%CI: 0.67-1.47). 
 In addition, subjects with vWF antigen levels below the 20th percentile 
showed a tendency for diminished risk of cardiac causes-related  death (HR: 
0.40, 95%CI: 0.14-1.10). After additionally adjusting for F-VIII levels, the 
association was lost (HR: 0.38 , 95%CI: 0.12-1.23).
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Figure 1A and 1B Cumulative incidence plots for vWF antigen and activity 
percentiles and cardiovascular mortality

Figure legends: 

Figure 1A. Cumulative incidence plots demonstrating the cumulative incidence 
of cardiovascular mortality during a follow-up period of 10 years, in individuals 
with vWF antigen levels below the 20th percentile (green line), between 20-40th 

percentile (turquoise line), between 40-60th percentile (blue line), between 
60-80th percentile (red line), and above the 80th percentile (purple line). Figure 
1A, p-value of 0.00011 for the difference between the percentiles. The plots are 
corrected for competing risks (death by non-cardiovascular causes). 

Figure 1B. Cumulative incidence plots demonstrating the cumulative incidence 
of cardiovascular mortality during a follow-up period of 10 years, in individuals 
with vWF activity levels below the 20th percentile (green line), between 20-40th 

percentile (turquoise line), between 40-60th percentile (blue line), between 
60-80th percentile (red line), and above the 80th percentile (purple line). Figure 
1B, p-value of 0.0027 for the difference between the percentiles. The plots are 
corrected for competing risks (death by non-cardiovascular causes).
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Discussion

One of the main findings of this study was that vWF activity below 76% was 
associated with a 40% decreased risk for CVD, independent of age, sex, CVRFs 
and previous CVD.  Moreover, the current study shows that having vWF antigen 
levels below 83% correlated with a 40% decreased risk of all-cause mortality, 
which was lost after adjusting for F-VIII.  In addition to this, the cumulative 
incidence plots show that vWF antigen below 83% and vWF activity below 
76.2% result in significantly fewer deaths related to CVD.
 To the best of our knowledge, this is the first study that demonstrated a 
lower risk of incident CVD in individuals with low levels of vWF activity and 
increased survival when having low levels of vWF antigen. Previously, Seaman 
and colleagues conducted a study to compare the incidence of CVD in a 
vWF deficient  and vWF non deficient group. However, the definition of vWF 
deficiency was limited to vWF antigen (<0.5 IU/dL).19

 VWF affects hemostasis by mediating platelet adhesion to the damaged 
vascular wall on the one hand, as well as by binding to F-VIII,  thereby limiting 
its degradation on the other hand.25   Hemostasis also plays a pivotal role in 
the pathogenesis of atherosclerosis, which eventually manifests as CVD.26 

Hence, border low vWF antigen and activity could reduce platelet adhesion and 
activation, reducing not only procoagulant effects of platelets but potentially 
also their inflammatory role. Platelets interact with inflammatory cells, shed 
extracellular vesicles and release various chemokines, all processes that are 
important in atherogenesis. It is therefore likely that reduced levels of WF may 
translate into reduced platelet binding and activation and subsequent reduced 
thrombo-inflammation and diminished  build-up of atherosclerotic plaque. 
Although conceptually appealing, literature reports conflicting observations 
regarding this issue. Whereas Bilora and colleagues reported a significantly 
lower prevalence of carotid plaque in VWD patients in the late 90’s, Sramek and 
co-workers could not find differences in prevalence of atherosclerotic plaque in 
type 3 VWD patients as compared to  the reference sample.27,28 However, these 
reports are from small-scale studies that were investigating the prevalence 
of atherosclerotic plaque rather than occurrence of CVD events. Besides, the 
studies included VWD type 3 patients, meaning patients have a full quantitative 
deficiency of vWF. 
 The link between blood group ABO and quantity and quality of vWF along 
with the relation with CVD has long been recognized.29,30 Emerging recent data 
suggest that there is an enhanced clearance of vWF in subjects with blood group 
O, rather than a decreased synthesis.31   It has been demonstrated that blood 
group O have 25% lower plasma levels of vWF compared to non-O blood group. 
Furthermore, in individuals with blood group O, vWF demonstrated enhanced 
susceptibility to ADAMTS13 proteolysis. Preliminary findings also suggested 
that the interaction of vWF in blood group O with platelets may also be reduced.31 
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In addition to the relation with vWF quantitative and qualitative properties, 
in the same study population we have previously shown that individuals with 
blood group O have lower F-VIII activity. Adjusted for sex and age, ABO blood 
group accounted for 18.3% of F-VIII activity variation.32 Therefore, ABO blood 
group was omitted as confounder in the analysis. Furthermore, when the 
analysis was adjusted for levels of F-VIII, the association persisted, illustrating 
the effect of vWF on the incidence of CVD, despite the levels of F-VIII. Folsom 
et al. previously demonstrated that the incidence of CVD was affected by both 
vWF and F-VIII, independently.33 However, based on the results it could not be 
determined whether the effect was mediated through one another or whether 
vWF and F-VIII are intertwined. The present analysis may suggest that the 
observed association is predominantly is determined by levels of vWF rather 
than F-VIII.
 Holm and colleagues previously reported a decreased CVD-related mortality 
in hospitalized VWD patients. However, the analysis was conducted within 
a patient population, rather than assessing the individual vWF antigen and 
vWF activity test outcomes.34 Our findings demonstrate that CVD-related and 
all-cause mortality is decreased in individuals with border-low vWF antigen 
levels, in addition to VWD patients. As in accordance with previous studies, this 
analysis demonstrated increasing levels of vWF with age.35,36 The mechanism 
underlying the relation between age and vWF levels may be manifold, as 
described by a recent, extensive review by Alavi and colleagues. A pivotal 
underlying process is the age-related vascular dysfunction inflammation 
resulting from chronic endothelial stress. Indeed, vWF is a known marker 
of endothelial dysfunction. Moreover, there may be increased constitutive 
secretion of vWF through factors known to affect vWF levels like thrombin, 
histamine, vasopressin. It has also been postulated that vWF increases with 
age due to a decrease of ADAMTS13, resulting in the persistent circulation of 
ultra-large vWF multimers.37

 The major strength of this large scale study is that it comprises cardiovascu-
lar healthy participants and participants with a medical history and therefore 
gives a correct overview of vWF in the general population. A limitation of 
the study was that there may have been unknown confounders that were not 
adjusted for, as they were not measured in the GHS.
 To summarize, this study reveals associations between low levels of 
vWF antigen and activity and a diminished risk of (CVD-related) mortality. 
Importantly, these individuals were not identified as VWD patients. Thus, there 
was no bleeding tendency in these individuals and results showed primarily 
beneficial effects of low vWF levels. Overall, this may shine new light on vWF 
as a potential target for novel therapeutic prevention of CVD, however its im-
plementation is questionable. On one side, reducing levels of vWF will also 
diminish F-VIII levels thereby inducing a bleeding tendency. On the other side, 

reducing F-VIII levels to approximately 50% in those with levels above 100% 
and high CVD risk could be beneficial without apparent bleeding risk. 
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Chapter 6: Summary and  
general discussion

Thrombin generation: from research to bedside 

Plasma TGA as a laboratory test was first introduced by Biggs and McFarlane 
in the 1950s.1 Over the years, Hemker et al. implemented substantial 
improvements and by 1993 the continuous assessment of thrombin generation 
was established.2 However, this method was still time-consuming and it was 
only after the introduction of the CAT assay in 2003 that the TGA became more 
widely used in thrombosis and hemostasis research.3 In recent years, more 
attention has been drawn to the TGA as a research tool in arterial thrombosis, 
such as MI, ischemic stroke and PAD along with VTE. In brief, the obtained 
data suggest that an enhanced TGA profile identifies a greater risk for VTE, 
whereas the results on arterial thrombosis are conflicting.4 TGA analysis may 
have potential in evaluation of the severity of a bleeding phenotype as well as 
in the management of bleeding (risk), eg in hemophilia. Finally, the TGA has 
been useful in exploring   mechanisms of thrombogenesis in conditions or 
diseases like obesity, diabetes mellitus and Cushing’s disease.5-7 Although the 
TGA is widely used as a research tool, its applicability as a clinical tool to assess 
a subject’s  risk of arterial and/or venous thrombosis remains to be addressed. 

Increased endogenous thrombin in CVD and mortality 

To address the respective question, we conducted an analysis of the TGA in 
a subsample of 5,000 individuals of the large-scale population-based GHS, 
to obtain reference values for the TGA as well as to explore associations with 
CVRFs, CVD and overall mortality (chapter 2). One of the main findings was 
that a high ETP, a parameter that is a net reflection of pro- and anticoagulant 
forces, is associated with an increased mortality risk of 1.5 (HR), independent 
of age, sex,  pre-existing CVRFs and CVD. Despite the limitation of mortality 
data not being cause-specific, we may presume, considering the high 
prevalence of CVD in the general population, that most deaths were related to a  
cardiovascular cause.
 When comparing ETP as a prognostic marker for mortality to other hemostatic 
markers such as fibrinogen, the HR was similar (HR: 1.55, 95%CI(1.25-1.93)).8 
However, it was conducted on a population of angiographically-proven CAD 
patients. Additional research, focusing on CVD-related deaths in the general 
population and patient population, is required to further elucidate the value of 
ETP for risk assessment in subjects at risk of, or with CVD. 
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Prolonged lag time as a biomarker of endothelial damage 
 
TGA analysis in the GHS revealed interesting results on the lag time, being 
the time needed for the first traces of thrombin to be generated (chapter 2). A 
prolonged lag time (above the 95th percentile of the reference) was linked to a 
1.46 times higher risk of death, regardless of age, sex, use of VKA, CVRFs and 
CVD. This seemingly paradoxical association remains unexplained so far; it 
may be postulated that the demonstrated relation between the two variables 
may be mediated through elevated levels of TFPI, a significant determinant 
of the lag time.9 The link through TFPI may have a biological significance. For 
instance, elevated TFPI levels have been associated with risk factor for vascular 
endothelial damage, such as impaired glucose tolerance and type 2 diabetes 
mellitus.10 TFPI, when released from damaged vascular endothelium,  one of 
the main sources of this anticoagulant protein, would inhibit the effect of TF 
triggered TGA, reflected by a prolonged lag time. In support, Smid and colleagues 
found that a prolongation in lag time may be due to release of TFPI in patients 
with previous MI.11 A similar finding was reported by Loeffen and colleagues, 
describing an association between prolonged lag time and increased all-cause 
mortality; in this case the effect was lost after adjusting for inflammatory 
markers, such as IL-6 and CRP, suggesting an even stronger relation with 
inflammation.12 Both findings may be compatible with a condition in which 
both vascular endothelium activation and inflammation occur, representing a 
thrombo-inflammatory state, and are linked to a higher risk of cardiovascular 
morbidity and mortality. 
 In a recent paper on the clinical relevance of TGA analysis, the authors 
simplify certain applications of commercial TGA procedures, in particular with 
regards to arterial vascular disease.13 As discussed quite extensively by ten Cate 
and Hemker, there is indeed quite abundant evidence for an association between 
plasma hypercoagulability and severity of CAD, documented by elevated levels 
of prothrombin F1+2 fragment or thrombin-antithrombin complexes. However, 
associations between such markers and (recurrent) thrombotic outcomes 
were not always consistent or linear and sometimes U shaped (reviewed in 
JAHA).13 Similarly, ex vivo TGA analysis, such as with CAT assay, does not yet 
produce consistent associations with clinical outcomes. In particular, the lag 
time or time to peak may be paradoxically prolonged, although peak levels 
may be higher with higher risk of atherothrombosis. This raises the question 
of what the net effect is that is measured: delayed TGA with a higher maximal 
amplitude? And how does this translate to risk for thrombosis when considered 
at an individual level?   

 

Thrombin generation, (anti-)coagulant proteins and CV

Thrombin generation is a multifaceted process, which involves numerous 
proteases. To better comprehend the previous associations of the TGA, we 
further delved into the mechanism of the driving force of thrombin generation. 
Hence, we set up an analysis of the biochemical determinants (i.e. natural 
coagulant and anticoagulant factors) of TGA in the context of cardiovascu-
lar-healthy subjects versus those with a history of arterial or venous disease 
(chapter 3). Interestingly, the analysis demonstrated that the natural coagulant 
and anticoagulant factors contribute to a greater extent to the TGA profile in 
subjects with a history of arterial or venous disease as compared to cardiovascu-
lar-healthy subjects. First, in line with previous reports, these results illustrate 
that individuals with pre-existing CVD are in a ‘‘hypercoagulable’’ state which 
is picked up by the TGA.14 Second, in keeping with prior data, it suggests that 
the ‘‘coagulome’’ might be tuned to a ‘‘hypersensitive’’ state and thereby 
increasing the risk for recurrence.15,16 Hence, the present study demonstrates 
the importance of considering the levels of the natural coagulation factors 
upon assessing TGA results.  
 Older studies already suggested that the plasma factor composition is a 
relevant factor in the TGA profile in patients with CAD.17 This is true for the 
plasma proteins that make up the thrombogram, mostly coagulation factors. 
However, from previous studies we learned that in subjects with CVD, factors 
like glucose, C-reactive protein, apo C-III (but not other lipid fractions) were 
also determinants of ex vivo TGA.18,19 The total effects of all such elements 
makes simple applications of TGA difficult in individual subjects. 

TGA and personalized preventive treatment in thrombosis

From the previous paragraphs we can conclude that the TGA parameters ETP 
and lag time are of interest to further investigate in the context of CVD. The 
question remains how to approach this. Current literature on applications of 
TGA is substantial but mostly focused on comparison of groups of patients with 
controls or on following cohorts of patients in time. The latter approach may 
provide a feasible approach in individual patients. Ideally, one would obtain a 
thrombogram of a subject that is still healthy, as addressed in part of the GHS 
population. Following up TGA in these subjects, as soon as life changing events 
like MI or stroke occur, could give an indication of the TGA profile during disease, 
in the specific individual. Application of secondary preventive medication 
could show signs of “normalization” in such a person. That way more individu-
alized profiles could be obtained. This approach may be comparable to what is 
implemented in some clinics for hemophilia patients. In correcting a bleeding 
diathesis, TGA may support the degree of correction of plasma factor product, 
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to such extent that normalization is achieved. Specifically in patients with high 
factor inhibitor levels such laboratory support is a promising tool.20,21 

 Our preliminary data suggest that TFPI is a main determinant of the lag time 
in TGA and as such, could be a surrogate marker for vascular endothelium 
activation and inflammation. If so, therapeutic intervention to decrease 
endothelial damage, targeted at a subset of subjects with a prolonged lag time, 
or an elevated TFPI level in plasma, could have value for reducing the risk 
of  cardiovascular events. One way to investigate this hypothesis could be by 
organizing a proof of concept study in patients at risk for arterial thrombosis 
and with a prolonged lag time (as compared to age and sex matched healthy 
persons). Such patients could be randomized to receive an antiinflamma-
tory drug (e.g. statin, colchicine), to dampen endothelial inflammation, or 
placebo, in a cross over design that may be sufficiently sensitive to detect 
subtle changes in individuals correcting also for time dependent effects. Such 
design has been applied in the past to assess effects of pravastatin on markers 
of activated clotting.22 Whether the TGA analysis would have added value over 
simply measuring TFPI levels is another question and most likely the answer 
could only be obtained by correlating changes in TGA or TFPI in time with any 
changes in endothelial “fitness” probed by more or less specific proteins like 
vWF, soluble thrombomodulin or endothelin, and/or by functional analysis of 
endothelial function (e.g. induced vasodilation). 

Biomarkers of coagulation in CVD risk assessment

CVD is the leading cause of death and disability globally and the (re)search for 
improving (therapeutic) prevention and individual risk assessment is gaining 
interest.23 Currently, clinical risk factors are the basis of cardiovascular risk 
assessment. The Framingham Heart Study, which launched in 1948, started to 
identify common factors in CVD and resulted in the gender-specific algorithm 
‘Framingham Risk Score’ or the adapted ‘SCORE chart’ in Europe, to assess the 
risk of (recurrent) cardiovascular risk24,25, which is nowadays widely used in the 
outpatient clinic. Nonetheless, the current risk assessment is not optimal, as 
not all patients share a common pathophenotype and, therefore, should not be 
managed similarly.26 Notably, inflammatory cytokines have been of interest as 
biomarkers in cardiovascular risk assessment. In an extensive meta-analysis of 
29 population-based cohort studies, Kaptoge and colleagues found an adjusted 
relative risk for non-fatal MI and CAD of 1.25 (1.19-1.32) for IL-6, 1.13 (1.05-1.20) 
for IL-18 and 1.17 (1.05-1.25) for TNF-alpha.27 In a randomized controlled trial, 
Lindholm et al. extracted a total of five readily available biomarkers and 
their prognostic value in CVD-(related mortality), most notably N-terminal 
pro-B-type natriuretic peptide (NT-proBNP), high sensitivity cardiac troponin 
T (hs-cTnT) and LDL. NT-proBNP and hs-cTnT had a greater prognostic value 

than any other clinical parameter or biomarker, on the cardiovascular outcomes 
such as cardiovascular related death, non-fatal MI, non-fatal stroke and hospi-
talization for HF. Based on these results a biomarker-based model for prediction 
of cardiovascular death in patients with stable CAD was developed and 
included age (A), NT-proBNP, hs-cTnT and LDL-c (B), and the clinical variables 
(C) smoking, diabetes mellitus and PAD. Applying this biomarker-based ABC 
model was substantially better in identifying individuals at risk of cardiovas-
cular death than a clinical variable-derived prediction model.28  Thus, this novel 
prediction model, based on a small number of readily available biomarkers, can 
be widely applied in clinical risk assessment. In the Heart and Soul study, 1130 
proteins were quantified from two cohorts of individuals with stable CAD, to 
identify prognostic proteins that improve cardiovascular risk assessment. 
In this study, the investigators identified 200 prognostic proteins for cardio-
vascular events, of which the majority were novel biomarkers. In addition, a 
9-protein risk prediction model was established for the composite end points 
of MI, heart failure, stroke, and death, including troponin I (HR: 1.27 [95%CI: 
1.18-1.37]), angiopoietin-2 (HR: 1.67 [95%CI: 1.53-1.82]), and matrix-metallopro-
teinase-12 (HR: 1.65 [95%CI: 1.50-1.80]). The results demonstrated that both the 
9-Protein Model in itself as well as the combination of the 9-Protein Model with 
the standard Refit Framingham Models outperformed the traditional CVRFs 
and the Refit Framingham Model alone (c-indices, 0.71 vs. 0.64 in the validation 
cohort) in predicting a patient’s risk.29 In another study, the CASABLANCA 
study, a prediction model for major adverse cardiovascular events (MACE; 
death, MI and stroke) was developed in a high risk population (consisting of 
649 participants in the derivation cohort and 278 in the validation cohort) 
referred for coronary angiography. The final model, including the four strong 
prognostic biomarkers NT-proBNP, kidney injury molecule-1, osteopontin, and 
tissue inhibitor of metalloproteinase-1, had a significantly better performance 
than the model with clinical variables alone, with an area under the receiver 
operating characteristic curve (AUC) of 0.79 (p < 0.001) in comparison to 0.75.30  

More recently, novel biomarkers such as angiotensin-converting enzyme 2 
(ACE2) have come to the attention in the light of the COVID-19 pandemic. 
In general, the receptor for ACE2 is responsible for cardiac function and in 
addition, facilitates entry of the SARS-CoV-2 virus into the cell, which results 
in more severe COVID-19 infection with subsequently a poorer prognosis.31 In 
a long-term large-scale prospective study, plasma concentrations of ACE2 were 
measured in 10753 individuals from five continents (Africa, Asia, Europe, North 
America, South America). Results showed that higher plasma concentrations of 
ACE2 were associated with higher risk of death (cardiovascular and non-car-
diovascular), MI, stroke and heart failure, independent of age, sex, traditional 
CVRFs and NT-proBNP. However, prognostic implications and usefulness in 
risk assessment scores needs to be further addressed.32 In conclusion, not only 
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identifying novel biomarkers but also implementing established, inexpensive 
and readily available biomarkers into prediction models may allow more 
accurate risk-based stratification and basis towards precision medicine. In this 
context, TFPI and vWF were studied in the current thesis. 

TFPI: marker of endothelial damage 

TFPI is a potent anticoagulant protein that mainly originates from vascular 
endothelial cells and partly also from platelets. The majority of TFPI is 
lipid-bound, only 10-20% of plasma TFPI circulates in free full-length form and 
has previously been recognized as the active, and biologically more important, 
anticoagulant in vitro.33,34 In a large observational study, a lower functional 
TFPI level in patients with an unprovoked first time DVT was associated with 
a 10-fold increased risk for recurrent VTE.35   Prior studies have documented 
positive associations of TFPI activity and incidence of MI in young women.36 

Given the apparent diverging risk associations, we aimed to clarify the link 
between total TFPI activity and CVRFs, CVD and mortality in chapter 4. 
We found that a high total TFPI activity correlated with a higher risk of death, 
independent of age, sex, and cardiovascular risk profile. In addition, total TFPI 
activity was associated with CAD, despite age, sex and traditional CVRFs. 
However, after adjusting for lipid profile, the association was lost. Smoking was 
additionally associated with high total TFPI activity levels. These data suggest 
that the association of CAD with TFPI, a lipoprotein-associated anticoagulant, 
is mediated through low-density lipoproteins. This is the first study to discuss 
the total TFPI activity in relation to CVD and cardiovascular mortality, where 
increased levels of total TFPI activity may be a surrogate for endothelial  
cell damage. 
 Prior to this study, one might have anticipated that TFPI, an anticoagulant 
protein, would have been negatively correlated with CVD; the more coagulation 
would be inhibited, the lower the risk for cardiovascular events. However, the 
positive association may represent a proxy for endothelial dysfunction and/or 
dyslipidemia, rather than a primary risk factor for cardiovascular incidents. In 
case of atherosclerosis related to dyslipidemia, endothelial cell perturbation 
may contribute to release of TFPI from the extracellular matrix, which will 
increase the plasma levels of circulating total TFPI.37 Endothelial dysfunction 
is a key mediator in atherosclerosis and may be precipitated by factors causing 
damage to the vascular endothelium, such as smoking, dyslipidemia and 
diabetes. Notably, endothelial dysfunction is an important prognostic factor in 
cardiovascular events.38 
 How could one translate these findings to the clinic? First, it is important to 
note that the results presented in the thesis mainly relate to arterial thrombotic 
diseases, rather than venous thrombosis. Second, TFPI was measured weeks, if 

not years, after the acute cardiovascular event. Therefore, translating the use 
of TFPI measurements to the clinic would be appropriate in the chronic phase 
(outpatient clinic) rather than the acute phase (emergency department).  One 
way one could visualize this, would be in the outpatient clinic of the internal 
medicine specialist, cardiologist or even the general practitioner. Usually, 
TFPI, as a marker of endothelial dysfunction, could be used to assess an 
individual's risk for (recurrent) cardiovascular incident, combined with the 
traditional CVRFs. However, given the usual substantial overlap in plasma TFPI 
levels between patients and controls determination of cut off levels for such 
biomarkers would be needed prior to implementation. In the routine laboratory. 
 In addition, TFPI -linking coagulation to endothelial activation- which 
is influenced by dyslipidemia, could play a role as a biomarker for treatment 
of CVRFs including systemic inflammation and dyslipidemia. The potential 
of reversing vascular inflammation was demonstrated by Ridker and 
colleagues.39,40 Whereas the JUPITER trial demonstrated that the ‘‘residual 
inflammatory risk’’ was a more potent indicator for statin treatment, the 
CANTOS trial confirmed that by dampening chronic systemic inflammation 
by inhibiting the major inducer of the interleukin-6 pathway (interleukin-1be-
ta) through Canakinumab, the risk of cardiovascular events decreased (HR: 
0.85). Ultimately, similar research is required to elucidate the role of total TFPI 
in endothelial dysfunction or ‘‘residual inflammatory risk’’, by, for example, 
lowering LDL levels through a statin according to high total TFPI activity levels, 
rather than the actual cholesterol levels. Previous studies have demonstrated 
that lipid-modifying agents such as statins decrease the TFPI activity levels, 
caused by reduction of LDL-TFPI complexes.40-42 These results likely represent 
normalization of the endothelium as a result of decreased TFPI levels, however 
it is debatable whether this affects the overall anticoagulant potency, since free 
TFPI was not affected by statin therapy.  

VWF and blood coagulation 

VWF, a multimeric glycoprotein in plasma, acts on hemostasis by facilitating 
platelet adhesion and by stabilizing coagulation F-VIII thereby optimizing 
its function to enhance fibrin formation. A deficiency in vWF contributes to 
a bleeding tendency (VWD; bleeding symptoms); in contrast, persistently 
elevated levels could theoretically drive a thrombotic tendency (atherothrom-
bosis, venous thrombosis).43 Conversely, the question whether low levels of 
vWF reduce the risk of CVD has been hardly addressed. Most of these studies 
investigating the latter question were set in a patient population, however, 
considering the wide variation of vWF within the population and the mild 
symptoms of VWD, exploring vWF as a continuous variable might result in 
different findings.44,45 In short, the results in chapter 5 revealed that relatively 
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low levels of vWF activity (<76.2%) resulted in a 0.6-fold lower risk of CVD, 
independent of age, sex, CVRFs and a history of CVD. After adjusting for levels of 
F-VIII, the association persisted. Whereas the link between blood group O and 
vWF has long been recognized, the exact mechanism is not known. Emerging 
recent data suggest that there is an enhanced clearance of vWF in subjects with 
blood group O, rather than a decreased synthesis.46,47 

 Although the current data shine new light on vWF as a potential target for 
novel therapeutic prevention of CVD or recurrence of cardiovascular events, 
we need to consider the adverse clinical consequences of lowering vWF levels. 
On one side, reducing levels of vWF will also diminish F-VIII levels thereby 
inducing a bleeding tendency. On the other side, reducing F-VIII levels to 
approximately 50% in those with levels above 100% and high CVD risk could 
be beneficial without apparent bleeding risk. Whether modification of concen-
trations or activity of vWF and its related impact on FVIII levels, is a feasible 
therapeutic strategy, remains questionable. Since the 90s, there has been an 
interest in anti-vWF therapy as antithrombotic therapy.48 Recently, there have 
been studies investigating the effects of reducing levels of vWF through an anti- 
vWF aptamer after arterial thrombosis (acute MI and ischemic stroke), however, 
the effects of these agents in a setting of secondary prevention in a population 
at large needs to be addressed.49,50 

General conclusion and future studies

In general, the results from the current thesis demonstrate that a higher 
ETP and a prolonged lag time are linked to an increased risk of death, most 
presumably cardiovascular related death. In addition, the results from this 
thesis show that increased TFPI levels were related to increased mortality 
as well as the prevalence of CAD, in which TFPI mag represent a proxy for 
endothelial dysfunction and/or dyslipidemia. Finally, the results pointed put 
an association between low levels of vWF and decreased risk of CVD, despite 
age, sex, CVRFs and levels of F-VIII. From this thesis and in particular the 
discussion of the thesis, new questions arise for which novel studies need to be 
undertaken, summarized as follows: 

1.  Are specific parameters of TGA analysis including lag time and  ETP useful 
prognostic markers of CVD and CVD-related mortality? Can we use these 
parameters to improve cardiovascular risk stratification, tailoring preventive 
treatment, such as by anticoagulant or anti-inflammatory therapy? 

2.  Can we tailor lipid-modifying  treatment to prevent CVD based on total 
TFPI activity levels, rather than only based on LDL levels?

3.  Would integration of blood group into the cardiovascular risk model 
improve their diagnostic efficacy? 

4.  Would reducing vWF levels prevent or diminish rates of cardiovascu-
lar events? Or would it cause more harm by inducing bleeding tendency, by 
reducing F-VIII levels?
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Chapter 7: Impact paragraph Despite global efforts, CVD is still the leading cause of disease and disability 
worldwide. Even though efforts to control traditional CVRFs have been 
effective, the rising numbers are concerning, predominantly in the developing 
countries.1  By 2030 the total global cost of CVD is set to rise from approximately 
€713 billion (2010) to a staggering €863 billion.2,3

 More than ever, there is medical and economical need for a different approach 
in managing prevention of CVD and a search for novel biomarkers, as a step 
towards personalized medicine. The TGA, a widely-used tool in thrombosis 
and hemostasis research, offers an estimate of the clotting potency of a given 
plasma sample. In a research setting, TGA is an established tool that is able to 
detect bleeding tendency (hypocoagulability) and venous thrombosis (hyper-
coagulability), while associations with arterial thrombosis are conflicting. The 
clinical validation of the TGA in relation to arterial and/or venous thrombosis 
remains to be addressed. Therefore, we researched TGA in the context of age, 
sex, traditional CVRFs, CVD and overall mortality (chapter 2) and investigated 
the biochemical determinants of the TGA (chapter 3). The analysis in chapter 
2 demonstrates that lag time (time needed for the thrombin to form) and ETP 
(overall amount of thrombin formed over time), two parameters of TGA, are 
associated with increased mortality. Due to the high prevalence of CVD in the 
general population, we may presume that the majority of the deaths are related 
to CVD. It illustrates that parameters of TGA might be valuable as a prognostic 
factor in the individual CVD risk assessment and deciding whether a patient 
needs additional anticoagulant or anti-inflammatory therapy. 
 At this point in time, TGA remains a relatively costly and labor-intensive 
test. However, its potential to develop into a bedside lab testing to address the 
overall coagulation ‘‘status’’ of a patient is feasible. The consequences of early 
detection of hypercoagulability to guide preventive management, in particular 
in high risk situations (post-operative, during pregnancy, COVID-19, cancer 
patients) could have impact on optimizing thrombosis prophylaxis, which 
would consequently improve the quality of life of patients. 
 A topical example: we learned from the COVID-19 epidemic that DVT or PE 
occurs in 21% of the hospitalized COVID-19 patients and 31% of the COVID-19 
patients admitted to the intensive care unit, in spite of prophylactic doses 
of low-molecular-weight heparin (LMWH).4 At present, we are not able to 
determine which COVID-19 patients are at risk for developing VTE under 
prophylactic LMWH. At the same time, over-prescribing or administering 
too high doses of LMWH to COVID-19 patients would increase bleeding risk, 
impacting quality of life, morbidity and mortality.5 TGA could be used to detect 
patients at high risk, and could therefore be helpful to optimize individualized 
prophylactic LMWH treatment. 
 Chapter 4 and chapter 5 describe the associations of TFPI and vWF on 
CVD(-related death). Inexpensive biomarkers for assessing the cardiovascular 
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risk are of increasing interest, as they may contribute to risk stratifica-
tion, ultimately aiming for more cost effective disease management.6 Timely 
observation of endothelial cell dysfunction through TFPI measurement may 
be a starting point for more expeditious use of endothelial cell protective 
medication, like statins. For the latter, further research is required to answer the 
question whether statins could reduce TFPI levels and endothelial dysfunction, 
regardless of baseline LDL levels. 
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