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GENERAL INTRODUCTION

Stroke is the second most common cause of mortality and the third most common cause 
of disability worldwide.1,2 In the Netherlands, each year more than 40,000 individuals are 
admitted to the hospital due to stroke.3 In 2018, a total of 9,200 patients died because 
of stroke and even after treatment, one third of the patients remain (partly) disabled.3 

Ischemic stroke accounts for 87% of all strokes and is often caused by occlusion of a 
cerebral artery by a thrombus.4 The pathogenesis of ischemic stroke is complex and 
many risk factors are known to influence the risk of ischemic stroke, including smoking5, 

hypertension6, hypercholesterolemia7 and diabetes mellitus8.

Currently, two types of treatment are available for acute ischemic stroke patients, in-

travenous thrombolysis (IVT) and endovascular treatment (EVT). In 2015, the MR CLEAN 
study group published the results of a randomized clinical trial (RCT) investigating EVT 
as treatment for ischemic stroke caused by a proximal intracranial anterior circulation 
occlusion. They found that the rate of functional independence (modified Rankin score 
0 to 2) was higher in the intervention group than in patients receiving IVT alone (32.6% 
vs. 19.1%).9 However, despite the invention of new treatments, the clinical outcome of 
most patients remains poor and more effective treatments are needed. To investigate 
this into more depth, the investigators of MR CLEAN established the ‘Collaboration for 
New Treatments on Acute Stroke’ (CONTRAST) consortium.

‘Collaboration for New Treatments on Acute Stroke’ (CONTRAST)

The CONTRAST consortium (“CONTRAST”) aims to improve the effectiveness and safety 
of acute treatment for stroke and to increase the number of eligible patients by expand-

ing indications for treatment. As part of CONTRAST, a total of five RCT’s investigate acute 
stroke patients; MR ASAP investigates the effect of transdermal nitroglycerine, started 
within 3 h after stroke onset in the prehospital setting, on functional outcome at 90 days 
in patients with acute ischemic stroke or intracerebral haemorrhage.10 The MR CLEAN 
MED aims to assess the effect of acetylsalicylic acid (ASA) and unfractionated heparin 
(UFH), alone, or in combination, given to patients with an ischemic stroke, caused by 
an intracranial large vessel occlusion in the anterior circulation, during EVT.11 The MR 
CLEAN NO IV investigates the effect of direct EVT compared with IVT followed by EVT 
on functional outcome in patients with acute ischemic stroke, caused by an anterior 
circulation occlusion.12 The MR CLEAN LATE evaluates the safety and efficacy of EVT in 
acute ischemic stroke patients with a proven anterior circulation intracranial occlusion 
and last seen well between 6-24 hours before enrollment.13 The DUTCH ICH assesses the 
safety, feasibility and technical effectiveness of minimally-invasive endoscopy-guided 
surgery within 8 hours of symptom onset for treatment of supratentorial intracerebral 
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hemorrhage (ICH). As of this moment, the inclusion of patients has been completed and 
the results of the MR CLEAN MED and the MR CLEAN NO IV have already been published. 
The results of the MR CLEAN MED showed that periprocedural intravenous aspirin and 
unfractionated heparin during EVT were both associated with an increased risk of 
symptomatic intracranial haemorrhage.14 Also, the authors found no beneficial effect on 
functional outcome. In the MR CLEAN NO IV study there was no difference in functional 
outcome at 90 days after stroke in patients receiving EVT alone and patients receiving 
intravenous alteplase followed by EVT.15 The results of the remaining clinical trials are 
currently being analyzed.

As part of CONTRAST, blood samples were collected of patients included in the MR 
CLEAN trials at different time points in the acute setting; at arrival at the emergency 
room, within 1 hour after treatment or admittance at the neurology ward, 24 hours after 
treatment and 1-6 months after the event. Also, thrombi that were retrieved with EVT, 
were collected in the CONTRAST biobank. The main aim of the CONTRAST biobank is to 
identify (new) biomarkers that can predict treatment effect and clinical outcome after 
acute (ischemic) stroke. In addition, the search for new biomarkers might render the 
possibility to find new therapeutic targets for future (animal) studies.

Biomarkers in acute ischemic stroke

The ability to predict clinical outcome may help to improve the selection of the most 
appropriate therapy in an individual patient. Plasma biomarkers measured in the acute 
phase of the event would ideally differentiate patients at risk for poor clinical outcome. 
Several studies investigated the role of various biomarkers on the prognosis after isch-

emic stroke, including inflammatory16,17, hemostasis 18-21 and brain-specific markers16.

Since ischemic stroke is a multifactorial process with different pathophysiological 
mechanisms leading to an event, identifying biomarkers for stroke remains challeng-

ing. Current literature on biomarkers in acute ischemic stroke often show contradictory 
results and most studies have suboptimal study designs.

For a biomarker to be used in clinical practice, several desirable features have been 
described.22 First the biomarker of interest should be accurate and reproducible and 
should be measured by standardized assays with known reference intervals. Measuring 
a specific biomarker should be minimally invasive to the patient and there should be a 
favorable cost-benefit ratio. A biomarker has to be easily interpretable by clinicians and 
knowledge of biomarker levels may change clinical management. It is also important 
that a biomarker has a high sensitivity and specificity for the outcome and it has to 
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consistently identify and explain a reasonable proportion of the outcome, independent 
of established predictors in multiple studies.

Hemostasis and ischemic stroke

Hemostasis is the process by which a blood clot is formed in response to vascular dam-

age to limit blood loss following injury. Hemostasis can be subdivided in three different 
phases: primary hemostasis, secondary hemostasis and fibrinolysis. The result of pri-
mary hemostasis is the formation of an initial platelet plug, which is formed by platelets 
and activated Von Willebrand Factor (VWF). The A1 domain of VWF binds to the GPIbα re-

ceptor on platelets.23 Platelets as well as VWF bind to the subendothelial collagen which 
is exposed upon damage of the vessel wall. This process is called adhesion.23 Platelets 
are activated by several agonists, such as adenosine diphosphate (ADP), thrombin, VWF, 
collagen and thromboxane A2. This results in a conformational change, which allows 
more platelets to bind to the platelet plug. This process is called platelet aggregation.24 

Large, highly active, VWF multimers are synthesized by endothelial cells and are cleaved 
into smaller and less prothrombotic forms by A Disintegrin And Metalloprotease with 
ThromboSpondin motif repeats 13 (ADAMTS13).23 To ensure the stability of this platelet 
plug, a process called secondary hemostasis is initiated by tissue factor (TF) and results 
in the formation of thrombin.25 One important function of thrombin is the cleavage of 
fibrinogen into fibrin. Multiple fibrin monomers form a fibrin network, that is stabilized 
by cross-linking by Factor FXIIIa. This fibrin network stabilizes the platelet plug. To pre-

vent ongoing clot formation, plasmin degrades fibrin in a process called fibrinolysis. An 
imbalance of pro- and anticoagulant factors contributes to bleeding on one side of the 
spectrum or to thrombosis on the other side of the spectrum.

In 87% of all cases, a stroke is caused by a thrombotic or thromboembolic occlusion of 
one or more cerebral arteries.26 The formation and lysis of an obstructing clot is in part 
determined by hemostasis and fibrinolytic activity. An imbalance of hemostasis factors 
may play an important role in progression and outcome of ischemic stroke. Many previ-
ous studies investigated the association between hemostasis blood biomarkers and the 
risk of arterial thrombosis, including ischemic stroke.27,28 Levels of specific biomarkers, 
including VWF27,29, ADAMTS1328,30, thrombin generation31,32 fibrinogen26 and fibrinogen 
y’33, have shown to be associated with acute ischemic stroke. Nevertheless, none of 
these biomarkers are currently used in clinical practice.

Hemostasis and carotid atherosclerosis

Atherosclerosis of the carotid arteries is an important risk factor for the development 
of ischemic stroke.34 Rupture of an atherosclerotic plaque leads to activation of hemo-

stasis, resulting in formation of a thrombus, which can eventually lead to occlusion of 
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one or more cerebral arteries. Different characteristics of an atherosclerotic plaque can 
be distinguished with the use of imaging techniques. Presence of plaque ulceration, 
intraplaque hemorrhage (IPH) and a lipid-rich necrotic core (LRNC) are important char-

acteristics of the vulnerable plaque, a plaque more prone to rupture.35 Presence of IPH 
is associated with an 6-fold higher risk for ischemic events (stroke, transient ischemic 
attack or amaurosis fugax).36 IPH and LRNC can be assessed and quantified by Magnetic 
Resonance Imaging (MRI). Rupture of the atherosclerotic plaque can be visible as plaque 
ulceration on Multidetector-row Computed Tomography (MDCTA).37

Atherosclerosis is one of the possible mechanisms underlying the association between 
hemostasis and ischemic stroke.38 However, whether elevated levels of hemostasis 
markers are cause or consequence of atherosclerosis remains unclear. For instance, 
previous studies suggested that atherosclerosis is a determinant of VWF levels.39 On the 

other hand, in vitro and in vivo studies suggested that VWF contributes to the pathogen-

esis of atherosclerosis.40-42

Also, previous mouse studies on the role of fibrinogen levels on the pathogenesis of 
atherosclerosis remained inconclusive, since fibrinogen deficiency showed to be both 
protective against as well as compatible with atherosclerosis.43,44 On the other hand, 

clinical studies have shown that high levels of fibrinogen and fibrinogen γ’, an alternative 
messenger RNA splicing variant, are associated with an increased risk of cardiovascular 
diseases (CVD), including ischemic stroke.45,46 It remains unclear whether fibrinogen 
and fibrinogen γ’ levels are mainly related to the extent of the inflammatory process 
of atherosclerotic plaque formation, or whether fibrinogen plays a causal role in the 
formation and/or progression of the atherosclerotic plaque.

Neutrophil extracellular traps (NETs) and arterial thrombosis

An inflammatory mechanism that plays a role in hemostasis comprises of neutrophil 
extracellular traps (NETs).47 NETs are formed when neutrophils excrete decondensed 
intracellular DNA coated with antimicrobial proteins such as myeloperoxidase (MPO) 
and neutrophil elastase. This results in a scaffold which traps and kills pathogens.48

Many stimuli, including pathogens, platelets and immune complexes, can induce NET 
formation.49 Several molecular mechanisms are known to be involved in the formation 
of NETs.50 Reactive oxygen species (ROS) that are generated by nicotinamide adenine 
dinucleotide phosphate oxidase (NADPH) oxidase stimulate myeloperoxidase (MPO) to 
activate and translocate neutrophil elastase (NE) to the nucleus, resulting in deconden-

sation of chromatin, which is an important step in NET formation.51 MPO simultaneously 
binds to chromatin and also facilitates decondensation. Subsequently, peptidyl-argi-
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nine deiminase 4 (PAD4) citrullinates arginine, which results in the unfolding of tightly 
packed chromatin.52 Increasing evidence points towards an alternative pathway of NET 
formation independent of PAD4.53,54 This autophagy pathway requires phosphoinositide 
3-kinase (PI3K).55

In addition to their function in immunity, NETs have been implicated in the pathophysi-
ology of thrombosis47, atherosclerosis56, and sepsis57,58. NETs can activate hemostasis by 
interacting with VWF, fibrinogen and platelets.47 Several studies have reported high NETs 
levels in plasma of patients with CVD.56,59 Also, NETs are present in thrombus material 
from myocardial infarction and stroke patients.60,61 When NETs are present in thrombi, 
they are more resistant to lysis by conventional intravenous thrombolysis (IVT) with 
tissue-type plasminogen activator (tPA).62 Several studies suggested that the NETs con-

tent of a thrombus may be responsible for reperfusion resistance and that the addition 
of deoxyribonuclease 1 (DNAse I) may be effective in treating ischemic stroke.61,62 Also 
heparin has been demonstrated to dismantle the NET scaffold and prevent thrombus 
formation.47 This effectiveness of the addition of heparin to restore microvascular reper-

fusion after EVT is currently investigated by the MR CLEAN MED.11

To date, most studies on NETs levels in plasma are case-control studies in patients with 
active underlying diseases and they generally have reported high plasma levels. In order 
to gain more insight into biological processes involved in NET formation in a stable situ-

ation, without massive inflammation, it is important to look at determinants of NETs in 
the general population, where individuals are mostly free of acute diseases. In addition, 
it is known that NETs play a role in active disease, however, whether NETs are associated 
with the development of CVD remains unclear. Currently, population studies on NETs 
are lacking. Also, to further clarify mechanism that play a role in NET formation, studies 
investigating the genetic background of NETs, are necessary.

Aim and outline of this thesis

In order to search for (new) biomarkers of acute ischemic stroke and to select interest-

ing biomarkers that could be measured in CONTRAST, we study the role of hemostasis 
and inflammatory biomarkers in the pathogenesis of cardiovascular diseases, with a 
specific focus on ischemic stroke. In the first part of this thesis, we focus on hemostasis 
biomarkers in acute ischemic stroke. Firstly, we perform a systematic review to sum-

marize the current knowledge on the relationship between hemostasis biomarkers and 
clinical outcome in acute ischemic stroke patients (Chapter 2). Secondly, we focus on 
specific hemostasis biomarkers and their role in ischemic stroke and atherosclerosis. 
In Chapter 3, we investigate the association between thrombin generation and a first 
ischemic stroke in young patients. And in Chapter 4, the role of VWF, ADAMTS13 and 
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fibrinogen (γ’) in carotid artery atherosclerosis will be determined. In the second part 
of this thesis, we investigate the association of genetic (Chapter 5), demographic and 
CVD risk factors with levels of NETs (Chapter 6) and the association with the incidence 
of CVD (Chapter 7).
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ABSTRACT

Objectives

The prediction of patients at risk for poor clinical outcome after acute ischemic stroke 
remains challenging. An imbalance of coagulation factors may play an important role 
in progression and prognosis of these patients. In this systematic review we assessed 
the current literature on hemostasis biomarkers and the association with poor clinical 
outcome in acute ischemic stroke.

Approach and Results

A systematic search of Embase, Medline, Cochrane Library, Web of Science and Google 
Scholar was performed on studies reporting on hemostasis biomarkers and clinical 
outcome after acute ischemic stroke. Studies were considered eligible if blood samples 
were collected within 72 hours after symptom onset. Additionally, clinical outcome 
should be assessed using a disability score (Barthel Index (BI) or modified Rankin Scale 
(mRS)). Methodological quality of included studies was assessed with an adapted ver-

sion of the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) questionnaire. 
A total of 80 articles were read full text and 41 studies were considered eligible for inclu-

sion, reporting on 37 different hemostasis biomarkers. No single biomarker appeared to 
be effective in predicting poor clinical outcome in acute ischemic stroke patients.

Conclusions

Based on current literature no clear recommendations can be provided on which he-

mostasis biomarkers are a predictor of clinical outcome after acute ischemic stroke. 
However, some biomarkers show promising results and need to be further investigated 
and validated in large populations with clear defined study designs.
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INTRODUCTION

The vast majority of ischemic strokes are the consequence of thrombotic or thrombo-

embolic occlusion of one or more cerebral arteries, although in some patients small 
vessel occlusion, vasculopathy or hemodynamic factors may play a role. The formation 
and lysis of an obstructing clot and perhaps the patency of the microvascularature in 
the ischemic area may in part be determined by coagulation and fibrinolytic activity in 
the circulating blood. An imbalance of coagulation factors may play an important role 
in progression and outcome of ischemic stroke. Many previous studies investigated the 
association between hemostasis blood biomarkers and the risk of arterial thrombosis, 
including ischemic stroke.1, 2 Increased levels of specific biomarkers, including von Wil-
lebrand Factor (VWF), fibrinogen and D-dimer, have shown to be risk factors for acute 
ischemic stroke. 1, 3, 4

The ability to predict clinical outcome after ischemic stroke may help to improve the 
selection of the most appropriate therapy (systemic thrombolytic, antithrombotic and/
or intra-arterial interventions) already in the acute phase in the individual patient. 
Currently, clinicians are unable to predict the effect of reperfusion therapy and thereby 
clinical outcome after ischemic stroke. Since the coagulation system plays an important 
role in stroke pathogenesis, blood biomarkers of coagulation might render the possibil-
ity to differentiate which patients are at risk of poor clinical outcome.

Therefore, the aim of this systematic review was to assess the available literature on 
data regarding the predictive value of hemostasis biomarkers in acute ischemic stroke 
in relation to poor clinical outcome.

METHODS

This systematic review was prepared in accordance with the PRISMA guidelines.5

Article search

We systematically searched the following databases: Embase, Medline, Cochrane Library, 
Web of Science and Google Scholar. A search strategy was constructed in collaboration 
with a biomedical information specialist of the Erasmus Medical Centre Medical Library 
(Online Supplementary I). There were no restrictions regarding year of publication. The 
search was performed on 22 September 2017 and repeated on 20 June 2018.



Chapter 2  |  Biomarkers in Ischemic Stroke

24

Study selection

For this systematic review we included case-control studies and cohort studies, as well 
as prospective and retrospective studies. Studies were considered eligible when they 
met the following criteria: (1) involving patients with acute ischemic stroke. (2) Patients 
≥18 years of age. (3) Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) 
should be performed to exclude hemorrhage and thus confirm the clinical diagnosis of 
ischemic stroke. (4) A venous blood biomarker of hemostasis should be assessed within 
72 hours after symptom onset and the study should report on the relationship between 
biomarker level and clinical outcome. (5) Clinical outcome should be assessed with the 
use of a disability or handicap scale (modified Rankin scale (mRS) or Barthel Index (BI)). 
We excluded reviews, abstracts from congresses, letters, editorials and case reports. 
Studies written in languages other than English or Dutch were excluded. Duplicates were 
removed using Endnote database. During the first phase of the review process, two au-

thors (SJD and BB) independently selected relevant studies based on title and abstract. 
Studies included during the first phase were read in full text, after which studies meeting 
the eligibility criteria were included. Disagreements were resolved by consensus.

Data extraction

Data were extracted by two authors (SJD and BB) with the use of standardized forms. The 
following data were collected: first author, publication year, study design, sample size, type of 
biomarker, assay used to measure the biomarker, time of blood collection, National Institutes 
of Health Stroke Scale (NIHSS) on admission, mean or median age of study population, pro-

portion of male patients, time of outcome assessment, type of disability scale used to define 
clinical outcome, definition of poor outcome reported in the study, level of biomarker in 
patients with poor and good outcome. For studies including both ischemic and hemorrhagic 
stroke, isolated data for ischemic stroke were retracted. For studies reporting on more than 
one blood biomarker, each biomarker is reported separately. When levels of biomarkers were 
measured at more than one time point, the first biomarker measurement was used. If clinical 
outcome was assessed at more than one time point, the time point nearest to 3 months was 
used for this review. Studies that did not report on definition of outcome, poor outcome was 
defined as mRS>2 or BI<85. When possible we stratified for type of reperfusion therapy (in-

travenous recombinant tissue-plasminogen activator (rTPA) or mechanical thrombectomy).

Quality assessment

The quality of individual studies was assessed with an adapted version of the Quality 
Assessment of Diagnostic Accuracy Studies (QUADAS) questionnaire (Online Supple-

mentary II).6 This checklist contains 15-items which can be scored as yes (+), no (-) or 
unclear (?), for a maximum score of 15 points. All studies that met the inclusion criteria 
were included in this systematic review, irrespective of the quality score.
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RESULTS

Study selection

The search yielded a total of 6404 articles. After elimination of duplicates, 4044 articles were 
screened based on title and abstract (figure 1). After the initial selection process, 80 articles 
were read full text. Finally, a total of 41 articles were considered eligible for inclusion.

1 

•

•

•

•

•

•

•

•

•
•

Figure 1. PRISMA flow diagram of study selection.
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Study characteristics

Forty-one studies reported a total of 37 different hemostatic biomarkers in 13,569 pa-

tients (table 1) with a mean age ranging from 54.7 to 76 years; 8,434 patients (62%) were 
male. The sample size of individual studies ranged from 41 to 3,212 patients. Nineteen 
studies reported on more than one biomarker. The time point of blood collection ranged 
from 3 to 72 hours after symptom onset. All studies reported on clinical outcome using 
a disability score for outcome assessment, most studies used the mRS. Definition of 
poor outcome varied between individual studies. However, most studies defined poor 
outcome as mRS>2. Nine studies reported on clinical outcome at discharge, 10 studies 
assessed clinical outcome at 1 month and 22 studies assessed clinical outcome at 3 
months from stroke onset or more. Eight studies measured biomarker levels before the 
initiation of rTPA and/or endovascular treatment (table 2).

Quality assessment

The overall quality of the included studies was moderate (median 9 points of a maximum 
of 15 points, ranging from 7 to 13 points). The quality of the study design, as marked by 
the quality score, did not directly influence the results found by individual studies. How-

ever, only a few studies reported on blinding of measurement of individual biomarkers 
(12/42) and clinical data collection (6/42) and only one study performed a sample size 
calculation to justify the number of included patients (table 3). None of the studies used 
a predefined biomarker cut-off value for poor clinical outcome.

Primary hemostasis

A total of 7 different biomarkers of primary hemostasis were measured in 10 studies, en-

compassing a total of 1,314 patients of whom 690 (52.5%) were male and with a mean age 
ranging from 64.7 to 74.4 years.7-16 Platelet count was measured in 281 patients <8 hours 
after symptom onset and showed no significant association with poor outcome.7 In the 

same study, mean platelet volume (MPV) was significantly higher in patients with poor out-

come compared to patients with a good prognosis.7 After adjustment for stroke severity at 
baseline (measured with National Institutes of Health Stroke Scale (NIHSS)) no significant 
association was detected. Additionally, in this study poor outcome was defined as a mRS≥4 
which is relatively high as compared to other studies. When focusing on markers of platelet 
activation, P-selectin levels, measured <6 hours after symptom onset, were investigated 
in one study with a total of 76 patients and showed no association with poor outcome.11 

β-thromboglobulin and platelet factor-4 levels measured <48 hours after symptom onset, 
were shown to increase with ascending mRS score in one study conducted in 76 patients.13

A total of seven studies, including 881 patients, reported on Von Willebrand Factor anti-
gen (VWF:Ag) levels and outcome after stroke.8-10, 12, 14-16 Most studies used Enzyme- Linked 
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Immuno Sorbent Assays (ELISA) for measuring VWF:Ag levels in plasma.8, 12, 15, 16 Two 
studies determined VWF:Ag levels with immunoturbidimetric assays.10, 14 Latex aggluti-

nation assays were used in one study.9 Significantly higher levels of VWF:Ag at admission 
in patients with a poor clinical outcome were found in three studies.10, 15, 16 However, 
this association remained significant in only one study after adjustment for possible 
confounders including age, sex, diabetes and hypertension.10 Three studies collected 
blood samples before the infusion of rTPA (table 2).8, 12, 14 Additionally, in one of these 
studies endovascular treatment was performed after infusion of rTPA.12 VWF:Ag levels 
did not show to be associated with clinical outcome after 3 months when measured 
before reperfusion treatment.8, 12, 14

Large VWF multimers are cleaved into smaller and less active forms by A Disintegrin 
And Metalloprotease with ThromboSpondin motif repeats 13 (ADAMTS13). Two studies 
reporting on ADAMTS13 and clinical outcome were included in this review.9, 12 ADAMTS13 

activity showed no significant association with stroke outcome in one study performed 
in 89 patients when measured <72 hours after symptom onset.9 This is in contrast to a 
prospective study conducted in 41 acute ischemic stroke patients with a large vessel 
occlusion treated with rTPA followed by endovascular treatment.12 The authors reported 
that low ADAMTS13 activity before the start of treatment was independently associated 
with unfavorable outcome. Unfavorable outcome was defined as mRS 5-6, which is 
higher than the commonly cut-off value of 2.

Secondary hemostasis

Twenty biomarkers of secondary hemostasis were assessed in 27 different studies, 
with a total of 7,645 patients.14-34 Mean age of patients ranges from 53 to 75.9 years and 
4,688 (61.3%) were male. Soluble tissue factor, the initiator of secondary hemostasis, 
and tissue factor pathway inhibitor did not show a significant association with clinical 
outcome.19, 30, 35 A total of five coagulation factors were identified in this review. Factor 
VII (FVII), FVII activating protease and FVII activating protease inhibitor complexes were 
not associated with stroke outcome.15, 19, 21, 26 One out of three studies on factor VIII and 
stroke outcome, found that high factor VIII levels, measured <24 hours after symptom 
onset were related to poor outcome after 30 days.15 However, there was no association 
when adjusting for demographic and clinical variables. The same study found similar 
results for high levels of factor IX and poor outcome. Levels of activated factor XI (FXIa) 
measured <72 hours after symptom onset and stroke outcome at discharge were de-

scribed in one study, which found significantly lower BI scores and higher mRS scores in 
patients with the presence of circulating FXIa (respectively p=0.023 and p=0.037).30 FXIII 
showed no relationship with clinical outcome.26
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Table 1. Overview of studies included in systematic review

Biomarker Author and year Sample 

size (n)

Time of blood 

collection (h 

after symptom 
onset)

Time of 

outcome 

assessment

Definition 

Primary hemostasis

ADAMTS13 Schuppner et al. (2018)12 41 <6 h 3 months Endovascular treatment + rTPA mRS>4 18 (43.9%) Yes, low levels

Kawano et al. (2018)9 89 <72 h 3 months mRS>2 25 (28.1%) 

β-thromboglobulin Tombul et al. (2005)13 76 <48 h At discharge mRS>3 Yes, high levels

Mean platelet volume (MPV) Du et al. (2016)7 281 <8 h 1 month rTPA + antiplatelet mRS≥4 86 (40%)* Yes, high levels, but not in 
multivariable regression analysis

Platelet count Du et al. (2016)7 281 <8 h 1 month rTPA + antiplatelet mRS≥4 86 (40%)*

Platelet factor-4 Tombul et al. (2005)13 76 <48 h At discharge mRS>3 Yes, high levels

P-selectin Pusch et al. (2015)11 76 <6 h 28 days rTPA (n=13)

Von Willebrand Factor Faille et al. (2014)8 64 <4.5 h 3 months rTPA mRS>2 21 (33.3%)†

Tóth et al. (2018)14 131 <4.5 h 3 months rTPA mRS>2 51 (38.9%) 

Schuppner et al. (2018)12 41 <6 h 3 months Endovascular treatment + rTPA mRS>4 18 (43.9%) 

Menih et al. (2017)10 108 <24 h At discharge mRS>2 Yes, high levels 

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis 

Whiteley et al. (2012)16 268 <24 h 3 months rTPA (n=7) mRS>2 112 (41.8%) Yes, high levels but not when 
adjusting for age and NIHSS 

Kawano et al. (2018)9 89 <72 h 3 months mRS>2 25 (28.1%) 

Secondary hemostasis

Antithrombin III, Hirano et al. (2012)25 69 <48 h At discharge rTPA (n=7)

Haapaniemi et al. (2002)24 55 <48 h 3 months Standard stroke care Yes, low levels 

Factor VII activating protease 

(FSAP)

Bustamante et al. (2016)21 120 <3 h 3 months rTPA mRS>2 70 (58%)

Factor VII activating protease 

(FSAP) inhibitor complexes

Bustamante et al. (2016)21 120 <3 h 3 months rTPA mRS>2 70 (58%)

Factor VII Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS ≥2 37 (58.7%)

Berge et al. (2001)19 76 <24 h At discharge mRS≥2 38 (51.4%)ǂ 

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ 

mRS>2 94 (52.2%) 

Factor VIII Tóth et al. (2018)14 131 <4.5 h 3 months rTPA mRS>2 51 (38.9%)

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis 

Chang et al. (2014)22 116 Median <62 h At discharge NA, rTPA excluded mRS>2 

Factor IX Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis

Factor XIa Undas et al. (2012)30 205 <72 h At discharge NA, rTPA excluded Yes, high levels

Factor XIII Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS≥2 37 (58.7%)

Fibrin Hirano et al. (2012)25 69 <48 h At discharge rTPA (n=7)
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after symptom 

Treatment Definition 
poor 

outcome

Patients 

with poor 

outcome 

(n,%)

Relation biomarker and poor 

clinical outcome?

<6 h 3 months Endovascular treatment + rTPA mRS>4 18 (43.9%) Yes, low levels

<72 h 3 months Antiplatelet mRS>2 25 (28.1%) No 

β-thromboglobulin <48 h At discharge NA mRS>3 NA Yes, high levels

<8 h rTPA + antiplatelet mRS≥4 86 (40%)* Yes, high levels, but not in 
multivariable regression analysis

<8 h rTPA + antiplatelet mRS≥4 86 (40%)* No

<48 h At discharge NA mRS>3 NA Yes, high levels

<6 h 28 days rTPA (n=13) NA NA No

<4.5 h 3 months rTPA mRS>2 21 (33.3%)† No

<4.5 h 3 months rTPA mRS>2 51 (38.9%) No 

<6 h 3 months Endovascular treatment + rTPA mRS>4 18 (43.9%) No 

<24 h At discharge NA mRS>2 NA Yes, high levels 

<24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis 

<24 h 3 months rTPA (n=7) mRS>2 112 (41.8%) Yes, high levels but not when 
adjusting for age and NIHSS 

<72 h 3 months Antiplatelet mRS>2 25 (28.1%) No 

<48 h At discharge rTPA (n=7) NA NA No

<48 h 3 months Standard stroke care NA NA Yes, low levels 

<3 h 3 months rTPA mRS>2 70 (58%) No

<3 h 3 months rTPA mRS>2 70 (58%) No

<3 h 3 months rTPA mRS ≥2 37 (58.7%) No

<24 h At discharge NA mRS≥2 38 (51.4%)ǂ No 

<24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ No 

mRS>2 94 (52.2%) 

<4.5 h 3 months rTPA mRS>2 51 (38.9%) No

<24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis 

Median <62 h At discharge NA, rTPA excluded mRS>2 NA No 

<24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis

<72 h At discharge NA, rTPA excluded NA NA Yes, high levels

<3 h 3 months rTPA mRS≥2 37 (58.7%) No

<48 h At discharge rTPA (n=7) NA NA No
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Table 1. Overview of studies included in systematic review (continued)

Biomarker Author and year Sample 

size (n)

Time of blood 

collection (h 

after symptom 
onset)

Time of 

outcome 

assessment

Definition 

Fibrinogen Branco et al. (2018)20 131 <3 h 3 months rtPA/ endovascular treatment (n=95) mRS>2 68 (51.9%) Yes, high levels

Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS≥2 37 (58.7%) 

Del Zoppo et al. (2009)23§ 252 <3 h 3 months BI<95 175 (69.4%) 

Alvarez-Perez et al. (2011)17 618 <6 h 3 months NA, rTPA excluded BI<95 377 (61.0%) Yes, high levels, but not in 
multivariable regression analysis 

Berge et al. (2001)19 200 <24 h At discharge mRS>2 119 (59.5%) Yes, high levels, but not in 
multivariable regression analysis 

Potpara et al. (2014)27 76 <24 h At discharge NA, no rTPA mRS≥2 38 (51.4%)ǂ 

Welsh et al. (2009)15 240 <24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ Yes, high levels 

Wakisaka et al. (2014)31 180 <24 h 30 days rTPA (n=27) mRS≥3 92 (38.3%) Yes, high levels, but not in 
multivariable regression analysis 

Whiteley et al. (2012)16 171 <24 h 3 months rTPA (n=7) mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis 

Yang et al. (2014)32 268 <24 h 3 months rTPA (n=62) mRS≥2 74 (43.3%) 

Protopsaltis et al.(2009)28 220 <24 h 3 months According to guidelines mRS>2 112 (41.8%) Yes, high levels,but not in 
multivariable regression analysis 

Anuk et al. (2002)18 105 <24 h 6 months mRS>2 69 (31.4%) 

Swarowska et al. (2016)29 60 <24 h 8-12 months NA, no rTPA BI<95 63 (60%) 

Hirano et al. (2012)25 727 <36 h 1 month rTPA (n=7) Yes, high levels 

You et al. (2017) 69 <48 h At discharge rTPA (n=78) mRS>2 332 (45.7%) 

Zeng et al. (2013)34 3212 Median <48 h At discharge According to guidelines Yes high levels, but not in 
multivariable regression analysis 

105 <72 h 3 months mRS≥3 1226 (38.2%) 

mRS>2 65 (61.9%) 

Fibrin monomer complex (FMC) Hirano et al. (2012)25 69 <48 h At discharge rTPA (n=7)

Protein C Anzola et al. (1993) 43 Mean <16 h 6 months Yes, low levels

Berge et al. (2001) 76 <24 h At discharge mRS≥2 38 (51.4%)ǂ No subgroup analysis (small 
group) 

Welsh et al. (2009) 180 <24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ 

Haapaniemi et al. (2002) 55 <48 h 3 months Standard stroke care mRS>2 94 (52.2%) 

Protein S Anzola et al. (1993)36 43 Mean <16 h 6 months

Berge et al. (2001)19 76 <24 h At discharge mRS≥2 38 (51.4%)ǂ No subgroup analysis (small 
group) 

Haapaniemi et al. (2002)24 55 <48 h 3 months Standard stroke care BI<95 33 (44.6%)ǂ 

Prothrombin Fragment 1+2 Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS≥2 37 (58.7%)

Berge et al. (2001)19 76 <24 h At discharge mRS≥2 38 (51.4%)ǂ Yes, high levels 
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)

after symptom 

Treatment Definition 
poor 

outcome

Patients 

with poor 

outcome 

(n,%)

Relation biomarker and poor 

clinical outcome?

<3 h 3 months rtPA/ endovascular treatment (n=95) mRS>2 68 (51.9%) Yes, high levels

<3 h 3 months rTPA mRS≥2 37 (58.7%) No 

<3 h 3 months Standard care BI<95 175 (69.4%) No 

<6 h 3 months NA, rTPA excluded BI<95 377 (61.0%) Yes, high levels, but not in 
multivariable regression analysis 

<24 h At discharge NA mRS>2 119 (59.5%) Yes, high levels, but not in 
multivariable regression analysis 

<24 h At discharge NA, no rTPA mRS≥2 38 (51.4%)ǂ No 

<24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ Yes, high levels 

<24 h 30 days rTPA (n=27) mRS≥3 92 (38.3%) Yes, high levels, but not in 
multivariable regression analysis 

<24 h 3 months rTPA (n=7) mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis 

<24 h 3 months rTPA (n=62) mRS≥2 74 (43.3%) No 

<24 h 3 months According to guidelines mRS>2 112 (41.8%) Yes, high levels,but not in 
multivariable regression analysis 

<24 h 6 months Antiplatelet mRS>2 69 (31.4%) No 

<24 h 8-12 months NA, no rTPA BI<95 63 (60%) No 

<36 h rTPA (n=7) NA NA Yes, high levels 

<48 h At discharge rTPA (n=78) mRS>2 332 (45.7%) No 

Median <48 h At discharge According to guidelines NA NA Yes high levels, but not in 
multivariable regression analysis 

<72 h 3 months mRS≥3 1226 (38.2%) No 

mRS>2 65 (61.9%) 

<48 h At discharge rTPA (n=7) NA NA No

Mean <16 h 6 months NA NA NA Yes, low levels

<24 h At discharge NA mRS≥2 38 (51.4%)ǂ No subgroup analysis (small 
group) 

<24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ No 

<48 h 3 months Standard stroke care mRS>2 94 (52.2%) No 

NA NA 

Mean <16 h 6 months NA NA NA No

<24 h At discharge NA mRS≥2 38 (51.4%)ǂ No subgroup analysis (small 
group) 

<48 h 3 months Standard stroke care BI<95 33 (44.6%)ǂ No 

NA NA 

<3 h 3 months rTPA mRS≥2 37 (58.7%) No

<24 h At discharge NA mRS≥2 38 (51.4%)ǂ Yes, high levels 
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Table 1. Overview of studies included in systematic review (continued)

Biomarker Author and year Sample 

size (n)

Time of blood 

collection (h 

after symptom 
onset)

Time of 

outcome 

assessment

Definition 

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ Yes, high levels, but not in 
multivariable regression analysis 

mRS>2 94 (52.2%) 

Soluble endothelial protein C 

receptor (sEPCR)

Faille et al. (2014)8 64 <4.5 h 3 months rTPA mRS>2 21 (33.3%)†

Thrombin–antithrombin III 

complex

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis

Hirano et al. (2012)25 69 <48 h At discharge rTPA (n=7) 

Thrombomodulin Faille et al. (2014)8 64 <4.5 h 3 months rTPA mRS>2 21 (33.3%)†

Endogenous Thrombin Potential 

(ETP)

Hudak et al. (2017)37 120 <4.5 h 3 months rTPA mRS≥2 56 (57.1%)|| Yes, low levels in patients with 
mRS=6, but not mRS 2-5.

Tissue factor Undas et al. (2012)30 205 <72 h At discharge NA, rTPA excluded

Halim et al. (2006)35 50 <72 h 1 month BI≤9 

Tissue factor pathway inhibitor 

(TFPI)

Berge et al. (2001)19 76 <24 h At discharge mRS≥2
BI<95

38 (51.4%)ǂ
33 (44.6%)ǂ

Fibrinolysis

α2-antiplasmin Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS ≥2 37 (58.7%)

D-dimer Branco et al. (2018)20 131 <3 h 3 months rtPA/ endovascular treatment (n=95) mRS>2 68 (51.9%)

Berge et al. (2001)19 76 <24 h At discharge mRS≥2 38 (51.4%)ǂ Yes, high levels 

Potpara et al. (2014)27 240 <24 h 30 days NA, no rTPA BI<95 33 (44.6%)ǂ Yes, high levels 

Üstündağ et al. (2010)45 91 <24 h 30 days mRS≥3 92 (38.3%) Yes, high levels 

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin mRS>2 47 (51.6%) Yes, high levels 

Abd-Elhamid et al. (2016)38 50 <24 h 1 month mRS>2 94 (52.2%) Yes, high levels 

Hsu et al. (2016)41 159 <24 h 3 months rTPA mRS>2 Yes, high levels 

Park et al. (2013)43 175 <24 h 3 months NA, endovascular treatment and rTPA excluded mRS>2 79 (49.7%) Yes, high levels, but not in 
multivariable regression analysis 

Whiteley et al. (2012)16 268 <24 h 3 months rTPA (n=7) mRS>2 64 (36.6%) Yes, high levels but not when 
adjusting for age and NIHSS 

Yang et al. (2014)32 220 <24 h 3 months According to guidelines mRS>2 112 (41.8%) Yes, high levels 

Hirano et al. (2012)25 69 <48 h At discharge rTPA (n=7) mRS>2 69 (31.4%) 

Matsumoto et al. (2013)42 124 <48 h At discharge NA, rTPA excluded Yes, high levels 

Tombul et al. (2005)13 76 <48 h At discharge 63 (69.2%) Yes, high levels 

Wang et al. (2016)46 1173 <48 h 30 days NA, rTPA excluded mRS>3 Yes, high levels 

Alvarez-Perez et al. (2011)17 200 <72 h At discharge NA, rTPA excluded mRS>2 572 (48.8%) Yes, high levels, but not in 
multivariate analysis 

Dougu et al. (2011)40 359 <72 h 1 month rTPA (n=3) mRS>2 119 (59.5%) Yes, high levels 

Zeng et al. (2013)34 105 <72 h 3 months According to guidelines mRS>2 179 (49.9%) 

mRS>2 65 (61.9%) 
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)

after symptom 

Treatment Definition 
poor 

outcome

Patients 

with poor 

outcome 

(n,%)

Relation biomarker and poor 

clinical outcome?

<24 h 30 days NA, no rTPA or heparin BI<95 33 (44.6%)ǂ Yes, high levels, but not in 
multivariable regression analysis 

mRS>2 94 (52.2%) 

<4.5 h 3 months rTPA mRS>2 21 (33.3%)† No

<24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) Yes, high levels, but not in 
multivariable regression analysis

<48 h At discharge rTPA (n=7) NA NA No 

<4.5 h 3 months rTPA mRS>2 21 (33.3%)† No

<4.5 h 3 months rTPA mRS≥2 56 (57.1%)|| Yes, low levels in patients with 
mRS=6, but not mRS 2-5.

<72 h At discharge NA, rTPA excluded NA NA No

<72 h NA BI≤9 NA No 

<24 h At discharge NA mRS≥2
BI<95

38 (51.4%)ǂ
33 (44.6%)ǂ

No

α2-antiplasmin <3 h 3 months rTPA mRS ≥2 37 (58.7%) No

<3 h 3 months rtPA/ endovascular treatment (n=95) mRS>2 68 (51.9%) No

<24 h At discharge NA mRS≥2 38 (51.4%)ǂ Yes, high levels 

<24 h 30 days NA, no rTPA BI<95 33 (44.6%)ǂ Yes, high levels 

Üstündağ et al. (2010) <24 h 30 days NA mRS≥3 92 (38.3%) Yes, high levels 

<24 h 30 days NA, no rTPA or heparin mRS>2 47 (51.6%) Yes, high levels 

<24 h NA mRS>2 94 (52.2%) Yes, high levels 

<24 h 3 months rTPA mRS>2 NA Yes, high levels 

<24 h 3 months NA, endovascular treatment and rTPA excluded mRS>2 79 (49.7%) Yes, high levels, but not in 
multivariable regression analysis 

<24 h 3 months rTPA (n=7) mRS>2 64 (36.6%) Yes, high levels but not when 
adjusting for age and NIHSS 

<24 h 3 months According to guidelines mRS>2 112 (41.8%) Yes, high levels 

<48 h At discharge rTPA (n=7) mRS>2 69 (31.4%) No 

<48 h At discharge NA, rTPA excluded NA NA Yes, high levels 

<48 h At discharge NA NA 63 (69.2%) Yes, high levels 

<48 h 30 days NA, rTPA excluded mRS>3 NA Yes, high levels 

<72 h At discharge NA, rTPA excluded mRS>2 572 (48.8%) Yes, high levels, but not in 
multivariate analysis 

<72 h rTPA (n=3) mRS>2 119 (59.5%) Yes, high levels 

<72 h 3 months According to guidelines mRS>2 179 (49.9%) No 

mRS>2 65 (61.9%) 
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Table 1. Overview of studies included in systematic review (continued)

Biomarker Author and year Sample 

size (n)

Time of blood 

collection (h 

after symptom 
onset)

Time of 

outcome 

assessment

Definition 

Fibrin degradation products Hirano et al. (2012)25 69 <48 h At discharge rTPA (n=7)

Zeng et al. (2013)34 105 <72 h 3 months According to guidelines mRS>2 65 (61.9%) Yes, high levels 

Plasminogen activator inhibitor-1 

(PAI-1)

Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS>2 37 (58.7%)

Ribo et al. (2004)44 44 <3 h 3 months rTPA mRS≥2 Yes, high levels 

Park et al. (2013)43 175 <24 h 3 months NA, endovascular treatment and rTPA excluded mRS>2 64 (36.6%) 

Zeng et al. (2013)34 105 <72 h 3 months According to guidelines mRS>2 65 (61.9%) Yes, high levels 

Thrombin activatable fibrinolysis 
inhibitor (TAFI)

Martí-Fàbregas et al. (2005)26 63 <3 h 3 months rTPA mRS≥2 37 (58.7%)

Ribo et al. (2004)44 44 <3 h 3 months rTPA mRS>2 

Alessi et al. (2016)39 109 <12 h 3 months rTPA (n=41) mRS≥2 59 (54.1%) Yes, high levels

Tissue plasminogen activator 

(tPA)

Pusch et al. (2015)11 76 <6 h 28 days rTPA (n=13)

Welsh et al. (2009)15 180 <24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) 

Zeng et al. (2013)34 105 <72 h 3 months According to guidelines mRS>2 65 (61.9%) 

Antiphospholipid antibodies & 

Lupus anticoagulant

Anticardiolipin antibodies (aCL) Berge et al. (2001)19 76 <24 h At discharge mRS≥2 38 (51.4%)ǂ No subgroup analysis (small 
group)

Bu et al. (2016)47 3013 <48 h 3 months NA, rTPA excluded BI<95 33 (44.6%)ǂ 

mRS>2 751 (25.1%)** 

Anticephalin antibodies Berge et al. (2001)19 76 <24 h At discharge mRS≥2
BI<95

38 (51.4%)ǂ
33 (44.6%)ǂ

No subgroup analysis (small 
group)

Antiphosphatidyl-serine 

antibodies (aPS)

Bu et al. (2016)47 3013 <48 h 3 months NA, rTPA excluded mRS>2 751 (25.1%)** Yes

Lupus anticoagulant Berge et al. (2001)19 76 <24 h At discharge mRS≥2
BI<95

38 (51.4%)ǂ
33 (44.6%)ǂ

No subgroup analysis (small 
group)

NA indicates not applicable; and NIHSS, National Institutes of Health Stroke Scale. *No mRS scores available in 66 patients; 
† follow up data missing of 1 patient; ǂ follow up data missing of 2 patients; § two different study populations used in this 
study (STAT and ESTAT); || no data on mRS scores available for 22 patients; #only data of admission TAFI and mRS in patients 
without thrombolysis; **no data on mRS score for 15 patients.
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)

after symptom 

Treatment Definition 
poor 

outcome

Patients 

with poor 

outcome 

(n,%)

Relation biomarker and poor 

clinical outcome?

<48 h At discharge rTPA (n=7) NA NA No

<72 h 3 months According to guidelines mRS>2 65 (61.9%) Yes, high levels 

<3 h 3 months rTPA mRS>2 37 (58.7%) No

<3 h 3 months rTPA mRS≥2 NA Yes, high levels 

<24 h 3 months NA, endovascular treatment and rTPA excluded mRS>2 64 (36.6%) No 

<72 h 3 months According to guidelines mRS>2 65 (61.9%) Yes, high levels 

Thrombin activatable fibrinolysis <3 h 3 months rTPA mRS≥2 37 (58.7%) No

<3 h 3 months rTPA mRS>2 NA No 

<12 h 3 months rTPA (n=41) mRS≥2 59 (54.1%) Yes, high levels# 

<6 h 28 days rTPA (n=13) NA NA No

<24 h 30 days NA, no rTPA or heparin mRS>2 94 (52.2%) No 

<72 h 3 months According to guidelines mRS>2 65 (61.9%) No 

<24 h At discharge NA mRS≥2 38 (51.4%)ǂ No subgroup analysis (small 
group)

<48 h 3 months NA, rTPA excluded BI<95 33 (44.6%)ǂ No 

mRS>2 751 (25.1%)** 

<24 h At discharge NA mRS≥2
BI<95

38 (51.4%)ǂ
33 (44.6%)ǂ

No subgroup analysis (small 
group)

<48 h 3 months NA, rTPA excluded mRS>2 751 (25.1%)** Yes

<24 h At discharge NA mRS≥2
BI<95

38 (51.4%)ǂ
33 (44.6%)ǂ

No subgroup analysis (small 
group)

NA indicates not applicable; and NIHSS, National Institutes of Health Stroke Scale. *No mRS scores available in 66 patients; 
† follow up data missing of 1 patient; ǂ follow up data missing of 2 patients;  two different study populations used in this 
study (STAT and ESTAT); || no data on mRS scores available for 22 patients; only data of admission TAFI and mRS in patients 
without thrombolysis; **no data on mRS score for 15 patients.
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Table 3. Quality assessment of included studies.

Author (year) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Quality
Score

Abd-Elhamid et al (2016)38 + + + + - + - + + + + - - + + 11

Alessie et al (2016)39 + + + + - + - + + + + - - + + 11

Alvarez-Perez et al (2011)17 ? ? + - - + - + + - + - - + + 7

Anuk et al (2002)18 + + + - + + - - - + + - - + + 9

Anzola et al (1993)36 + + + - - + - - + + + - - + + 9

Berge et al (2001)19 + + + - - + - + - + + - - + + 9

Branco et al (2018)20 + + + + - + - - + + + - + + + 11

Bu et al (2016)47 + + + - - + - + - + + - + + + 10

Bustamante et al (2016)21 + + + + + + - + + + + - - + + 12

Chang et al (2014)22 + + + ? + + - + - + + - - - + 9

Del Zoppo et al (2009)23 + + + + + + - + + + + + - + + 13

Dougu et al (2011)40 + + + - - + - + - + + - + - + 9

Du et al (2016)7 ? ? + - - + - + + + + - + + + 9

Faille et al (2014)8 + + + + - + - + + + + - - - + 10

Haapaniemi et al (2002)24 + + + - - + - + + + + - - + - 9

Halim et al (2006)35 ? ? + + + + - - + + + - - + + 9

Hirano et al (2012)25 + + + - - + - - - + + - - + + 8

Hsu et al (2016)41 ? ? + - - + - + - + + - + + + 8

Hudák et al (2017)37 + + + - - + - + - + + - + + + 10

Kawano et al (2018)9 + + + - - + - + + + + - + + - 10

Martí-Fàbregas et al (2005)26 + + + - - + - + + + + - - + - 9

Matsumoto et al (2013)42 + + + - - + - + - + + - - + + 9

Menih et al (2017)10 + + + - - + - + + + + - - + + 10

Park et al (2013)43 + + + + ? + - + + + + - + + + 12

Potpara et al (2014)27 + + + - - + - + + + + - + + + 11

Protopsaltis et al (2009)28 + + + - - + - - + + + - - - + 8

Pusch et al (2015)11 + + + - - + - + + + + - + - + 10

Ribo et al (2004)44 + + + - - + - + + + + - - + - 9

Schuppner et al (2018)12 + + + - - + - + + + + - - + + 10

Swarowska et al (2016)29 ? ? + - - + - - + + + - - + + 7

Tombul et al (2005)13 + + + + - + - - + - + - - + - 8

Tóth et al (2018)14 + + + + - + - + - + + - - + + 10

Undas et al (2012)30 + + + - - + - + - - + - - + + 8

Üstündaǧ et al (2010)45 + + + + ? + - - - + + - + + + 10

Wakisaka et al (2014)31 + + + - - + - + + + + - + ? + 10

Wang et al (2016)46 + + + - - + - + - + + - + + + 10

Welsh et al (2009)15 ? ? + - - + - + + + + - + + + 9

Whiteley et al (2012)16 + + + + + + - + + + + - + + + 13

Yang et al (2014)32 + + + - - + - + + + + - + + + 11

You et al (2017)33 + + + - - + - + - + + - + - + 9

Zeng et al (2013)34 + + + - - + - + - + + - - + + 9

TOTAL 36 36 42 12 6 42 0 33 26 39 42 1 17 35 37 9 (7-13)
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Four studies evaluated protein C levels in patients with ischemic stroke, with a total of 
354 patients.15, 19, 24, 36 Only one study in 43 patients, showed that patients with low pro-

tein C concentration were more impaired on the clinical severity scores and had higher 
mortality rates at 6 months compared to patients with normal levels of protein C.36 Stud-

ies on protein S levels did not show an association with ischemic stroke outcome.19, 24, 36

Two out of three studies evaluating Prothrombin fragment F1+2 showed a positive 
association with poor outcome at discharge and after 30 days.15, 19 Prothrombin F1+2 

measured before reperfusion treatment showed no association with 3 month clinical 
outcome.26 Thrombin generation assays were used to assess thrombin formation in 
plasma of ischemic stroke patients before the infusion of rTPA in one study including 
120 patients.37 The authors found that a decrease in the total amount of thrombin gener-

ated (Endogenous Thrombin Potential (ETP)) from patients’ plasma was an independent 
predictor for mortality (mRS 6) after 3 months. These results were explained by ongoing 
activation of coagulation, resulting in consumption of coagulation factors, thereby 
decreasing thrombin generation. Two studies measured antithrombin levels in plasma 
within 48 hours after symptom onset.24, 25 One study found a weak to moderate correla-

tion (r=0.3, p=0.02) between antithrombin and outcome after 3 months as assessed with 
BI. However, there was no significant correlation when outcome was assessed using 
mRS (r=0.3, p=0.06).24 Furthermore, one study including 180 patients found significantly 
higher levels of thrombin-antithrombin complex, measured <24 hours after symptom 
onset in patients with mRS>2 compared to patients with good outcome after 30 days 
(respectively 4.5 μg/l and 3.7 μg/l, p=0.04).15 No significant association between high 
levels of thrombin-antithrombin complex and poor outcome was found in multivariable 
regression analysis.

A total of 16 studies encompassing 6,697 patients, evaluated fibrinogen in relation to 
stroke outcome.15-20, 23, 25-29, 31-34 Nine (56%) studies with a total of 5,699 patients reported 
that high fibrinogen levels were related to poor outcome.15, 17, 20, 23, 27, 29, 31-33 Fibrinogen 
levels were measured according to the Clauss method in most studies.15, 17, 18, 23, 26, 29 

One study found that fibrinogen levels of >3.7 g/L were associated with poor clinical 
outcome at 30 days after ischemic stroke with a sensitivity of 79.3% and a specificity of 

Table 3. Quality assessment of included studies. (continued)
The quality of individual studies was assessed using an adapted version of the Quality Assessment of Diagnostic Accuracy 
Studies (QUADAS) questionnaire containing 15-items where (+) scored as yes, (-) scored as no and (?) unclear. Items 1-2 
evaluates stroke diagnosis; 3 biomarker not used for determining end-point; 4-5 blinding of clinical data collection and 
biomarker measurement; 6 explanation of withdrawals; 7 reference of biomarker cut-off; 8 reporting disclosures; 9 pro-

spective study design; 10; follow-up; 11 clinical endpoints defined prior to analysis; 12 sample size calculation; 13 provided 
a list of estimated association measures for all variables in multivariable analysis; 14 biomarker measurement method; 15 
absence of selection bias.
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80.4%.27 Most studies adjusted for age and sex in regression models. Only a few studies 
reported adjustments for acute inflammation (C-reactive protein (CRP)), stroke severity 
and the use of thrombolytic therapy. Treatment regimens used in individual studies and 
whether blood samples were drawn before start of treatment were not mentioned in 
most studies. Six studies did not find a significant association between fibrinogen levels 
and stroke outcome after multivariate analysis.15, 17, 23, 31-33 Fibrinogen levels were mea-

sured before the infusion of rTPA in one study and showed no association with clinical 
outcome 3 months after ischemic stroke.26 One study measured fibrinogen levels within 
6 hours after stroke onset in the placebo group of two different study cohorts.23 The 

authors found a significantly higher proportion of patients with lower fibrinogen levels 
(<450 mg/dL) who had a good outcome after 3 months in one of the cohorts. However, 
these results could not be demonstrated in the other cohort. One large multicenter 
study including 3,212 acute ischemic stroke patients found a significant association 
between high fibrinogen levels (>4.0 g/L) and poor outcome when adjusting for age and 
sex (Odds ratio (OR) 1.42 (95% Confidence Interval (CI) 1.16-1.74), p=0.001).33 When more 
confounding factors were added to the model (e.g. NIHSS, medical history, smoking 
status) this association was no longer significant (OR 1.15 (95% CI 0.86-1.53), p=0.338). 
The authors found a 1.76-fold increase in the risk of in-hospital mortality (hazard ratio 
(HR) 1.76; 95% CI 1.10–2.81), p=0.019) in patients with high fibrinogen levels.

Fibrinolysis

A total of six biomarkers of fibrinolysis were measured in 21 different studies with a total 
of 3,988 patients.11, 13, 15-17, 19, 20, 25-27, 32, 34, 38-46 Seventeen studies including 3,696 patients re-

ported on D-dimer and clinical outcome after ischemic stroke.13, 15-17, 19, 20, 25, 27, 32, 34, 38, 40-43, 45, 46 

Eight studies determined D-dimer levels with (latex enhanced) immunoturbidimetric as-

says.17, 20, 25, 32, 38, 41, 42, 46 ELISA was used in six studies13, 15, 16, 19, 34, 43 and one study measured 
D-dimer with Enzym-linked Fluorescence Assays (ELFA).27 Except for three studies, all 
studies reported an association between high D-dimer levels and poor outcome with a 
high sensitivity of 77-87% and a moderate specificity of 40-79,7% (cut-off values rang-

ing from 0.1-1.99 mg/L).15, 27, 32, 38 Studies using multivariable regression analysis were 
mostly adjusted for age and/or sex. Adjustments for stroke severity at admission were 
made in six studies.15-17, 32, 41, 43 The association between high D-dimer levels and poor 
outcome did not remain significant after adjustment for possible confounders in three 
studies.16, 17, 43 Since D-dimer is a degradation product of fibrin and levels increase as a 
result of thrombolytic therapy, treatment regimens used in individual patients and the 
precise moment of blood collection are important factors to consider; individual studies 
are heterogeneous in reporting on these important confounders. Two studies reported 
patients receiving thrombolytic therapy were excluded.42, 43 On the other hand, one study 
only included patients with an available blood sample for D-dimer level measurement 
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after the initiation of thrombolytic therapy.41 Another study reported three patients were 
treated with intravenous rTPA after blood samples were collected.40 It remained unclear 

whether the authors adjusted for thrombolytic therapy. Two other studies specifi-

cally mentioned that patients did not receive any thrombolytic agents.15, 27 Thrombolytic 
therapy was included in regression models in one study.32 Blood samples were collected 
before any kind of reperfusion treatment was started in three studies.16, 20, 45 The majority 
of studies did not describe what treatment patients received or if blood samples were 
obtained before treatment was initiated.

Fibrin degradation products (FDG) were evaluated in two studies of which one study 
found significantly higher levels of FDG, measured <72 hours after symptom onset, in 
patients with poor outcome compared to patients with good outcome (respectively 1.60 
mg/l (0.90-5.60 mg/l) and 0.90 mg/l (0.60-2.10 mg/l), p=0.033).34 The authors determined 
sensitivity and specificity for FDG with a cut-off point of 0.95 mg/l using receiver operator 
characteristic (ROC) curve analysis and found a sensitivity of 72.0% and a specificity of 
56.7%. The same study observed similar results with plasminogen activator inhibitor-1 
(PAI-1), an inhibitor of fibrinolysis. PAI-1 levels greater than 21.65 ng/ml predicted poor 
outcome with 83.3% sensitivity and 66.7% specificity. Another study that measured 
PAI-1 levels before the initiation of reperfusion therapy, also found significantly higher 
levels in patients with poor outcomes.44 High levels of thrombin activatable fibrinolysis 
inhibitor (TAFI) were associated with poor outcome in patients without thrombolysis 
in one study including 109 patients.39 In the same study, TAFI levels of patients that 
did receive rTPA after blood samples were collected, were not associated with poor 
clinical outcome. Two other studies with a total of 107 patients did not find any relation 
between TAFI and stroke outcome.26, 44 Tissue plasminogen activator (tPA) antigen and 
α2-antiplasmin were not associated with stroke outcome.11, 15, 26, 34

Antiphospholipid antibodies and lupus anticoagulant

Two studies measured four different antiphospholipid antibodies in a total of 3,089 pa-

tients.19, 47 Data on the association with stroke outcome and anticardiolipin antibodies, 
anticephalin antibodies and lupus anticoagulant in one of these studies were lacking 
due to small number of patients with positive antibodies (6 positive patients for every 
antibody).19 The presence of antiphosphatidylserine antibodies in plasma of ischemic 
stroke patients showed a significant association with mortality and major disability at 3 
months after adjusting for age, sex, NIHSS and cardiovascular risk factors (OR 1.10 (95% 
CI 1.01-1.21), p=0.03) in one study.47
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DISCUSSION

Despite the availability of substantial clinical research data on hemostasis biomarkers 
in relation to clinical outcome after ischemic stroke, the value of such biomarkers as 
independent predictors is still unproven. Although this general conclusion may point to 
an inability of hemostasis markers in the acute phase to predict a complex pathophysi-
ological process in the long run, several methodological issues of the studies included 
in this review are also point of discussion. Furthermore, we included studies written 
in Dutch or English, therefore studies written in different languages are potentially ex-

cluded. The overall quality of included studies was moderate. However, the items on the 
quality assessment tool used in this systematic review did not assess methodological 
aspects important for this systematic review, for instance time point of blood collection. 
Furthermore, there was a lot of clinical and methodological heterogeneity between 
studies included in this systematic review, for instance regarding the inclusion of pa-

tients with all different ischemic stroke subtypes. For example, previous studies found 
that VWF levels differed between stroke subtypes and highest levels of VWF were found 
in patients with large artery atherosclerosis and cardio-embolic strokes.48, 49 Therefore, 
it might be that the underlying stroke pathology drives the concentration of certain 
biomarkers, such that the potential predictive value for clinical outcome is obscured in 
the acute phase. Additionally, bias may have been introduced by the fact that different 
assays were used for measuring biomarker levels. For example, for D-dimer it is known 
that there is a lot of inter-assay variability due to different specificity of monoclonal 
antibodies depending on the fibrin fragments used as the immunogen as well as the 
material used to calibrate the assay.50

Most studies did not report on type of treatment that was applied in the included pa-

tients and whether blood samples were collected before or after the start of treatment. 
Therefore, it is unclear whether high levels of biomarkers reflect the effect of thrombo-

lytic therapy rather than a causal, patient related risk factor. For instance, significantly 
higher D-dimer levels are found in patients receiving rTPA compared to healthy controls 
and patients receiving heparin.51, 52 One study, where part of the included patients were 
treated with rTPA, reported that high levels of D-dimer predicted poor clinical outcome 
with a sensitivity of 81.2% and a specificity of 79.7% with a cut-off value of 1.99 ml/L.32

Another critical factor is the time interval between stroke onset and blood sampling; 
most studies collected blood within 24 h after stroke onset, which is a fairly wide time 
interval. Ideally, a hemostasis biomarker of acute stroke should be assessed in the 
emergency setting before the start of any kind of antithrombotic treatment. In this 
systematic review only thirteen studies measured biomarker levels within 4.5-6 hours 
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after symptom onset and before any kind of reperfusion therapy (fibrinolysis and/or 
endovascular treatment) was started. When taking all these studies together, we found 
that most hemostatic biomarkers were not related to clinical outcome 3 months after 
the event. Only three biomarkers (ADAMTS13, ETP and PAI-1) measured in three studies 
did show a relationship. 12, 37, 44 However, sample sizes were small. Despite promising 
results in the acute phase, current literature on these biomarkers is still in its infancies 
and need further investigation.

An alternative approach may be to consider the value of biomarkers taken at later time 
points, which may still offer helpful information for secondary antithrombotic medica-

tion after initial reperfusion therapy. For instance, in the study of Toth et al. VWF and 
FVIII levels assessed before start of thrombolytic therapy were not associated with poor 
clinical outcome.14 However, when these biomarkers were measured immediately after 
thrombolytic therapy, they found that high levels were associated with poor clinical 
outcome 3 months after stroke (respectively OR 6.31 (95% CI 1.83-21.73) and OR 7.10 
(95% CI 1.77-28.38). The optimal time point of blood collection also depends on the 
research question. For instance, for the choice of secondary treatment one would want 
to measure a biomarker associated with clinical outcome immediately after or 24 hours 
after reperfusion therapy. On the other hand, to select the optimal reperfusion treat-

ment, the biomarker measurement should be performed as soon as the patients arrives 
in the hospital. Therefore, it might be that more than one sampling moment is interest-

ing depending on the research question.

Furthermore, we found that the time of clinical outcome assessment varied among 
studies. Some studies evaluated outcome at discharge, however the authors did not 
mention the precise time from symptom onset to discharge. Currently, the best time 
point of clinical outcome assessment is point of discussion.53, 54 The Modified Rankin 
Scale (mRS), the most widely used disability score in stroke patients, has a moderate 
overall reliability and is generally assessed 3 to 6 months after stroke.55 When assessing 
outcome at discharge, the context of hospitalization makes it difficult to score activities 
of daily living (ADL) leading to higher mRS scores. Generally, a mRS score of more than 2 
is considered poor clinical outcome. However, some studies used slightly lower or higher 
cut-off points resulting in an under- or overestimation of the proportion of patients 
with poor clinical outcome. Furthermore, clinical outcome depends on several factors, 
including hemorrhagic transformation following thrombolysis, poor recanalization or 
post-stroke infections.56 Most studies did not report on these confounding factors.

From the results obtained from current literature, it is premature to conclude that any 
hemostasis biomarker can be used in the clinical setting to predict which patients are at 
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risk of poor clinical outcome after ischemic stroke. However, some biomarkers, includ-

ing ADAMTS13, ETP and PAI-1 when assessed before the start of reperfusion treatment, 
may be promising candidates. Further adequately powered studies, with clear defined 
inclusion and exclusion criteria, with serial biomarker measurements at different time 
points during the acute phase and adequate statistical adjustments for possible con-

founders are required to determine which hemostatic biomarkers can be used in the 
clinical setting. Currently, three randomized clinical trials investigating the effectiveness 
and safety of different means of acute treatment for ischemic stroke in a total of 2500 
patients (MR CLEAN NO-IV57, MR CLEAN MED58 and MR CLEAN LATE59) are ongoing and 
involve the collection of blood samples at three time points in the acute phase (before, 
immediately after and 24 h after reperfusion therapy) and during follow up (1-6 months). 
The results of these studies will enable us to gain more knowledge and even provide 
new biomarkers as well as more insight in the optimal time point for blood biomarker 
measurement for the prediction of clinical outcome in ischemic stroke patients.

CONCLUSION

Based on current literature no clear recommendations can be provided on which hemo-

stasis biomarkers are a predictor of clinical outcome after acute ischemic stroke. How-

ever, some biomarkers show promising results in the acute phase of ischemic stroke. 
Prospective studies with a homogenous study design with clearly defined time points of 
blood collection and outcome assessment are needed in order to establish or refute the 
role of selected and novel biomarkers in the prediction of clinical outcome.
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ABSTRACT

Introduction

Understanding the underlying mechanisms in ischemic stroke (IS) in young adults re-

mains challenging. Thrombin activates processes that contribute to the development 
and progression of arterial diseases. We investigated the association between thrombin 
generation (TG) and a first IS or transient ischemic attack (TIA) in young adults.

Methods

In this case-control study, we included consecutive patients (≤45 years in men, ≤55 years 
in women) with a first IS or TIA (n=160) and healthy controls (n=160). TG was determined 
with the calibrated automated thrombogram (CAT) assay. Logistic regression was used 
to analyze the association between TG and IS. Men and women were analyzed separately.

Results

TG started earlier, reached its peak earlier and was also terminated earlier in patients 
than in healthy controls. Peak height (PH) was higher in patients than in controls, 227 
nM (25th – 75th percentile 145-326) versus 179 nM (110-294), p=0.02. The endogenous 
thrombin potential (ETP) was not different in patients and controls, 1530 nM x min 
(1089-2045) versus 1454 nM x min (1011-2139), p=0.52. Lag time (LT) (Odds Ratio (OR) 
0.91 (95% confidence interval (CI) 0.83-0.99), time to peak (TTP) (OR 0.91, 95% CI 0.84-
0.97) and time to tail (TTT) (OR 0.92, 95% CI 0.88-0.97) were associated with a first IS and 
TIA. In men LT, TTP and TTT were associated with IS, but not in women.

Conclusions

We found that TG parameters are associated with a first IS in young patients. Further 
prospective studies are warranted to elucidate the role of TG in IS.
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INTRODUCTION

In the Western world, 10% to 14% of the ischemic stroke (IS) cases are in young patients 
(aged between 18 and 45 years).1-3 The etiology of IS and transient ischemic attack (TIA) 
in young patients is diverse and differs from older patients. For example, in almost 50% 
of young stroke cases, no cause could be identified.4 Furthermore, traditional risk fac-

tors such as hypertension, atherosclerosis and diabetes are less frequent.3 In young in-

dividuals, hemostatic factors are thought to play an important role in the pathogenesis 
of IS and other cardiovascular diseases.5-8

Thrombin is formed after initiation of the coagulation cascade and has several crucial 
functions in the process of hemostasis.9 One important function of thrombin is the 
cleavage of fibrinogen in fibrin, thereby facilitating clot formation. The process of clot 
formation is highly dependent on the plasma concentration of thrombin.10 Thrombin 
also plays an important role in the activation of processes that lead to development and 
progression of arterial diseases.11,12

The potential of plasma to form thrombin can be measured by thrombin generation 
assays. The Calibrated Automated Thrombogram (CAT) method is widely used in clinical 
research for the assessment of blood coagulability. This technique evaluates the overall 
balance between procoagulant and anticoagulant factors.13

To date, a few studies have been conducted to investigate the relationship between 
thrombin generation and IS.14-18 However, most of these studies are performed in elderly 
patients and literature on thrombin generation in young IS patients is scarce. Therefore, 
in this case-control study we investigated the association between thrombin generation 
and a first IS or TIA in patients aged ≤45 years in men and ≤55 years in women. The 
findings of this study may help to improve our understanding of the pathophysiological 
mechanisms leading to IS in young individuals.

MATERIALS AND METHODS

Study population

This study is embedded in the ‘Genetic risk factors for Arterial Thrombosis at a young 
age: the role of TAFI and other Coagulation factors (ATTAC)’ study, which is a single-
center, case-control study investigating the role of coagulation factors on incidence of 
arterial thrombotic events (ATE) at a young age. The study design has been reported in 
detail previously.6,7 In short, cases were consecutive patients who presented with a first 
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acute arterial ischemic event in the Erasmus University Medical Center between October 
2001 and June 2010. Patients were men aged 18-45 years or women aged 18-55 years. 
Three subgroups of patients were included in the ATTAC study: patients with coronary 
heart disease, including acute myocardial infarction and unstable angina pectoris; 
patients with ischemic stroke (IS) or transient ischemic attack (TIA); and patients with 
peripheral arterial disease (PAD). For this study, we only investigated patients with IS or 
TIA. To avoid a possible effect of acute phase response on plasma levels of coagulation 
parameters, patients were included and assessed 1 to 3 months after the event. For 
controls we randomly selected a subgroup of healthy controls who did not have a his-

tory of ATE from the ATTAC database. Controls were neighbors or friends of the patients. 
Since vitamin K antagonists influence thrombin generation19, patients who used vitamin 
K antagonists were excluded (n=14). At the time of this study, none of the participants 
used direct oral anticoagulants (DOAC’s) as they were not regularly prescribed in this 
patient group. Participants were included in the study after written informed consent. 
This study was approved by the institutional Medical Ethics Committee of the Erasmus 
MC (MEC 198/2001-23) and was conform to the ethical guidelines of the declaration of 
Helsinki.

Definitions of patient characteristics
The definitions used in this study have been previously described.6 Briefly, ischemic 
stroke (IS) was defined as the acute onset of focal cerebral dysfunction as a result of 
cerebral ischemia, with symptoms lasting longer than 24 h. Brain imaging by CT-scan 
and MRI-scan had to be compatible with the diagnosis and were used to rule out intra-

cerebral hemorrhage. Transient ischemic attack (TIA) was defined as the acute onset of 
focal cerebral dysfunction, which could not be explained otherwise than by focal cere-

bral ischemia, as diagnosed by a neurologist. Symptoms had to be temporary and last 
less than 24 h. Smoking status was defined as self-reported never, previous or current 
smoker. Hypercholesterolemia was originally defined as a subject-reported presence of 
hypercholesterolemia or the use of lipid lowering treatment on the day of the event. As 
most cases used cholesterol lowering medications at inclusion, cholesterol measure-

ments were not representative of cholesterol levels before the event. Therefore, in this 
case-control study, hypercholesterolemia was not adjusted for in the analyses. Patients 
with a medical history of diabetes or using either oral anti-diabetic medication or insulin 
therapy on the day of the event were considered to have diabetes. Hypertension was 
defined by a systolic blood pressure 140 mmHg, and/or diastolic blood pressure 90 
mmHg or the use of anti-hypertensive drugs.
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Blood sampling and Thrombin Generation (TG)

Blood was collected 1 to 3 months after the event in sodium citrate (final concentra-

tion 0.105M) using a Vacutainer System (Beckton, Dickinson and Company, Plymouth, 
UK) and centrifuged at 2000g for 10 min at 4⁰C. Plasma was additionally centrifuged 
for 10 min at 20,000g for 10 min at 4⁰C and stored in aliquots at -80⁰C. Technicians were 
blinded for the case-control status of the samples.

Thrombin generation (TG) was assessed using the calibrated automated thrombogram 
(CAT) assay (Diagnostica Stago, Asnieres, France) in accordance with the manufactur-

ers’ instructions, as described previously.20,21 In short, platelet-poor plasma (PPP) was 
added to PPP reagent 1 pM TF (PPP Reagent Low, Thrombinoscope B.V., Maastricht, The 
Netherlands). This is a mixture of tissue factor (TF; 1 pM final concentration in plasma) 
and phospholipids. Samples were analyzed in duplicate. TG parameters were acquired 
with the Thrombinoscope software (Diagnostica Stago, Gennevilliers, France; CAT, Maas-

tricht, The Netherlands). The following parameters were derived from the TG curve: lag 
time (LT, min), endogenous thrombin potential (ETP, nM x min) and peak height (PH, 
nM), time to peak (TTP, min), velocity index (VI, nM/min) and time to tail (TTT, min). LT 
indicates the time until 1/6 of the peak height is reached. ETP is the area under the curve 
and indicates the total amount of thrombin generated. PH is defined as the maximum 
amount of generated thrombin. TTP is the time to the highest peak of thrombin genera-

tion. VI is the speed at which thrombin is being formed and can be calculated with the 
following formula: PH/(TTP–LT). TTT is the time until the end point of thrombin genera-

tion.14

Statistical analysis

Normally distributed data were presented as mean and standard deviation (SD), not 
normally distributed data were presented as median and 25th-75th percentiles. Categori-
cal data were presented as number and percentage. To compare normally distributed 
data we used the student’s t-test and not normally distributed data were analyzed using 
the Mann-Whitney U-test. Categorical data were analyzed with the Chi-squared test. 
Univariate regression analyses were performed to investigate the association between 
TG parameters and cardiovascular risk factors. We performed logistic regression for IS 
and TIA with TG parameters as a continuous variable. Logistic regression analyses were 
adjusted for age, sex, BMI, smoking, hypertension and diabetes mellitus. In addition, we 
performed subgroup analyses adjusted for age, sex and CVD risk factors, in patients with 
IS or TIA and for men and women separately.
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RESULTS

The ATTAC study included a total of 1157 participants, 658 patients with a first ischemic 
event (coronary heart disease, IS, TIA or PAD) and 499 controls. For this study we included 
patients that had an IS or TIA (n=160) and healthy controls (n=160). A total of 87 (54.4%) 
patients had an IS and 73 (45.6%) patients experienced a TIA. The mean age of patients 
with IS or TIA was slightly higher than in the control group, 41.6 ± SD 7.6 years versus 39.9 
± 7.4 years, however this was not significant p=0.05 (Table 1). The percentage of women 
was 75.0% in the cases and 68.1% in the controls, p=0.17. As expected, cardiovascular 
risk factors such as hypertension and diabetes mellitus were more prevalent in patients 
than in healthy controls. However, in univariate regression analyses, none of the TG 
parameters were associated with age, BMI, smoking and hypertension (Supplemental 

table 1). PH (β 77.85, 95% confidence interval (CI) 13.18 - 142.53) and TTT (β -2.91, 95% 
CI -5.40 - -0.41) were associated with diabetes mellitus. Also several TG parameters were 
associated cholesterol levels. We found that all of the TG parameters were associated 
with sex.

TG parameters in patients and controls

In patients, thrombin generation started earlier than in controls, LT: median 6.6 min (25th-

75th percentile 5.4-8.1) versus 6.7 min (5.9-8.7), p=0.02 (Table 1, Figure 1 and 2). The total 
amount of thrombin formed (ETP) was not different in patients and controls, 1530 nM x 
min (1089-2045) versus 1454 nM x min (1011-2139), p=0.52. PH was significantly higher 
in patients; 227 nM (145-326) than in healthy controls 179 nM (110-294), p=0.02. Also, the 
thrombin peak was reached faster in the patient group than in the control group, TTP: 
10.6 min (8.3-12.4) versus 11.6 min (9.7-14.2), p<0.01. This was also supported by the 
higher VI in patients, 62.3 nM/min (32.0-111.2) versus 40.0 nM/min (20.7-85.7), p<0.01. 
Additionally, thrombin generation is terminated earlier in patients than in controls, TTT: 
27.4 min (24.4-32.0) versus 30.3 min (27.1-34.0), p<0.01. This results in a left deviation of 
the TG curve in patients compared to healthy controls, as can be appreciated in Figure 3.

TG parameters and the association with a first ischemic stroke or TIA
In the unadjusted logistic regression model, LT, PH, TTP, VI and TTT were all associated 
with an IS or TIA (Table 2). When we adjusted for age, sex and CVD risk factors, LT (Odds 
Ratio (OR) 0.91, 95% Confidence interval (CI) 0.83-0.99), TTP (OR 0.91, 95% CI 0.84-0.97) 
and TTT (OR 0.92, 95% CI 0.88-0.97) remained associated with an ischemic event. The 
total amount of thrombin formed (ETP) was not associated with IS or TIA (OR 1.00, 95% 
CI 1.00-1.00).
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Table 1. Patients characteristics of the ATTAC study cohort.

Demographics Patients (n=160) Controls (n=160) p-value

Age, years 41.6 ± 7.6 39.9 ± 7.4 0.05

Women, n (%) 120 (75.0%) 109 (68.1%) 0.17

BMI, kg/m2 22.4 ± 3.9 22.1 ± 3.8 0.55

Index event:
TIA

Ischemic stroke
73 (45.6%)
87 (54.4%)

Family history ATE, n (%) 68 (42.5%) 40 (25.0%) <0.01

Smoking (current + former), n (%) 105 (65.6%) 86 (53.8%) 0.02

Hypertension, n (%) 53 (33.1%) 10 (6.3%) <0.01

Systolic blood pressure, mmHg 128 ± 21 127 ± 18 0.82

Diastolic blood pressure, mmHg 81 ± 12 81 ± 11 0.30

Diabetes mellitus, n (%) 16 (10.0%) 3 (1.9%) <0.01

Total cholesterol, mmol/L 4.5 ± 1.0 5.2 ± 0.9 <0.01

LDL, mmol/L 2.6 ± 1.0 3.3 ± 0.8 <0.01

HDL, mmol/L 1.5 ± 0.5 1.5 ± 0.4 0.74

Antithrombin, U/mL 1.05 ± 0.11 1.06 ± 0.09 0.17

Medication

Aspirin, n (%) 152 (95.0%) 2 (1.3%)

Dipyridamol, n (%) 47 (29.4%) 0

Clopidogrel, n (%) 4 (2.5%) 0

Statin, n (%) 108 (67.5%) 2 (1.3%)

β-blockers, n (%) 32 (20.0%) 4 (2.5%)

ACE-inhibitors, n (%) 40 (25.0%) 2 (1.3%)

A2 antagonist, n (%) 9 (5.6%) 2 (1.3%)

Calcium blocker, n (%) 13 (8.1%) 1 (0.6%)

Oral contraceptives, n (%)* 33 (20.6%) 29 (18.1%) 0.70

TG parameters

Lag time (LT), min 6.6 (5.4-8.1) 6.7 (5.9-8.7) 0.02

Endogenous thrombin potential (ETP), nM x min 1530 (1089-2045) 1454 (1011-2139) 0.52

Peak height (PH), nM 227 (145-326) 179 (110-294) 0.02

Time to peak (TTP), min 10.6 (8.3-12.4) 11.6 (9.7-14.2) <0.01

Velocity index (VI), nM/min 62.3 (32.0-111.2) 40.0 (20.7-85.7) <0.01

Time to tail (TTT), min 27.4 (24.4-32.0) 30.3 (27.1-34.0) <0.01

* Percentage of women. Normally distributed data were presented as mean and standard deviation (SD), not normally 
distributed data were presented as median and 25th and 75th percentile. Categorical data were presented as number and 
percentage. BMI: body mass index, ATE: arterial thrombotic event, LDL: low-density lipoprotein, HDL: high-density lipo-

protein, TG: thrombin generation.
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We also performed subgroup analyses in IS and TIA. We found that none of the TG 
parameters were associated with a TIA after adjusting for age, sex and CVD risk factors 
(Supplemental table 2). However, LT (OR 0.84, 95% CI 0.74-0.96), TTP (OR 0.85, 95% CI 
0.77-0.94) and TTT (OR 0.88, 95% CI 0.82-0.94) were all associated with IS.

TG parameters in men and women

Subgroup analysis in men and women showed that women tend to have a more hyper-

coagulable TG pattern than men, in the group with an ischemic event as well as in the 
group without (Supplemental table 3). For instance, ETP was higher in women with an 
ischemic event than in men (1576 nM x min (25th-75th percentile 1205-2096) versus 1358 
nM x min (799-1785), p=0.02. Also, in patients, PH and VI were higher in women than in 
men. The differences between men and women were more profound in healthy controls 

Figure 1. Differences in endogenous thrombin 
potential and peak height between patients and 

controls.

Figure 1.A: Endogenous thrombin potential (ETP). 
Figure 1.B: Peak height. Data are presented as me-

dian and 25th-75th percentiles.

Figure 2. Differences in time parameters of thrombin generation between patients and controls.
Figure 2.A: Lag time. Figure 2.B: Time to peak. Figure 2.C. Velocity index. Figure 2.D. Time to tail. Data are presented as 
median and 25th-75th percentiles.
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than in the patient group. In addition, women who used oral contraceptives showed a 
more thrombogenic TG profile than women without oral contraceptives (supplemental 
table 4). When we adjusted for age and CVD risk factors, we found that none of the TG 
parameters were associated with an ischemic event in women. On the other hand, in 
men LT was associated with an ischemic event (OR 0.85, 95% CI 0.72-1.00). Also, TTP and 
TTT were associated with a first IS or TIA in men (respectively, OR 0.86, 95% CI 0.76-0.99 
and OR 0.90, 95% CI 0.81-0.99).

Figure 3. Pattern of the thrombin generation curve in patients with an ischemic cerebrovascular event.

Example of TG curve in IS patients (dotted line) and healthy controls (black line). Thrombin generation is initiated earlier 
(lower LT), generated faster (shorter TTP and higher VI) and terminated earlier (lower TTT) in IS patients than in healthy 
controls (black line). ETP: endogenous thrombin potential

Table 2. Thrombin generation parameters and the association with a first ischemic stroke or TIA.

TG parameter Model 1*

OR (95% CI)

p-value Model 2 †
OR (95% CI)

p-value Model 3 ‡

OR (95% CI)

p-value

Lag time (LT), min 0.91 (0.84-0.99) 0.03 0.92 (0.84-1.00) 0.04 0.91 (0.83-0.99) 0.04

Endogenous thrombin 
potential (ETP), nM x min

1.00 (1.00-1.00) 0.83 1.00 (1.00-1.00) 0.91 1.00 (1.00-1.00) 0.73

Peak height (PH), nM 1.00 (1.00-1.00) 0.03 1.00 (1.00-1.00) 0.06 1.00 (1.00-1.00) 0.31

Time to peak (TTP), min 0.90 (0.84-0.96) <0.01 0.90 (0.84-0.96) <0.01 0.91 (0.84-0.97) 0.01

Velocity index (VI), nM/min 1.01 (1.00-1.01) <0.01 1.00 (1.00-1.01) <0.01 1.00 (1.00-1.01) 0.11

Time to tail (TTT), min 0.91 (0.87-0.95) <0.01 0.91 (0.87-0.96) <0.01 0.92 (0.88-0.97) <0.01

*unadjusted, †adjusted for age and sex, ‡adjusted for age, sex and CVD risk factors.
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DISCUSSION

In this case-control study in young adults with a first IS or TIA, we found significant 
differences in the TG pattern between patients and controls. After adjustment for car-

diovascular risk factors, we found that TG remained associated with IS. These results 
indicate the relevance of a state of hypercoagulability in patients with an IS.

The TG analysis provides information about the potential of plasma to form thrombin 
after initiation with a fixed amount of TF.22 PH and ETP illustrate the peak and total 
amount of thrombin formed after initiation of coagulation. When we focused on the 
quantity of thrombin that is generated in the assay, we found that PH was significantly 
higher in patients than in controls. Also the median ETP was slightly higher in patients 
than in controls, however this was not statistically significant. Except for a small study 
done with a prototype of thrombin generation analysis23, no previous studies showed 
the risk associations with thrombin generation in plasma in young patients. In older 
patients, discrepant findings have been observed. For instance, a delayed TG was seen 
in cardioembolic stroke patients when compared to healthy controls.24 Also, a delayed 
and decreased TG has been shown as a strong predictor for stroke in patients with CVD 
risk factors14, while in another study an increased ETP and PH were associated with an 
increased risk of acute IS, particularly in women18. In our study we also found different 
TG patterns in men and women. For instance, in IS patients, ETP and PH were higher in 
women than in men, however both TG parameters were not associated with IS or TIA 
after adjusting for age and CVD risk factors. Apparently, in women a high TG is not neces-

sarily associated with an increased risk of stroke. On the other hand, in men, a shorter 
LT, TTP and TTT were all independently associated with an ischemic event. Sex differ-

ences in TG have been described in previous studies where women had higher TG than 
men.25-27 These differences were mostly attributed to the use of oral contraceptives. Also 
differences in TG during different phases of the menstrual cycle have been described. 
For instance, TG is higher during the luteal phase than in the follicular phase.28 The 

influence of the menstrual cycle and oral contraceptive use may thus partly explain the 
different associations that are found between stroke and TG parameters in young and 
older patients.

Another possible explanation for the differences between TG in young and elderly stroke 
patients may be the relatively low prevalence of atherosclerosis in younger patients. Only 
9.3% of the IS cases in young patients can be attributed to large artery atherosclerosis 
(LAA).29 In older patients, the role of LAA is much more pronounced (37.3%).30 Athero-

sclerosis is a chronic inflammatory process31 and as a result endothelial TF expression is 
stimulated.32 Subsequently, the coagulation system is activated, resulting in generation 
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of thrombin, potentially resulting in a two way effect, where atherosclerosis increases 
thrombin formation that further stimulates atherosclerosis. An association between TG 
and atherosclerosis was suggested by previous studies that detected atherosclerosis 
of the carotid arteries with ultrasonography.33,34 This effect is also seen in coronary 
atherosclerosis, where a positive association between enhanced in vivo thrombin 
generation and the presence and severity of coronary atherosclerosis was described.35 

However, it seems that the presence of atherosclerosis rather than the vulnerability of 
the atherosclerotic plaque is associated with TG.36 The relation between cardiovascular 
diseases and TG in the elderly may thus in part be explained by the overall presence of 
atherosclerosis, which is less common in younger patients.

We also demonstrated that the effect of TG on a first IS or TIA, was particularly pro-

nounced in patients with IS. The precise mechanism underlying this difference is not 
yet clear. TIA is generally defined as temporary without signs of cerebral infarction.37 It 

could be that increased hypercoagulability leads to more severe ischemic disease as is 
the case in ischemic stroke.

Generally, ETP and PH are considered as the most important parameters of TG. However, 
the pattern of the TG curve provides considerable additional information. Focusing on 
this pattern, we showed that TG started earlier (lower LT), reaches its peak earlier (lower 
TTP and higher VI) and is also terminated earlier (lower TTT) in patients than in healthy 
controls. In addition, we found that TTP and TTT were associated with a first IS after 
adjusting for age, sex and CVD risk factors. Since LT is lower in patients, the TG curve 
shifts to the left resulting in a decreased TTP and TTT. In line with our results, the study 
of Rooth et al.17 showed a shorter TTP and higher PH in patients 30 days after an acute 
IS compared to a healthy control group.17 ETP was similar in patients and controls. In 
the acute phase of the event (day 0), they found a higher ETP than at day 30. We have 
demonstrated that the TG curve in patients showed a left deviation as compared to the 
TG curve of healthy controls. In other words, patients show a higher and faster tendency 
to form thrombin than healthy controls. However, this does not necessarily lead to an 
increased ETP in a steady state situation. We hypothesize that in an acute phase situa-

tion, the potential to generate thrombin fast, might also lead to the generation of higher 
amounts of thrombin (ETP). Since it is still unclear which TG parameters are important 
in IS, the interpretation of the whole TG curve may be more informative than to focus on 
ETP or PH alone.

In this case-control study, we investigated the role of TG in a first ever IS or TIA in a 
relatively large population of young patients. Even though this study adds to our knowl-
edge on potential factors contributing to an IS on a young age, we should consider this 
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study in light of some limitations. The main limitation of this study is that our patient 
group significantly differed in the prevalence of cardiovascular risk factors with the 
control group. Since the patients in this study have a relatively young age, it is hardly 
possible to select a matching control group with the same cardiovascular risk profile. 
In our analyses, we found that much of the TG parameters were not associated with 
cardiovascular risk factors, except for PH and TTT with diabetes mellitus. Neverthe-

less, we adjusted for potential confounders in our logistic regression analyses, and we 
found that this hardly influenced the outcome. Another possible limitation of this study 
may be the effect of storage time of the plasma samples on the thrombin generation 
analyses.38 Since all plasma samples were stored equally long, it is unlikely that this has 
influenced the differences we found in TG parameters between patients and controls. 
Also, since we used the CAT method for analysing thrombin generation in PPP, we did 
not take into account the contribution of other variables that influence coagulation, 
for example vessel wall and blood flow. It would be of interest for future studies to 
investigate this with the use of the Badimon chamber.39 This ex vivo model modulates 
blood–vessel wall interaction and thrombus formation, which makes it a valuable tool 
for the assessment of thrombogenic potential. In this study, we did not adjust for the 
use of statins since almost 70% of the TIA and stroke patients included in this study used 
statins during blood sample collection. When adjusting for statine use, we would basi-
cally adjust for the whole patient group. Also, we did not adjust for cholesterol levels, 
since they obviously were affected by statin use. It is known that statins reduce ETP and 
PH in patients with venous thrombosis.40 The same applies for antihypertensive drugs, 
which were used more frequently in patients than controls. A study in patients who used 
bèta-blockade and measured TG before the start of beta-blocking medication and after 
28 days, found no effect on TG.41 Another study in patients who were randomized for 
treatment with angiotensin-converting enzyme (ACE) inhibitors or alpha 1-adrenergic 
receptor blocker demonstrated lower TG in the patients with an ACE inhibitor. Therefore, 
the effect of statins as well as antihypertensive drugs on ETP and PH that we found in 
this study could well be an underestimation of the actual values of the TG potential. 
Ideally, to investigate the effect of thrombin generation on the occurrence of a first IS, a 
prospective approach, where thrombin generation was assessed before the initial event, 
would be preferred. In our study, we collected blood samples from patients 1-3 months 
after a first IS, to exclude the effect of acute phase on TG and thereby mimicking the 
basic hemostatic situation before the event as much as possible. Nevertheless, reversed 
causality, where a thrombogenic TG profile is actually the consequence rather than 
the cause of ischemic disease cannot completely be ruled out. It is also of interest to 
investigate whether a thrombogenic TG profile can be used to predict stroke recurrence.
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CONCLUSIONS

In this case-control study in young adults with a first IS or TIA, we found that TG pa-

rameters were associated with an ischemic event. The shape of the complete TG curve 
may provide additional information besides ETP and PH. Further prospective studies in 
young adults are warranted to elucidate the role of TG in IS.



Chapter 3  |  Thrombin Generation in Ischemic Stroke at a Young Age

64

REFERENCES

 1. Adams HP, Jr., Kappelle LJ, Biller J, et al. Ischemic stroke in young adults. Experience in 329 
patients enrolled in the Iowa Registry of stroke in young adults. Arch Neurol. 1995;52(5):491-495.

 2. Naess H, Nyland HI, Thomassen L, Aarseth J, Nyland G, Myhr KM. Incidence and short-term out-

come of cerebral infarction in young adults in western Norway. Stroke. 2002;33(8):2105-2108.
 3. Putaala J, Metso AJ, Metso TM, et al. Analysis of 1008 consecutive patients aged 15 to 49 with 

first-ever ischemic stroke: the Helsinki young stroke registry. Stroke. 2009;40(4):1195-1203.
 4. Sultan S, Elkind MS. The growing problem of stroke among young adults. Curr Cardiol Rep. 

2013;15(12):421.
 5. Croles FN, Van Loon JE, Dippel DWJ, De Maat MPM, Leebeek FWG. Antithrombin levels are associ-

ated with the risk of first and recurrent arterial thromboembolism at a young age. Atherosclerosis. 

2018;269:144-150.
 6. de Bruijne EL, Gils A, Guimaraes AH, et al. The role of thrombin activatable fibrinolysis inhibitor in 

arterial thrombosis at a young age: the ATTAC study. J Thromb Haemost. 2009;7(6):919-927.
 7. Bongers TN, de Bruijne EL, Dippel DW, et al. Lower levels of ADAMTS13 are associated with cardio-

vascular disease in young patients. Atherosclerosis. 2009;207(1):250-254.
 8. Catto A, Carter A, Ireland H, et al. Factor V Leiden gene mutation and thrombin generation in 

relation to the development of acute stroke. Arterioscler Thromb Vasc Biol. 1995;15(6):783-785.
 9. Narayanan S. Multifunctional roles of thrombin. Ann Clin Lab Sci. 1999;29(4):275-280.
 10. Wolberg AS. Thrombin generation and fibrin clot structure. Blood Rev. 2007;21(3):131-142.
 11. Borissoff JI, Spronk HM, ten Cate H. The hemostatic system as a modulator of atherosclerosis. N 

Engl J Med. 2011;364(18):1746-1760.
 12. Loeffen R, Spronk HM, ten Cate H. The impact of blood coagulability on atherosclerosis and 

cardiovascular disease. J Thromb Haemost. 2012;10(7):1207-1216.
 13. Hemker HC, Giesen P, AlDieri R, et al. The calibrated automated thrombogram (CAT): a universal 

routine test for hyper- and hypocoagulability. Pathophysiol Haemost Thromb. 2002;32(5-6):249-
253.

 14. Loeffen R, Winckers K, Ford I, et al. Associations Between Thrombin Generation and the Risk of 
Cardiovascular Disease in Elderly Patients: Results From the PROSPER Study. J Gerontol A Biol Sci 

Med Sci. 2015;70(8):982-988.
 15. Hudak R, Szekely EG, Kovacs KR, et al. Low thrombin generation predicts poor prognosis in 

ischemic stroke patients after thrombolysis. PLoS One. 2017;12(7):e0180477.
 16. Olson NC, Butenas S, Lange LA, et al. Coagulation factor XII genetic variation, ex vivo thrombin 

generation, and stroke risk in the elderly: results from the Cardiovascular Health Study. J Thromb 

Haemost. 2015;13(10):1867-1877.
 17. Rooth E, Sobocinski-Doliwa P, Antovic J, et al. Thrombin generation in acute cardioembolic and 

non-cardioembolic ischemic stroke. Scand J Clin Lab Invest. 2013;73(7):576-584.
 18. Carcaillon L, Alhenc-Gelas M, Bejot Y, et al. Increased thrombin generation is associated with 

acute ischemic stroke but not with coronary heart disease in the elderly: the Three-City cohort 
study. Arterioscler Thromb Vasc Biol. 2011;31(6):1445-1451.

 19. Schols SE, Lance MD, Feijge MA, et al. Impaired thrombin generation and fibrin clot formation in 
patients with dilutional coagulopathy during major surgery. Thromb Haemost. 2010;103(2):318-
328.

 20. Hemker HC, Giesen PL, Ramjee M, Wagenvoord R, Beguin S. The thrombogram: monitoring 
thrombin generation in platelet-rich plasma. Thromb Haemost. 2000;83(4):589-591.



65

 21. Loeffen R, Kleinegris MC, Loubele ST, et al. Preanalytic variables of thrombin generation: towards 
a standard procedure and validation of the method. J Thromb Haemost. 2012;10(12):2544-2554.

 22. Castoldi E, Rosing J. Thrombin generation tests. Thromb Res. 2011;127 Suppl 3:S21-25.
 23. Faber CG, Lodder J, Kessels F, Troost J. Thrombin generation in platelet-rich plasma as a tool 

for the detection of hypercoagulability in young stroke patients. Pathophysiol Haemost Thromb. 

2003;33(1):52-58.
 24. Balogun IO, Roberts LN, Patel R, Pathansali R, Kalra L, Arya R. Thrombin Generation in Acute 

Ischaemic Stroke. Stroke Res Treat. 2016;2016:7940680.
 25. Marchi R, Marcos L, Paradisi I. Comparison by sex between thrombin generation and fibrin net-

work characteristics in a healthy population. Clin Chim Acta. 2015;441:86-89.
 26. Lavigne-Lissalde G, Sanchez C, Castelli C, et al. Prothrombin G20210A carriers the genetic muta-

tion and a history of venous thrombosis contributes to thrombin generation independently of 
factor II plasma levels. J Thromb Haemost. 2010;8(5):942-949.

 27. van Paridon PCS, Panova-Noeva M, van Oerle R, et al. Thrombin generation in cardiovascular 
disease and mortality - results from the Gutenberg Health Study. Haematologica. 2019.

 28. Chaireti R, Gustafsson KM, Bystrom B, Bremme K, Lindahl TL. Endogenous thrombin potential is 
higher during the luteal phase than during the follicular phase of a normal menstrual cycle. Hum 

Reprod. 2013;28(7):1846-1852.
 29. Yesilot Barlas N, Putaala J, Waje-Andreassen U, et al. Etiology of first-ever ischaemic stroke in 

European young adults: the 15 cities young stroke study. Eur J Neurol. 2013;20(11):1431-1439.
 30. Chung JW, Park SH, Kim N, et al. Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classifica-

tion and vascular territory of ischemic stroke lesions diagnosed by diffusion-weighted imaging. J 

Am Heart Assoc. 2014;3(4).
 31. Ross R. Atherosclerosis--an inflammatory disease. N Engl J Med. 1999;340(2):115-126.
 32. Breitenstein A, Tanner FC, Luscher TF. Tissue factor and cardiovascular disease: quo vadis? Circ J. 

2010;74(1):3-12.
 33. With Noto AT, Mathiesen EB, Osterud B, Amiral J, Vissac AM, Hansen JB. Increased thrombin 

generation in persons with echogenic carotid plaques. Thromb Haemost. 2008;99(3):602-608.
 34. Paramo JA, Orbe J, Beloqui O, et al. Prothrombin fragment 1+2 is associated with carotid intima-

media thickness in subjects free of clinical cardiovascular disease. Stroke. 2004;35(5):1085-1089.
 35. Borissoff JI, Joosen IA, Versteylen MO, Spronk HM, ten Cate H, Hofstra L. Accelerated in vivo 

thrombin formation independently predicts the presence and severity of CT angiographic coro-

nary atherosclerosis. JACC Cardiovasc Imaging. 2012;5(12):1201-1210.
 36. Crombag G, Spronk HM, Nelemans P, et al. No Association between Thrombin Generation and 

Intra-Plaque Haemorrhage in Symptomatic Carotid Atherosclerotic Plaques: The Plaque at RISK 
(PARISK) Study. Thromb Haemost. 2018;118(8):1461-1469.

 37. Easton JD, Saver JL, Albers GW, et al. Definition and evaluation of transient ischemic attack: a 
scientific statement for healthcare professionals from the American Heart Association/American 
Stroke Association Stroke Council; Council on Cardiovascular Surgery and Anesthesia; Council 
on Cardiovascular Radiology and Intervention; Council on Cardiovascular Nursing; and the Inter-

disciplinary Council on Peripheral Vascular Disease. The American Academy of Neurology affirms 
the value of this statement as an educational tool for neurologists. Stroke. 2009;40(6):2276-2293.

 38. Ljungkvist M, Lovdahl S, Zetterberg E, Berntorp E. Low agreement between fresh and frozen-
thawed platelet-rich plasma in the calibrated automated thrombogram assay. Haemophilia. 

2017;23(3):e214-e218.



Chapter 3  |  Thrombin Generation in Ischemic Stroke at a Young Age

66

 39. Zafar MU, Santos-Gallego CG, Badimon L, Badimon JJ. Badimon Perfusion Chamber: An Ex Vivo 
Model of Thrombosis. Methods Mol Biol. 2018;1816:161-171.

 40. Orsi FA, Biedermann JS, Kruip M, et al. Rosuvastatin use reduces thrombin generation potential 
in patients with venous thromboembolism: a randomized controlled trial. J Thromb Haemost. 

2019;17(2):319-328.
 41. Schonauer V, Giannini S, Christ G, et al. The effect of beta-receptor blockade on factor VIII 

levels and thrombin generation in patients with venous thromboembolism. Thromb Haemost. 

2003;89(5):837-841.



67

S
u

p
p

le
m

en
ta

l t
a

b
le

 1
. U

n
iv

a
ri

at
e 

re
g

re
ss

io
n

 a
n

a
ly

si
s 

o
f 

ca
rd

io
va

sc
u

la
r 

ri
sk

 f
a

ct
o

rs
 a

n
d

 T
G

 p
a

ra
m

et
er

s.

LT β 
(9

5%
 C

I)
E

T
P

β 
(9

5%
 C

I)
P

H β 
(9

5%
 C

I)
T

T
P

β 
(9

5%
 C

I)
T

T
T

β 
(9

5%
 C

I)

A
ge

0.
01

 (-
0.

04
;0

.0
5)

2.
28

 (-
8.

16
;1

2.
71

)
1.

04
 (-

1.
00

;3
.0

9)
-0

.0
1 

(-0
.0

7;
0.

04
)

-0
.0

5 
(-0

.1
3;

0.
03

)

Se
x 

(1
=m

al
e,

 2
=f

em
al

e)
-1

.4
8

 (
-2

.2
0

;-
0

.7
6

)
4

1
4

.9
6

 (
2

4
6

.6
7

;5
8

3
.2

4
)

7
2

.5
1

 (
3

9
.2

8
;1

0
5

.7
4

)
-2

.1
2

 (
-3

.0
0

;-
1

.2
3

)
-2

.1
1

 (
-3

.4
1

;-
0

.8
1

)

B
M

I
0.

06
 (-

0.
03

;0
.1

5)
6.

29
 (-

14
.2

2;
26

.7
9)

1.
28

 (-
2.

72
;5

.2
7)

1.
28

 (-
2.

72
;5

.2
7)

1.
28

 (-
2.

72
;5

.2
7)

Sm
ok

in
g 

(c
ur

re
nt

 +
 fo

rm
er

)
0.

16
 (-

0.
53

;0
.8

5)
-9

.9
7 

(-1
72

.1
0;

15
2,

16
)

15
.6

8 
(-1

6.
06

;4
7.

41
)

-0
.0

3 
(-0

.8
8;

0.
83

)
-0

.5
5 

(-1
.7

8;
0.

68
)

H
yp

er
te

ns
io

n
0.

18
 (-

0.
36

;0
.7

2)
-2

3.
94

 (-
15

0.
77

;1
02

.8
8)

11
.5

7 
(-1

3.
26

;3
6.

39
)

0.
05

 (-
0.

62
;0

.7
2)

0.
16

 (-
1.

12
;0

.8
0)

Di
ab

et
es

 m
el

lit
us

0.
18

 (-
1.

23
;1

.5
9)

20
4.

49
 (-

12
7.

65
;5

36
.6

4)
7

7
.8

5
 (

1
3

.1
8

;1
4

2
.5

3
)

-0
.7

8 
(-2

.5
4;

0.
97

)
-2

.9
1

 (
-5

.4
0

;-
0

.4
1

)

To
ta

l c
ho

le
st

er
ol

, m
m

ol
/L

0
.5

2
 (

0
.2

0
;0

.8
5

)
-1

.4
3

 (
7

8
.2

5
;7

5
.3

8
)

-8
.3

8 
(-2

3.
35

;6
.5

8)
0

.7
1

 (
0

.3
1

;1
.1

0
)

1
.0

1
 (

0
.4

5
;1

.5
8

)

LD
L,

 m
m

o
l/

L
0.

27
 (-

0.
16

;0
.6

9)
-5

9.
32

 (-
15

8.
44

;3
9.

80
)

-1
7.

20
 (-

38
.2

6;
3.

86
)

0.
45

 (-
0.

08
;0

.9
9)

0.
60

 (-
0.

18
;1

.3
7)

H
DL

, m
m

ol
/L

-1
.1

2
 (

-2
.0

3
;-

0
.2

1
)

18
8.

52
 (-

25
.7

7;
40

2.
80

)
44

.0
1 

(-1
.6

0;
89

.6
2)

-1
.4

5
 (

-2
.6

0
;-

0
.3

0
)

-1
.7

7
 (

-3
.4

4
;-

0
.0

9
)

TG
: t

hr
om

bi
n 

ge
ne

ra
tio

n,
 B

M
I: 

bo
dy

 m
as

s i
nd

ex
, L

DL
: l

ow
-d

en
si

ty
 li

po
pr

ot
ei

n,
 H

DL
: h

ig
h-

de
ns

ity
 li

po
pr

ot
ei

n,
 LT

: l
ag

 ti
m

e 
(m

in
), 

ET
P:

 e
nd

og
en

ou
s t

hr
om

bi
n 

po
te

nt
ia

l (
nM

 x 
m

in
), 

PH
: p

ea
k 

he
ig

ht
 

(n
M

), 
TT

P:
 ti

m
e 

to
 p

ea
k 

(m
in

), 
TT

T:
 ti

m
e 

to
 ta

le
 (m

in
)



Chapter 3  |  Thrombin Generation in Ischemic Stroke at a Young Age

68

Supplemental table 2. Thrombin generation parameters for ischemic stroke and TIA separately.

Ischemic stroke

patients (n=87)

OR (95% CI)*

p-value TIA patients

(n=73)

OR (95% CI)*

p-value

Lag time (LT), min 0.84 (0.74-0.96) <0.01 0.95 (0.85-1.05) 0.30

Endogenous thrombin potential (ETP), nM x min 1.00 (1.00-1.00) 0.61 1.00 (1.00-1.00) 0.81

Peak height (PH), nM 1.00 (1.00-1.00) 0.23 1.00 (1.00-1.00) 0.43

Time to peak (TTP), min 0.85 (0.77-0.94) <0.01 0.94 (0.86-1.02) 0.14

Velocity index (VI), nM/min 1.01 (1.00-1.01) 0.05 1.00 (1.00-1.01) 0.31

Time to tail (TTT), min 0.88 (0.82-0.94) <0.01 0.95 (0.90-1.01) 0.12

*Adjusted for age, sex and CVD risk factors

Supplemental table 3. Differences between men and women in the group with a first ischemic stroke or TIA and 
within the healthy control group.

TG parameter Patients with a first IS or TIA (n=160) Healthy controls (n=160)

Women (n=120) Men (n=40) p-value Women (n=109) Men (n=51) p-value

Lag time, min 6.4 (5.3-8.1) 6.9 (5.7-8.2) 0.15 6.6 (5.7-7.9) 8.2 (6.2-11.2) <0.01

ETP, nM x min 1576 (1205-2096) 1358 (799-1785) 0.02 1656 (1213-2244) 1062 (735-1477) <0.01

Peak height, nM 245 (157-336) 195 (97-303) 0.03 220 (138-320) 118 (77-177) <0.01

Time to peak, min 10.1 (8.1-12.1) 11.6 (9.4-12.6) 0.05 10.8 (9.3-12.7) 13.2 (11.3-16.0) <0.01

Velocity index, nM/min 73.6 (34.6-116.5) 43.4 (20.9-90.5) 0.01 55.1 (26.2-94.8) 22.8 (12.5-50.3) <0.01

Time to tail, min 26.8 (24.1-32.0) 29.2 (25.2-32.6) 0.27 29.3 (26.6-33.0) 32.7 (29.3-36.8) <0.01

Differences between men and women in the group with a first IS or TIA and within the healthy control group. Data were 
presented as median and 25th and 75th percentiles.

Supplemental table 4. Differences in TG parameters in women with and without oral contraceptives and men.

TG parameter Women with oral

contraceptives (n=62)

Women without oral

contraceptives (n=147)

P-value

Lag time, min 6.0 (4.9-7.4) 6.7 (5.8-8.2) 0.02

ETP, nM x min 2139 (1517-2552) 1489 (1075-1888) <0.01

Peak height, nM 289 (172-438) 203 (128-283) <0.01

Time to peak, min 9.8 (7.7-12.0) 10.8 (9.1-12.8) 0.04

Velocity index, nM/min 84.8 (38.4-156.5) 52.0 (26.1-90.9) <0.01

Time to tail, min 27.6 (25.2-32.2) 29.0 (25.7-33.2) 0.33

Data were presented as median and 25th and 75th percentile. TG: Thrombin generation, ETP: Endogenous thrombin po-

tential
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ABSTRACT

Introduction 

Von Willebrand Factor (VWF), ADAMTS13, fibrinogen and fibrinogen γ’ are associated 
with an increased risk of ischemic stroke. Carotid atherosclerosis is an important risk 
factor for ischemic stroke. Characteristics of the vulnerable plaque; intraplaque hemor-

rhage (IPH), plaque ulceration and lipid-rich necrotic core (LRNC) can be visualized with 
imaging techniques. Since atherosclerosis might attribute to the association between 
coagulation factors and ischemic stroke risk, the aim of this study is to investigate the 
association between coagulation factors and atherosclerotic plaque characteristics in 
more detail. 

Materials and Methods

In 182 patients of the Plaque-At-RISK study (prospective multicenter cohort study) with 
a recent transient ischemic attack (TIA) or ischemic stroke and a symptomatic mild-to-
moderate carotid artery stenosis, we measured VWF antigen (VWF:Ag), ADAMTS13 activ-

ity, fibrinogen (Clauss), and fibrinogen γ’. Presence of plaque ulceration, IPH volume and 
LRNC volume were determined by Multidetector-Row Computed Tomography (MDCTA, 
n=160) and Magnetic Resonance Imaging (MRI, n=172). Linear regression analysis was 
used to assess the association between imaging biomarkers and coagulation factors.

Results

VWF:Ag or ADAMTS13 levels were not significantly associated with plaque ulceration, 
IPH and LRNC. We found an inverse association between fibrinogen and fibrinogen 
γ’ and IPH volume (B= -23.40 mm3/g/L, p=0.01 and B= -161.73 mm3/g/L, p=0.01) and 
between fibrinogen and fibrinogen γ’ and LRNC volume (B= -38.89 mm3 g/L, p<0.01 and 
B= -227.06 mm3 g/L, p=0.01) . Additional adjustments for C-reactive protein (CRP) did not 
change the results. 

Conclusions

Fibrinogen and fibrinogen γ’ are inversely associated with IPH volume and LRNC vol-
ume, independent of inflammation. 
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INTRODUCTION

Atherosclerosis of the carotid arteries is an important risk factor for the development 
of ischemic stroke.1 Presence of plaque ulceration, intraplaque hemorrhage (IPH) and 
a lipid-rich necrotic core (LRNC) are important characteristics of the vulnerable plaque, 
a plaque more prone to rupture and causing an ischemic event.2 Presence of IPH has 
been associated with an ~6-fold higher risk for ischemic events (stroke, transient 
ischemic attack or amaurosis fugax).3 IPH and LRNC can be assessed and quantified by 
Magnetic Resonance Imaging (MRI). Rupture of the atherosclerotic plaque can be visible 
as plaque ulceration on Multidetector-row Computed Tomography (MDCTA).4 Rupture of 
the plaque leads to activation of primary and secondary hemostasis and formation of a 
thrombus which can eventually lead to occlusion of an artery of the brain and ischemic 
stroke or transient ischemic attack (TIA). 

VWF has an important function in primary hemostasis via its role in platelet adhesion and 
aggregation. Endothelial damage, for instance in plaque ulceration, leads to increased 
plasma levels of VWF. A Disintegrin And Metalloprotease with ThromboSpondin motif 

repeats 13 (ADAMTS13) cleaves large VWF multimers into smaller and less prothrom-

botic forms.5 High VWF and low ADAMTS13 levels are associated with an increased risk of 
ischemic stroke and myocardial infarction.6,7 One candidate mechanism underlying the 
association between VWF and ischemic stroke may be atherosclerosis. Previous studies 
suggest that atherosclerosis is a determinant of VWF levels.8 In vitro and in vivo studies 
also suggest that VWF might contribute to the pathogenesis of atherosclerosis, where VWF 
deficiency showed to be protective against atherosclerosis.9-11 When taking all these stud-

ies together, the data on the relation between VWF and atherosclerosis are inconclusive. 

Fibrinogen is a key element of secondary hemostasis and also acts as an acute phase 
reactant in inflammation. Several isoforms of fibrinogen are present in the blood; circu-

lating fibrinogen consists for 8-15% of fibrinogen γ’.12 Fibrinogen γ’ is formed as a result 
of alternative messenger RNA processing, and as a result, high affinity binding sites for 
thrombin are formed as well as a disrupted binding site for platelet integrin αIIB β3.12 High 
fibrinogen and fibrinogen γ’ levels are associated with cardiovascular diseases (CVD), 
including ischemic stroke.13,14 However, some studies did not show that fibrinogen γ’ 
levels are associated with the incidence of CVD.15,16 One of the mechanisms underlying 
this association may be atherosclerosis. It remains unclear whether fibrinogen and 
fibrinogen γ’ levels are mainly related to the extent of the inflammatory process of ath-

erosclerotic plaque formation, or whether fibrinogen plays a role in the formation and/
or progression of the atherosclerotic plaque and especially plaque ulceration and IPH. 
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There is still a lot of inconsistency about the association between VWF, ADAMTS13, 
fibrinogen and fibrinogen γ’ and atherosclerosis. With this study we aim to gain more 
knowledge about these associations. Since plaque ulceration IPH and LRNC are impor-

tant characteristics of the vulnerable plaque, we investigated the association between 
these blood biomarkers and plaque ulceration, IPH and LRNC in patients with a recent 
TIA or ischemic stroke and ipsilateral mild-to-moderate carotid artery stenosis. 

MATERIAL AND METHODS

Study population

This study was embedded in the PARISK-study (Plaque-At-RISK; clinical trials.gov 
NCT01208025); a prospective multicenter cohort study using non-invasive plaque im-

aging to identify patients with an ipsilateral mild-to-moderate carotid artery stenosis 
(30-69%) with an increased risk of recurrent stroke.17 All included patients had a recent 
TIA, including amaurosis fugax or minor stroke in the carotid artery territory prior to 
inclusion. TIA was defined as an episode of temporary and focal cerebral dysfunction of 
vascular origin, lasting for a maximum 24 hours, leaving no persistent neurologic defi-

cits. Minor stroke was defined as an episode of temporary and focal cerebral dysfunction 
of vascular origin, lasting for >24 hours or a nondisabling stroke with a modified Rankin 
Scale score of ≤3. Amaurosis fugax was defined as a sudden loss of vision of presumed 
vascular origin and confined to one eye. Degree of stenosis is determined with clinically 
obtained Doppler ultrasound or MDCTA. The upper cutoff value of 70% is based on the 
NASCET criteria. The lower cutoff value is an atherosclerotic plaque with a thickness of 
at least 2–3 mm, which corresponds to an European Carotid Surgery Trial (ECST) ste-

nosis of 30%.18 Exclusion criteria are a probable cardiac source of embolism, a clotting 
disorder, inability to visit the hospital and undergo the study procedures due to severe 
comorbidity, standard contra-indications for MRI, a documented allergy for MRI or CT 
contrast agent or a renal clearance of <30 ml/min. Institutional Review Board approval 
was obtained and all patients gave written informed consent.

Between September 2010 and December 2014, 240 patients were included in the 
PARISK-study; 182 patients had either a MDCTA (n=160) or MRI (n=172) of the carotid 
arteries, and had an available blood sample.

Cardiovascular risk factors

Clinical baseline data such as age, sex, body mass index, type of stroke, medication use, 
medical history and cardiovascular risk factors were collected. Hypercholesterolemia 
was defined as fasting total cholesterol of >5 mmol/L or the use of cholesterol-lowering 
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medication at the time of the TIA or ischemic stroke. We defined hypertension as systolic 
blood pressure of >140 mmHg or a diastolic blood pressure of >90 mm Hg during 2 epi-
sodes of at least 15 minutes of continuous noninvasive blood pressure measurement or 
treatment with antihypertensive medication. Diabetes mellitus was defined as a fasting 
serum glucose level of >6.9 mmol/L, 2-hour post load glucose level of >11.0 mmol/L, or 
the use of antidiabetic medication. We assessed smoking status at the time of the TIA or 
ischemic stroke and dichotomized it into current smoker or no current smoker. History 
of CVD was defined as history of TIA or ischemic stroke, history of ischemic heart disease 
and/or history of peripheral artery disease.

MDCTA and 3T MRI data acquisition and analysis

Standardized, previously described, contrast-enhanced MDCTA and multi-sequence 
contrast-enhanced MRI protocols were used.17 All imaging studies were evaluated by 
trained readers blinded for clinical data and other imaging tests.19

MDCTA images were reviewed using dedicated 3D analysis software (Syngo.via; Siemens, 
Erlangen, Germany). First, image quality was rated on a 3-point scale; poor (not eligible for 
analysis), moderate and good (eligible for analysis).19 Secondly, presence of plaque ulcer-

ation was assessed. We defined plaque ulceration as an extension of contrast material of 
>1 mm into the atherosclerotic plaque on at least 2 orthogonal planes.20,21 In addition, the 

most severe stenosis in the symptomatic carotid bifurcation and internal carotid artery was 
measured according to the ECST criteria, perpendicular to the central lumen line.18 Finally, a 
custom-made plug-in for the freely available Image J software (National Institutes of Health, 
Bethesda, Maryland) was used to quantify calcifications in the symptomatic carotid artery 
within 3 cm proximal and distal to the bifurcation. We used a threshold of 600 HU to differen-

tiate calcifications from contrast material in the lumen; calcification volume was expressed 
in cubic millimeters. A detailed description of the measurements is provided elsewhere.22

MR images were evaluated with dedicated vessel wall analysis software (Vesselmass, 
Department of Radiology, Leiden University Medical Center, Netherlands). Information 
of all five MRI carotid artery sequences was used. Image quality was rated on a 5-point 
scale; poor and not eligible for analysis (1) to good and eligible for analysis (5).23 MR 
images were automatically registered by delineating the lumen and outer vessel wall of 
the symptomatic carotid artery. Registration was manually corrected if needed. Plaque 
components of the symptomatic carotid artery (IPH, lipid-rich necrotic core, calcifica-

tions) were manually segmented. Fifteen transverse adjoining slices of 2 mm each 
covering the entire plaque were annotated. Additionally to plaque component volumes, 
maximum vessel wall area and other plaque component volumes of the symptomatic 
carotid artery could be derived from these annotations.
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Blood sampling, VWF levels, ADAMTS13 activity, fibrinogen and 
fibrinogen γ’ measurements
Citrated blood was centrifuged at 2000 g for 10 minutes; then the plasma was centri-
fuged at 14000 g for 10 minutes and stored in aliquots at -80°C. VWF:Antigen (VWF:Ag) 
levels were measured with an in-house ELISA, using polyclonal rabbit anti-human VWF 
antibodies (Dakocytomation, Glostrup, Denmark) for catching and tagging. ADAMTS13 
activity was measured using the Fluorescence Resonance Energy Transfer Substrate VWF 
73 (FRETS-VWF73).24 Total fibrinogen levels were measured according to von Clauss on a 
fully-automated coagulation analyzer (Sysmex CS-5100 system, Siemens Healthcare Di-
agnostics, Breda, the Netherlands). Fibrinogen γ’ antigen levels were measured with an 
enzyme-linked immunosorbent assay as described previously using anti-γ’ fibrinogen 
antibodies for catching and HRP-labeled rabbit anti-fibrinogen antibodies for tagging.25

Statistical analysis

Baseline clinical characteristics and blood measurements are listed for all patients. All 
available imaging characteristics, including plaque ulceration and IPH, are shown for 
the symptomatic carotid artery. Data are presented as mean ± standard deviation (SD), 
median [25th-75th percentile] or number of patients (%). Differences between the two 
groups were evaluated by using the student t test or Mann-Whitney U test for continuous 
data and the Chi-squared test for categorical data, respectively. In this cross-sectional 
analysis, linear regression models were used to investigate the association between 
clinical characteristics (independent variables) and coagulation factors (dependent 
variables). Additionally, we investigated the association between coagulation factors 
(independent variables) and plaque characteristics of the symptomatic carotid artery, 
including plaque ulceration, IPH volume and LRNC volume (dependent variables). CRP 
levels were not normally distributed and therefore log-transformed. Adjustments were 
made for age, sex, hypercholesterolemia, hypertension, diabetes mellitus, current 
smoking, BMI and cardiovascular history. In the analyses with VWF:Ag, we also adjusted 
for blood group. All analyses were repeated after adding interval between index event 
and blood withdrawal and – separately – ECST stenosis to the covariates. Finally, in the 
analyses with fibrinogen and fibrinogen γ’, we additionally adjusted for C-reactive pro-

tein (CRP). Subgroup analyses for significant associations between plaque ulceration 
and IPH and coagulation factors were performed in patients with and without a history 
of CVD and in patients with and without use of a statin or an anti-platelet agent sepa-

rately. Additionally, interaction terms were created and added to the regression model 
in order to investigate the effect of interactions between possible confounding variables. 
All analyses were repeated for the additional imaging biomarkers (degree of stenosis, 
calcification volume, maximum vessel wall area and lipid-rich necrotic core volume). 
Statistical analyses were performed using STATA software (version 13.1, StataCorp, 
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College Station, Texas) and SPSS software (version 24, IBM). P<0.05 was considered 
statistically significant.

RESULTS

Baseline clinical characteristics, imaging characteristics and blood measurements 
are shown in Table 1. In our patients, the mean age was 67 ± 9 years, 74% were male. 
Hypercholesterolemia was present in 78% of the patients and hypertension was present 
in 71% of the patients. A history of CVD before the inclusion event was highly prevalent 
amongst patients (49%). Prevalence of plaque ulceration on MDCTA was 28%. Preva-

lence of IPH in the symptomatic plaque on MRI was 39%. Blood measurements showed a 
median VWF:Ag level of 1.45 [1.10 - 1.81] IU/ml, ADAMTS13 activity of 98.6 ± 22.8%, mean 
fibrinogen of 3.68 ± 1.02 g/L, and a mean fibrinogen γ’ of 0.36 ± 0.14 g/L. 

Primary hemostasis: VWF:Ag levels and ADAMTS13 activity

Focusing on factors of primary hemostasis, we found that increasing age was associated 
with higher VWF:Ag levels (B= 0.12 IU/ml/10 years [95% CI 0.03;0.21], p=0.01). Individuals 
with blood group non-O had higher VWF:Ag levels compared with individuals with blood 
group O (B= 0.22 IU/ml [95% CI 0.10;0.33], p<0.001). Age was inversely associated with 
ADAMTS13 activity (B= -6.22 %/10 years [95% CI -9.94;-2.51], p=0.001). We also found 
an inverse association between the time from index event to blood withdrawal and AD-

AMTS13 activity (B= -0.13%/day [95% CI -0.23;-0.03], p=0.008). None of the other clinical 
characteristics were associated with VWF:Ag levels or ADAMTS13 activity.

We found no significant associations between VWF:Ag levels or ADAMTS13 activity and 
plaque ulceration, IPH volume and LRNC volume (Table 2). Additional adjustment for 
interval event–blood withdrawal or ECST stenosis did not change the results. Also no 
significant association between VWF:Ag levels or ADAMTS13 activity and the additional 
imaging biomarkers was found (Table 3).

Secondary hemostasis; fibrinogen and fibrinogen γ’
Focusing on factors of secondary hemostasis, we found that age was inversely associated 
with fibrinogen γ’ (B= -0.03 g/L/ 10 years [95% CI -0.05;0.00], p=0.02). Fibrinogen and 
fibrinogen γ’ were both associated with C-reactive protein (CRP) (B= 0.42 g/L/mg/L [95% 
CI 0.32;0.51], p<0.001 and B=0.04 g/L/mg/L [95% CI 0.03;0.06], p<0.001 respectively). 
None of the other clinical characteristics were associated with fibrinogen or fibrinogen γ’.
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Table 1: Clinical characteristics, imaging biomarkers and blood measurements.

Clinical characteristic (n=182)

Age (years) 67 ± 9

Male 135 (74%)

Classification event
· TIA

· Stroke

· Amaurosis fugax

77 (42%)
82 (45%)
23 (13%)

Hypercholesterolemia 142 (78%)

Hypertension 129 (71%)

Diabetes Mellitus 44 (24%)

Current smoking 39 (21%)

BMI 26.7 ± 4.4

History of CVD 89 (49%)

Blood group non-O 106 (59%)

Medication use prior to event
· Statins
· Antihypertensives
· Antidiabetic drugs
· Antiplatelet drugs
· Anticoagulants

92 (51%)
111 (61%)
33 (18%)
79 (43%)
5 (3%)

Imaging biomarkers (symptomatic artery)

Degree of stenosis (ECST) (%)* 55 ± 16

MDCTA (n=160)

Interval event–MDCTA (days) 32 [12-52]

Presence plaque ulceration 44 (28%)

Presence calcifications 144 (90%)

Calcification volume (mm3) 27.9 [5.1-84.2]

MRI (n=172)

Interval event–MRI (days) 47 [30-67]

Presence IPH 67 (39%)

IPH volume (mm3) 0.0 [0.0-54.6]

Presence lipid-rich necrotic core 108 (63%)

Lipid-rich necrotic core volume (mm3) 26.3 [0.0-150.0]

Maximum vessel wall area (mm2) 73.1 [57.2-90.2]

Blood measurements (n=182)

Interval event-blood withdrawal (days) 46 [31-67]

VWF:Ag (IU/ml) 1.45 [1.10-1.81]

ADAMTS13 activity (%) 98.6 ± 22.8

Fibrinogen (g/L) 3.68 ± 1.02

Fibrinogen γ’ (g/L) 0.36 ± 0.14

γ’/total fibrinogen ratio 0.10 [0.08-0.12]

CRP (mg/L) 1.23 [0.60-3.46]

Data are mean ± SD, absolute numbers of patients (%), or median [25th–75th percentile]; * If Multidetector –Row Computed 
Tomography (MDCTA) was absent, degree of stenosis was assessed at MRI (n=20); TIA, transient ischemic attack; BMI, body 
mass index; CVD, cardiovascular disease; ECST, European Carotid Surgery Trial; MDCTA, Multidetector –Row Computed 
Tomography; MRI, Magnetic Resonance Imaging; IPH, intraplaque hemorrhage; VWF:Ag, Von Willebrand Factor antigen; 
CRP, C-Reactive Protein.
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A significant association was found between fibrinogen and IPH volume (B= -23.40 mm3/ 

g/L [95% CI -41.09;-5.70], p=0.01) and between fibrinogen γ’ and IPH volume (B= -161.73 
mm3/ g/L [95% CI -285.76;-37.70], p=0.01), regardless of adjustment for CRP (B= -23.90 
mm3/ g/L [95% CI -46.99;-0.81], p=0.04 and B= -144.41 mm3/ g/L [95% CI -277.48;-11.35], 
p=0.03, respectively) (Table 2). Patients with higher fibrinogen and fibrinogen γ’ levels 
showed significantly lower IPH volume compared to patients with a lower fibrinogen 
and fibrinogen γ’ levels. Furthermore, in case of fibrinogen, additional adjustment for 
interval index event–blood withdrawal and degree of stenosis (ECST) did not change the 
results (B= -25.24 mm3/ g/L [95% CI -47.88;-2.60], p=0.03). However, in case of fibrinogen 
γ’, there was no longer an association (B= -118.93 mm3/ g/L [95% CI -254.88;17.02], 
p=0.09). Adjustment for medication use prior to the event did not influence the re-

sults. Subgroup analysis of patients with and without a statin and patients with and 
without anti-platelet drugs, showed that there was no association between fibrinogen 
and fibrinogen γ’ and IPH volume in any subgroup. Interaction terms of fibrinogen or 
fibrinogen γ’ with statin use and fibrinogen or fibrinogen γ’ with anti-platelet drugs were 
not significant. 

When focusing on patients with and without a history of CVD, we found as expected 
significant more use of cardiovascular medication (statins, antihypertensive drugs, 
antidiabetics and antiplatelet agents) in the group with a history of CVD. There was no 
difference in presence of IPH. Subgroup analysis of patients with and without a history 
of CVD, showed no association between fibrinogen and fibrinogen γ’ and IPH volume in 
any subgroup. Interaction terms of fibrinogen or fibrinogen γ’ with a history of CVD were 
not significant (respectively p=0.28 and p=0.45), indicating that there was no interaction 
between fibrinogen or fibrinogen γ’ with a history of CVD.

 Additionally, we found an inverse association between fibrinogen and LRNC volume 
and between fibrinogen γ’ and LRNC volume, also after additional adjustment for CRP 
(B= -40.08 mm3/ g/L [95% CI -71.71;-8.46], p=0.01 and B= -192.01 mm3/ g/L [95% CI 
-376.00;-8.01], p=0.04, respectively) (Table 3). Subgroup analyses of patients with and 
without a statin, patients with and without anti-platelet drugs and patients with and 
without a history of CVD showed no association between fibrinogen and fibrinogen γ’ 
and LRNC volume in any subgroup. Also interaction terms were not significant. 

DISCUSSION

This study shows a significant inverse association between biomarkers of secondary 
hemostasis; fibrinogen and fibrinogen γ’ and IPH volume and LRNC volume, in patients 
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with a recent TIA or ischemic stroke and a symptomatic mild-to-moderate carotid artery 
stenosis. No associations were found between markers of primary hemostasis, VWF:Ag 
levels or ADAMTS13 activity and plaque ulceration, IPH volume and LRNC volume. To 
the best of our knowledge, this study is the first to investigate the relationship between 
the specific vulnerable plaque characteristics plaque ulceration and intraplaque hemor-

rhage with markers of primary and secondary hemostasis.

Primary hemostasis; VWF:Ag levels and ADAMTS13 activity

In the current study, no associations were found between VWF and ADAMTS13 and plaque 
ulceration, IPH, LRNC or additional plaque characteristics. In a previous study, we found 
a strong correlation between calcification volume in the aortic arch and carotid arteries 
and VWF levels in patients with an ischemic stroke or TIA. In accordance with literature, 
in this previous study we also found significantly higher VWF levels in patients with large 
artery atherosclerosis compared to other etiological subtypes of TIA or stroke.26,27 It 

might be that VWF levels are differently associated with plaque burden measurements 
than with vulnerable plaque characteristics like plaque ulceration and IPH. For example, 
in acute coronary syndrome patients, the presence of atherosclerosis measured by 
intravascular ultrasound (IVUS) was associated with VWF:Ag levels, but high risk, prone-
to-rupture atherosclerotic lesions were not associated with VWF:Ag levels.28 However, 
due to the known role of VWF in thrombus formation and the less clear role of VWF and 
ADAMTS13 in atherosclerotic plaque development, we expected to find the opposite. It 
seems that neither the local disturbance of blood flow nor the disruptive plaque surface 
in the carotid bifurcation causes an increase in VWF or a decrease in ADAMTS13. It might 
be that damage of the endothelial layer due to widespread atherosclerotic disease, 
causes a change in VWF levels. On these terms, blood coagulation markers are markers 
of a widespread atherosclerotic disease and not a risk marker for secondary prevention. 
However, a complex role of VWF and ADAMTS13 in atherosclerotic plaque development 
cannot be ruled out. 

Secondary hemostasis; fibrinogen and fibrinogen γ’
Our current finding of an inverse association between fibrinogen and fibrinogen γ’ and 
IPH volume and LRNC volume suggests a protective role of fibrinogen and fibrinogen γ’ 
in the development of a vulnerable plaque. This association was independent of CRP 
and in case of fibrinogen also independent of degree of stenosis. Higher levels of plasma 
fibrinogen can induce clot formation more rapidly, possibly resulting in confinement 
of IPH and a smaller IPH volume and thereby a smaller LRNC volume. The presence of 
IPH has been shown to enlarge the LRNC.29 In this study IPH was assessed as part of the 
LRNC, therefore LRNC and IPH volume were highly correlated. 
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Some studies on the incidence of CVD and fibrinogen γ’ levels did not found significant 
associations.15,16 It might be that fibrinogen γ’ independently does not predict the occur-

rence of CVD, but that low levels might play a role in the progression of an atherosclerotic 
plaque due to a larger IPH or LRNC volume. 

IPH is assumed to be the result of blood leakage within the core due to leakage of im-

mature intraplaque neovessels.30,31 These neovessels are formed due to hypoxia inside 
the atherosclerotic plaque.32 Another described pathophysiological mechanism of 
IPH is repeated plaque fissuring followed by the formation of a non-occlusive luminal 
thrombus that gets incorporated into the atherosclerotic plaque.33 Membranes of red 
blood cells contain a high load of unesterified cholesterol, leading to enlargement of the 
LRNC, and eventually a reduced plaque stability. IPH was observed to increase the risk 
of subsequent ischemic cerebrovascular events by five times.34 

In this study we found no association between fibrinogen levels and IPH volume or 
LRNC volume in patients with or without a history of CVD. When adding an interaction 
term of fibrinogen or fibrinogen γ’ with a history CVD to the regression model, we found 
that variables were not significantly interacting. IPH increases the risk of an ischemic 
event but not all IPH lead directly to a plaque rupture. IPH can occur at all time points 
during the progression of an atherosclerotic plaque, also in patients with a history of 
CVD. As was found in a study of Spagnoli et al (2004) where fresh IPH was observed in 
carotid plaques from carotid endarterectomy samples of patients up to 24 months after 
an ischemic stroke.35 

Medication use in patients with and without a history of CVD, including the use of statins 
and anti-platelet drugs, are important possible confounders to consider. For instance, 
previous studies show that statins are associated with an increased stabilization of the 
atherosclerotic plaque, as shown by increased plaque echogenicity.36 Furthermore, 
statins have shown to influence levels of several coagulation factors in plasma, includ-

ing fibrinogen, thereby inducing an anticoagulant effect.37 A recent study in 1740 partici-
pants of a population-based cohort study with carotid atherosclerosis found a positive 
trend with current or past use of anti-platelet agents and higher presence of IPH.38 In the 

present study we found no association between fibrinogen and fibrinogen γ’ with IPH 
volume and LRNC volume in subgroup analysis of patients with or without a statin or 
anti-platelet drugs. However, we found that both drugs were not interacting with these 
coagulation factors. It might be that both statins and anti-platelet agents are associated 
with the presence of IPH and a LRNC rather than IPH volume and LRNC volume.
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Previous studies on inflammatory biomarkers in atherosclerotic disease highlight a role 
of CRP and fibrinogen in patients with early stages of atherosclerosis and progression of 
the atherosclerotic plaque.39 The CRP levels in our study were relatively low and were no 
longer affected by acute inflammation during the index event (median interval between 
event and blood withdrawal was 47 days). In contrast to our results, Buljubasic et al. 
found a significant association between high fibrinogen levels and coronary plaque 
burden, but not with plaque composition in patients with acute coronary syndrome or 
stable angina pectoris as measured by IVUS.40 However, blood samples were collected 
before the procedure at a moment of acute inflammation. Fibrinogen is known to be 
elevated during a state of inflammation; after adjustment for CRP, significance was no 
longer reached. In addition, IVUS is unable to measure IPH volume, whereas MRI is a 
sensitive and specific imaging modality suitable for detecting IPH.41 Sabeti et al. also 
found an association between high fibrinogen levels at baseline and progression of the 
atherosclerotic plaque during follow-up, as measured with carotid ultrasound. They 
found a hazard ratio for progression of atherosclerosis of 2.45 (p=0.002) between de 
highest and lowest quartile of baseline fibrinogen.42 However, also in their study there 
was no longer a significant association after adjusting for CRP.

A limitation of our study was the cross-sectional design, which precludes the unraveling 
of cause and effect. We had a median delay of 47 days between index event and blood 
sampling/imaging, which might have influenced the association via a change in plaque 
composition and levels of coagulation factors.43 VWF and fibrinogen are known to be 
increased in the acute phase of an event.13,44 However, imaging and blood sampling 
were performed at the same moment and we found no change in results after additional 
adjustment for the interval event-blood withdrawal. Moreover, due to the lack of acute 
phase, levels of blood biomarkers may resemble the levels before the index event. 

SUMMARY

Fibrinogen and fibrinogen γ’ were inversely associated with IPH volume and LRNC 
volume in patients with a recent TIA or ischemic stroke and a symptomatic mild-to-
moderate carotid artery stenosis. No association was found between VWF:Ag levels 
and ADAMTS13 activity and vulnerable plaque characteristics. The inverse association 
between fibrinogen and fibrinogen γ’ and IPH volume and LRNC volume appears to be 
independent of inflammation and suggests a protective role of fibrinogen and fibrino-

gen γ’ in relation to vulnerable plaque characteristics. 
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ABSTRACT

Introduction

Neutrophils contribute to host defense through different mechanisms, including the 
formation of neutrophil extracellular traps (NETs). The genetic background and underly-

ing mechanisms contributing to NET formation remain unclear.

Materials and Methods

We performed a genome-wide association study (GWAS) and exome-sequencing analysis 
to identify common and rare genetic variants associated with plasma myeloperoxidase 
(MPO)-DNA complex levels, a biomarker for NETs, in the population-based Rotterdam 
Study cohort. GWAS was performed using haplotype reference consortium(HRC)-
imputed genotypes of common variants in 3514 individuals from the first and 2076 
individuals from the second cohort of the Rotterdam Study. We additionally performed 
exome-sequencing analysis in 960 individuals to investigate rare variants in candidate 
genes.

Results

The GWAS yielded suggestive associations (p-value < 5.0×10-6) of SNPs annotated to four 
genes. In the exome-sequencing analysis, a variant in TMPRSS13 gene was significantly 
associated with MPO-DNA complex levels (p-value < 3.06×10-8). Moroever, gene-based 
analysis showed ten genes (OR10H1, RP11-461L13.5, RP11-24B19.4, RP11-461L13.3, KH-

DRBS1, ZNF200, RP11-395I6.1, RP11-696P8.2, RGPD1, AC007036.5) to be associated with 
MPO-DNA complex levels (p-value between 4.48×10-9 and 1.05x10-6). Pathway analysis 
of the identified genes showed their involvement in cellular development, molecular 
transport, RNA trafficking, cell-to-cell signaling and interaction, cellular growth and 
proliferation. Cancer was the top disease linked to the NET-associated genes.

Conclusion

In this first GWAS and exome-sequencing analysis of NETs levels, we found several 
genes that were associated with NETs. The precise mechanism of how these genes may 
contribute to neutrophil function or the formation of NETs remains unclear and should 
be further investigated in experimental studies.
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INTRODUCTION

Neutrophils play important roles in host defense through different mechanisms, includ-

ing the formation of neutrophil extracellular traps (NETs).1 NETs are released as a result of 
a unique form of cell death, where DNA coated with histones and anti-microbial proteins, 
such as neutrophil elastase and myeloperoxidase (MPO), form a web-like structure.1 

Bacteria, fungi, viruses and parasites have been shown to induce NET formation, where 
they are trapped and killed by NETs, resulting in preventing dissemination of patho-

gens.1 Whereas NETs have a protective role in host defense against pathogens, NETs 
have also been shown to be involved in the pathogenesis of various diseases including, 
thrombosis2, cardiovascular diseases3, 4, auto-immune diseases5 and sepsis6. Although 

the role of NETs in health and disease has been postulated, the molecular mechanisms 
of NET formation remain elusive.

Genome-wide association studies (GWAS) and exome-sequencing analysis have been 
successfully implemented as approaches to identify genetic variants associated with 
disease susceptibility. The assessment of genetic variants in association with NETs 
might help to elucidate potential molecular mechanisms intervening in their formation 
and their downstream effect on other pathways. Here, we are the first to apply these 
approaches to ascertain common and rare genetic variants associated with NETs using 
data from a population-based cohort study. We performed additional in silico analyses 
to identify more evidence for the associated variants and genes in relation to the plasma 
MPO-DNA complex levels.

MATERIALS AND METHODS

Study description and population

The Rotterdam Study (RS) is a prospective, population-based cohort study of deter-

minants of chronic diseases in older adults.7 The first cohort (RS-I) started in 1990 and 
included 7,983 inhabitants, aged ≥ 55 years from Ommoord, a suburb of Rotterdam 
in the Netherlands. The cohort was further extended in 2000 (RS-II) and 2005 (RS-III), 
establishing a total of 14,926 participants. Every four years participants are interviewed 
at their homes and they visit the study center for an extensive clinical assessment, 
including venipuncture and assessment of various cardiometabolic risk factors. The RS 
was approved by the Medical Ethics Committee of the Erasmus MC and by the Ministry of 
Health, Welfare and Sport of the Netherlands. All participants provided written informed 
consent to participate in the study in accordance with the Declaration of Helsinki.
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MPO-DNA complex measurement

Citrated plasma samples were collected at the third visit of RS-I (1997-1999) and the 
baseline examination of RS-II (2000-2001), and stored at -80°C. We determined circulat-

ing levels of NETs by measuring myeloperoxidase (MPO)-DNA complexes with a capture 
ELISA as reported earlier.4 Briefly, we adjusted the commercial human cell death ELISA 
kit (Cell death detection ELISAPLUS, Cat. No 11-774-425-002; Roche Diagnostics Neder-

land B.V., Almere, the Netherlands) in which we used anti-MPO monoclonal antibody 
(clone 4A4, ABD Serotec, # 0400-002) as the capturing antibody. Patient plasma was 
added together with the peroxidase-labeled anti-DNA monoclonal antibody (compo-

nent No.2 of the commercial cell death detection ELISA kit; Roche, #11-774-425-002). 
The absorbance at 405 nm wavelength was measured using Biotek Synergy HT plate 
reader with a reference filter of 490 nm. Values are expressed as milli arbitrary units 
(mAU/mL). The reference line to define the mAU was composed after isolation and 
induction of neutrophils from a healthy donor. NET formation was induced by adding 
phorbol 12-myristate 13-acetate (PMA).

Genotyping and imputation

We implemented two different genetic association studies covering the assessment of 
common variants and rare variants (Figure 1). Genomic DNA was extracted from periph-

eral blood mononuclear cells. Genome-wide single-nucleotide polymorphisms (SNPs) 
were genotyped from 6,291 participants from RS-I and 2,157 participants from RS-II us-

ing the Illumina Infinium II HumanHap550 or 610quad arrays. All genotyped participants 
were of European ancestry based on their self-report. Before imputation, genotyped 
SNPs with a call rate of < 98%, a minor allele frequency (MAF) of < 1%, or a Hardy–Wein-

berg equilibrium p-value of < 1×10-6, were excluded. In RS-I, a total of 512,849 SNPs 
remained after filtering and these were used for imputation. In RS-II, a total of 537,405 
SNPs were used for imputation. Dosages of 19,537,258 SNPs were imputed in both stud-

ies using the Haplotype Reference Consortium (HRC), a reference panel of 64,976 human 
haplotypes at 39,235,157 SNPs constructed using whole-genome sequence data from 
20 studies of predominantly European ancestry.8 The imputation was conducted using 
the Michigan Imputation server.9 The server uses SHAPEIT2 (v2.r790) to phase the data 
and Minimac 4 for imputation to the HRC reference panel (v1.1). After imputation, SNPs 
with a MAF < 0.01 or an imputation quality < 0.3 were excluded. The overlap between 
participants with MPO-DNA complex measurements and genotypes was 3,515 in RS-I 
and 2,076 in RS-II (Figure 1).

Whole-Exome sequencing was conducted at the Human Genomics Facility in Erasmus 
Medical Centre, Rotterdam.10 Exome-SNPs were genotyped using Illumina HumanExome 
BeadChip v1.0 and was conducted on 2,998 paired-end sequenced samples using the 
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Illumina hiSeq2000 (2×100bp reads). Indels and single nucleotide variants were filtered 
out and evaluated using GAKs Variant Evaluation; variants with a call rate < 0.97, du-

plicate samples, duplicate variants and > 5% of missing genotypes were considered as 
exclusion criteria. A total of 2,628 samples passed through all technical quality control 
and GATKs Haplotype Caller was used to call SNPs and indels simultaneously. Geno-

type calling was performed according to the CHARGE joint calling protocols.11 Annovar 
software tool 12 was used to functionally annotate each genetic variant. Each variant 
was coded as 0, 1 and 2 representing two reference alleles, one reference allele and one 
mutated allele and two mutated alleles, respectively.

Common variant analysis

GWAS were carried out in RS-I and RS-II under the additive model using HRC-imputed 
data and RVtest tool.13 Linear regression was modelled using log-transformed MPO-
DNA complex levels with adjustment for age, sex and the first 4 principal components. 
EasyQC was used to conduct quality control across cohorts (excluded: MAF < 0.01) to 
identify file naming errors, erroneous SNP genotype data and false association caused 
by incorrect analysis models.14 Cleaned results were combined in a joint meta-analysis 

Figure 1. Flow diagram of the number of included individuals and performed analyses

RS-I: Rotterdam Study cohort 1, RS-II Rotterdam Study cohort 2, GWAS: genome-wide association studies, SNP; single-
nucleotide polymorphism.
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of linear regression estimates, and standard errors using an inverse-variance weighting 
approach was conducted using METAL.15 We determined the association of each SNP 
with MPO-DNA complex as the regression slope, its standard error and its corresponding 
p-value. Variants with a meta-analyzed p-value < 5.0 ×10−8 were considered significant. 
The threshold for suggestive associations was set at a p-value < 5.0 ×10−6.

Gene set enrichment analysis

A gene-set analysis of GWAS data was done using MAGMA v1.06 16, implemented by FUMA 
v1.3.2.17 Gene-based approach aims to test the joint association of all markers in the 
gene with MPO-DNA complex. Gene-set analysis aggregates individual genes to groups 
of genes sharing certain biological, or other functional characteristics, allowing the iden-

tification of effects consisting of multiple weaker associations to determine their joint 
effect. Likewise, gene-set analysis might provide insight into the involvement of specific 
biological pathways or cellular functions underlying NET formation.16 The analysis was 
perfomed using summary-level meta-analysis results. First, a gene-based association 
analysis was done to identify candidate genes associated with MPO-DNA complex. 
Second, the genes idenfied from the gene-based analysis were used to perform a tissue 
enrichment analysis using gene expression data for 53 tissues from GTEx. For all MAGMA 
analyses, multiple testing was accounted for Bonferroni correction.

Rare variant analysis

Exome-sequencing analysis was performed in a subset of RS-I subjects (N=960) to evalu-

ate the association between rare variants and MPO-DNA complex levels. We used log-
transformed MPO-DNA complex levels with adjustment for age, sex, BMI, smoking, SBP, 
cholesterol, HDL, and four ancestry-informative principal components (PCs), because 
rare variants are more susceptible to population stratification.18 Estimated regression 
coefficient for each variant and its standard error (prepScores) were employed on single 
variant level, to perform score tests for single SNP associations and gene-based test 
[sequence kernel association test (SKAT)] using the seqMeta package implemented in 
R.19 SKAT is a bidirectional test and is more powerful when the effect direction of rare 
variants within a gene varies. Single-variant analysis was done using score tests. We 
defined a statistical significance threshold of single variant and gene-based exome 
sequencing based on Bonferroni correction for multiple testing, ~606, 583 variants (p-
value < 8.2×10-8) and ~46,551 genes (p-value < 1.07×10-6), respectively.

SNP Heritability and genetic correlation

To characterize the extent to which common genetic variants determine MPO-DNA com-

plex levels, and shared genetic etiology with other traits (coronary artery disease, stroke 
and C-reactive protein), we applied linkage disequilibrium score regression (LDSC)20 
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methods for estimating SNP heritability and genetic correlation based on genome-wide 
sharing between distantly related individuals. LDSC is a summary-statistics-based 
method which estimates heritability and genetic correlation while accounting for LD 
and requires only publicly available summary statistics from genetic studies.21 In brief, 
the cross-product of two GWAS test statistics is calculated at each genetic variant, and 
this cross-product is regressed on the LD score. The slope of the regression is used for 
estimating the genetic covariance between two phenotypes. We used the default Eu-

ropean LD score file based on the European 1KG reference panel. The analyses were 
conducted using LDSC (LD SCore) v1.0.1 package running under R (https://github.com/
bulik/ldsc).20, 22

Functional annotation and pathway analysis

We used Haploreg v4.1 (http://www.broadinstitute.org/mammals/haploreg/haploreg.
php; in the public domain)23 to retrieve proxy SNPs in high linkage disequilibrium (LD) 
(R2 threshold > 0.8, limit distance 100 kb, and population panel CEU) with the associ-
ated (suggestive) variants and subsequently to identify the SNP position and effect 
on protein structure, gene regulation, and splicing. Moreover, the SNPs in LD were 
scrutinized in the GWAS catalog to ascertain possible association with other traits.24 

Additionally, to assess the correlation between the identified SNPs and expression 
levels of the host transcripts, we used expression quantitative trait loci (cis-eQTL) data 
from the Genotype-Tissue Expression Project (GTEx portal, Analysis Release V7) (http://
www.gtexportal.org/home/; in the public domain) and from 3,841 whole blood samples 
from five Dutch biobanks (BIOS-BBMRI database) (http://www.genenetwork.nl/biosqtl-
browser/; in the public domain). GTEx is a platform with available expression data on 
potential target organs (heart tissue, kidney tissue, brain tissue, aortic endothelial cells 
and blood vessels) as well as blood cell types (CD4+ macrophages, monocytes).25 The 

gene expression values are shown in TPM (transcripts per million), calculated from a 
gene model with isoforms collapsed to a single gene. Box plots are shown as median 
and 25th and 75th percentiles, outliers are displayed as dots if they are above or below 1.5 
times the interquartile range.25

We used GeneMANIA Cytoscape plugin to identify the most related genes to a query 
gene set using a guilt-by-association approach. The platform employs a large database 
of functional interaction networks from multiple organisms and each related gene is 
traceable to the source network used to make the prediction 26.We additionally con-

ducted a core analysis, implemented in QIAGEN’s Ingenuity Pathway Analysis Software 
(IPA, http://www.ingenuity.com), to determine enriched pathways and to interpret the 
role of these genes in the context of biological processes, pathways and molecular net-

works. IPA is a a knowledge database generated from peer-reviewed scientific publica-
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tions that enables the discovery of highly represented biological mechanisms, pathways 
or functions most relevant to the genes of interest from large, quantitative datasets. We 
uploaded all target genes and performed a core IPA analysis with default setting. IPA 
uses right-tailed Fisher exact test to identify enriched canonical pathways and diseases 
associated to these genes.

RESULTS

Characteristics of study participants

The baseline characteristics of participants from RS-I and RS-II included in the GWAS 
and exome-sequencing analysis are shown in Table 1. Data on GWAS and MPO-DNA com-

plex levels were available in 3,514 participants of RS-I and in 2,076 participants of RS-II. 
The mean age of all the participants was 68.8 ± 8.5 years and the majority of the study 
participants were females (56.6%). Participants in RS-I were older (mean age 72.5 ± 7 
years) than participants in RS-II (mean age, 64.9 ± 8 years). The median MPO-DNA com-

plex level in RS-I was 52 mAU/mL (25th-75th percentile 41-82) and 56 mAU/mL (46-93) in 
RS-II. Moreover, exome sequencing analysis for MPO-DNA complex levels was performed 
in 960 participants from RS-I. The mean age of these participants was 70.7 ± 6.1 years 
and the majority of the subjects were females (57.1%). Median MPO-DNA complex levels 
were 53 mAU/mL (41-79).

Table 1: Characteristics of RS-I and RS-II participants included in this study

RS-I (GWAS) RS-I (Exome

sequencing)

RS-II (GWAS)

Sample size (n) 3514 960 2076

Mean age ± SD 72.5 ± 7 70.7 ± 6.1 64.9 ± 8

Male sex (n, %) 1475 (42) 412 (43) 949 (45.6)

Median MPO-DNA complex (mAU/mL), 25th-75th percentile 52 (41-82) 53 (41-79) 56 (46-93)

Mean ln MPO-DNA complex ± SD 4.1 ± 0.7 4.1 ± 0.7 4.2 ± 0.7

BMI (kg/m2) 26.8 ± 3.9 26.8 ± 3.7 27.2 ± 4.0

Current smoking (n, %) 607 (15.6) 147 (15.3) 409 (19.7)

Total cholesterol (mmol/L) ± SD 5.8 ± 1.0 5.8 ± 0.9 5.8 ± 1.0

HDL cholesterol (mmol/L) ± SD 1.4 ± 0.4 1.4 ± 0.4 1.4 ± 0.4

Systolic blood pressure (mm Hg) ± SD 143.4 ± 21.4 143 ± 20.4 143.2 ± 21.3

Diastolic blood pressure (mm Hg) ± SD 76 ± 11.2 76 ± 11 79 ± 11.0

Prevalent type 2 diabetes (n, %) 451 (11.5) 97 (10) 264 (12.7)

Data are presented for RS-I, the subset of participants of RS-I were exome sequencing was performed and RS-II, separately. 
MPO-DNA complex: myeloperoxidase-DNA complex, BMI: body mass index, HDL: high-density lipoprotein
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Association study with common variants

We first performed a GWAS in each RS cohort. Fixed-effect meta-analysis of the sum-

mary statistics from RS-I and RS-II showed no significant associations between common 
variants and MPO-DNA complex levels passing the GWAS threshold of 5.0×10-8 (Online 

Supplementary Table S1). The lowest p-value was found for rs289078 located near a 
long intergenic non-protein coding RNA 2501 (LINC02501; chr4:31416764). The minor 
allele T at this region was associated with a decrease in MPO-DNA complex levels (β= 
0.1, p-value= 3.5×10-7). We additionally queried association results between rs289078 
and over 778 traits assessed in 452264, as implemented in Gene Atlas (http://geneatlas.
roslin.ed.ac.uk/).27 At nominal significance level, rs289078 was found to be associ-
ated with postpartum haemorrhage, deep venous thrombosis , among others (Online 
Supplementary Table S2).

Moreover, we found 26 additional SNPs, most of them located in intergenic regions. Five 
of these SNPs were annotated to 4 genes (KIF26B, CDK19, CATSPERB, AC027119.1) that 
were suggestively associated with MPO-DNA complex levels (p-value < 5.0×10-6) (Online 
Supplementary Table S1). Manhattan plot depicting the association of all common SNPs 
with MPO-DNA complex levels is shown in Figure 2. QQ-plot is shown in online supple-

mentary figure S1.

Figure 2. Manhattan plot of meta-analysis GWAS with MPO-DNA levels of RS-I and RS-II.

The Manhattan plot shows the statistical genetic association between SNPs and MPO-DNA complex levels. Each SNP is 
represented by a dot. Genomic coordinates are displayed along the x-axis and the negative log-base-10 of the p-value 

for each of the polymorphisms in the genome is displayed along the y-axis. The blue line represents the genome-wide 
significance threshold (5×10-8). The SNPs with a suggestive association with MPO-DNA levels were annotated to the genes, 

KIF26B, CDK19, CATSPERB, AC027119.1
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Gene set enrichment analysis

We performed gene-based association analyses using MAGMA to identify tissues and 
pathways relevant to NET formation. Input SNPs were mapped to 18889 protein coding 
genes establishing a genome wide significance p-value = 0.05/18884 = 2.6×10-6. There 

were no genes associated with MPO-DNA complex levels at genome-wide significance 
(Online Supplementary Table S3). The lowest p-value was found for a set of 40 SNPs 
located in TAS1R1 (Taste 1 Receptor Member 1) (p-value=2.7×10-5). Tissue specificity 
analysis for TAS1R1, evaluated across 53 tissue types from GTEx project, showed no 
significant differential expression. Likewise, gene set analysis revealed no significant 
pathways. Gargalovic response to oxidized phospholipids red up, composed of a set of 
15 genes, showed the lowest p-value= 3.2×10-5 (Online Supplementary Table S4).

Association study with rare variants

In the single-variant analysis, we found one variant corresponds to chr11:117789326, 
annotated to the TMPRSS13 (Transmembrane Serine Protease 13) gene, significantly 
associated with MPO-DNA complex levels. The minor allele C has was negatively associ-
ated with the plasma MPO-DNA complex levels (β= -4.00, p-value= 3.06×10-8). Further-

more, gene-based analysis with rare variants showed 10 genes (OR10H1, RP11-461L13.5, 

RP11-24B19.4, RP11-461L13.3, KHDRBS1, ZNF200, RP11-395I6.1, RP11-696P8.2, RGPD1, 

AC007036.5) to be significantly associated with MPO-DNA complex levels, passing the 
significant threshold of 1.07×10-6 (Table 2). The strongest association was observed for 
the OR10H1 (Olfactory Receptor Family 10 Subfamily H Member 1) gene, composed of six 
rare variants (p-value= 4.48×10-9) located on chromosome 19. The top variant driving the 
gene-based statistic was 19:15918484 (p-value= 1.19×10-8).

Additionally, we did a look up for association between common variants in the 10 genes 
identified by exome-sequencing analysis and MPO-DNA complex levels in our GWAS 
results. A common variant (chr1:32509964) located in KHDRBS1 (KH domain-containing, 
RNA-binding, signal transduction-associated protein 1) gene was nominally associated 
with MPO-DNA complex levels (β= 0.17, p-value=0.003). In addition, we checked for rare 
variants in the 4 suggestive genes identified by GWAS in our exome-sequencing results, 
and found no significant association.

SNP Heritability and functional annotation

Our study includes data from 5,590 participants from two European cohorts. The 1KG 
intercept was 1.02 (standard error= 0.006). The LD-score calculated SNP Heritability 
showed an estimate of 7% and the mean chi2 was below ~1.02 (chi2 = 1). Moreover, either 
sample size or heritability was not sufficient to determine cross-trait genetic correlation.
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None of the 27 suggestive SNPs identified by GWAS have nonsynonymous proxy vari-
ants in strong LD (R2 > 0.8) (Online Supplementary Table S5). We identified 155 proxy 
SNPs (R2 > 0.8) of these GWAS SNPs. We checked GWAS Catalog to see whether the 
identified variants or their proxies have been reported previously to be associated with 
any diseases or traits (e.g., cardiovascular disease, Alzheimer’s disease, etc.). We found 
that none of the SNPs were reported to be associated with any outcome in the GWAS 
Catalog. We further investigated gene expression levels associated with GWAS-SNPs and 
their proxies (SNPs in LD), as reported by GTEx. Among these, proxies of rs10457220 and 
rs112514818, located in CDK19, were associated to gene expression levels of their host 
gene (Online Supplementary Tables S6 and S7). We also investigated gene expression 
levels across different tissues of the genes identified by exome-sequencing analyses, as 
reported by GTEx (Online Supplementary Figure S2 – Figure S7). Although the expres-

sion levels of these genes have not been reported for neutrophils, the data show some 
of them to be expressed in whole blood.

From the genes identified through GWAS and exome-seq analyses, eight genes, including 
RGDP1, KIF26B, KHDRBS1, ZNF200, CATSPERB, CDK19, OR10H1 and TMPRSS13, were found 
to be connected in a common network, which show a gene-gene functional interaction 

Table 2. Genes associated with MPO-DNA complex levels through exome-sequencing analysis

Gene MAF Number of SNPs p-value

OR10H1 0.003 6 4.48x10-9

RP11-461L13.5 0.003 3 1.32x10-7

RP11-24B19.4 0.003 3 1.93x10-9

RP11-461L13.3 0.005 6 2.44x10-7

KHDRBS1 0.005 7 3.12x10-7

ZNF200 0.004 5 3.49x10-7

RP11-395I6.1 0.001 3 3.51x10-7

RP11-696P8.2 0.002 4 3.78x10-7

RGPD1 0.014 12 7.58x10-7

AC007036.5 0.002 4 1.05x10-6

RPL21† 0.003 6 1.10x10-6

SNORA27† 0.003 6 1.10x10-6

SNORD102† 0.003 6 1.10x10-6

TMEM55B† 0.019 21 1.15x10-6

ZDHHC19† 0.008 10 1.52x10-6

RTN4R† 0.011 15 1.77x10-6

FOXC1† 0.004 5 2.62x10-6

Genes found through exome sequencing analysis that are associated with MPO-DNA complex levels.
The significance threshold for gene-based analysis set at p-value < 1.07×10-6. †Genes with a suggestive association with
MPO-DNA complex levels. MAF: minor allele frequency, SNP: single-nucleotide polymorphism.
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with other genes involved in inflammatory responses (Figure 3). The pathway analysis 
using IPA for the 11 genes identified by exome-seq analysis showed enrichment for 
cellular development (p-value= 3.5×10-4), molecular transport (p-value= 1.3×10-4), RNA 
trafficking (p-value= 1.3×10-4), cell-to-cell signalling and interaction (p-value= 8.8×10-4), 
cellular growth and proliferation (p-value= 8.8×10-4) (Online Supplementary Table S8). 
IPA analysis for the 4 suggestive genes identified through GWAS revealed enrichment 
for cell morphology (p-value=9.2 ×10-4), cellular assembly and organization (p-value= 

Figure 3. Network of the connected genes identified through GWAS and exome-sequencing analyses
Eight of the identified genes were connected and are represented in the middle circle of the image. Additional genes asso-

ciated with the genes found in this study are displayed in the outer area of the network circle. The pink lines represent the 
physical interaction reported by several studies. The green lines represent genetic interactions. The edges are annotated 
with the original edge weights (obtained from the source networks and relevant publications). The nodes are annotated 
with Gene Ontology terms, alternate identifiers and synonyms.
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1.2×10-3), cellular function and maintenance (p-value= 1.2×10-3), cell cycle (p-value= 
1.3×10-2) and cellular development (p-value= 2.4×10-2) (Online Supplementary Table S9). 
NET-associated genes were mainly involved in cell cycle control of chromosomal replica-

tion pathways (p-value= 1.96x10-2) and molecular cancer pathways (p-value= 1.32x10-1) 
(Supplementary Figure S8). Diseases linked to the NET-associated genes are cancer (p-
value range= 4.91x10-2 – 7.96x10-4), organismal injury and abnormalities (p-value range= 
4.91x10-2 – 7.96x10-4), endocrine system disorders (p-value range= 4.24x10-2 – 1.81x10-3), 
gastrointestinal disease (p-value range= 1.98x10-2 – 1.81x10-3) and infectious diseases 
(p-value range= 3.28x10-2 – 2.10x10-3).

DISCUSSION

The present study is the first genetic association study to identify genetic variants and 
potential loci affecting plasma MPO-DNA complex levels, a marker for NETs. Through 
GWAS, We found suggestive associations between MPO-DNA complex levels and com-

mon SNPs annotated to 4 genes. Through exome-sequencing analysis, we further identi-
fied rare exonic variants in 11 genes to be associated with circulating MPO-DNA complex 
levels. Many of the identified genes are involved in pathways that may be relevant for 
the function of NETs (e.g., molecular transport and cell-to-cell signalling and interac-

tion). Cancer was the top disease linked to the NET-associated genes found in this study.

In the GWAS analysis, the most significant association was found for a SNP located near 
a long intergenic non-protein coding RNA 2501 (LINC02501). Its function is unknown and 
it is yet unclear how this gene contributes to NET formation. We also found one sugges-

tive SNP that was located in the KIF26B (Kinesin Family Member 26B) gene. One study 
that used proteomics identified a protein formed by the KIF26B gene that is located on 
the secretory vesicle membrane of human neutrophils.28 This gene is also associated 
with different forms of cancer.29, 30 In hepatocellular carcinoma (HCC), KIF26B activation 
was suggested to promote cancer progression by activating the phosphatidylinositol 
3-kinase (PI3K) and Akt/Protein Kinase B (PI3K/Akt) signaling pathway.30 The PI3K/Akt 
signaling pathway is known to be involved in autophagy and has been described as a 
pathway for NET formation.31 Another interesting suggestive SNP was located in the 
CDK19 (Cyclin Dependent Kinase 19) gene. This gene has a role in innate immunity as 
it regulates NF-κB-mediated gene expression. When stimulated with TNF-alpha, NF-κB 
heterodimers and CDK19 promote expression of IL8, CXCL2, and CXCL3.32 Different cyto-

kines, including IL-8 have been described to induce NET formation.33 As all these genes 
were suggestively associated with MPO-DNA complex levels, future studies with larger 
sample sizes are needed.
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In the exome-seq analysis, we found a rare variant in the TMPRSS13 gene to be associ-
ated with MPO-DNA complex levels. This gene is highly expressed in the skin and the 
mucosa of the esophagus and plays a role in activation of membrane fusion activity 
of the hemagglutinin (HA) of influenza viruses.34 The family of type II transmembrane 
serine proteases have been described to play an important role in the HA process. It 
has also been shown previously that NETs are released in response to several viruses.35 
36. In patients with severe influenza infections, high MPO-DNA complex levels correlate 
with poor prognosis.37 In contrast, NETs released by mouse neutrophils incubated with 
Chikungunya virus, resulted in virus capture and neutralization.38 Although NETs may be 
necessary for the neutralization of specific viruses, the cytotoxic effects of NETs affect 
survival of the host. From the gene-based analysis, we additionally identified ten genes 
associated with MPO-DNA complex levels. The gene with the most significant association 
was OR10H1 (Olfactory Receptor Family 10 Subfamily H Member 1). OR10H1 is involved 
in the olfactory signaling pathway, where adenylyl cyclase mediates cAMP increase and 
influx of calcium into the cell.39 OR10H1 is predominantly expressed in the testis and 
urinary bladder and was shown to be highly expressed in bladder cancer cell lines.40 The 

direct effect of this gene on NET formation is not yet clear. However, neutrophils from 
patients with various malignant diseases demonstrate an increased capacity to release 
NETs.41, 42 This suggests that the association of OR10H1 with MPO-DNA complex levels 
could be driven by the presence of malignancy. The second gene identified in exome-
seq analysis is the KHDRBS1 (KH RNA Binding Domain Containing, Signal Transduction) 
gene. KHDRBS1 encodes SAM68 (Src-associated-in-mitosis-68-KD), which is an RNA 
binding protein and Src kinase substrate that has a function in RNA metabolism and 
signal transduction. It also contributes to TNF-induced NF-κB activation and apoptosis 
43 and has been implicated in cancer.44-46 Also, SAM68 is expressed in human neutrophils 
and is involved in signal transduction when stimulated by phagocytic agonists.47 We 
also identified one gene that demonstrates an effect in viral transcription and infection, 
namely ZNF200 (Zinc Finger Protein 200). This gene exhibits an antiviral function in 
Herpes simplex virus 1 infection.48 As mentioned earlier, NETs play an important role in 
viral infections but can be both harmful and beneficial at the same time. Several Zinc 
Finger Proteins have been identified in activated neutrophils.49 However, ZNF200 has 
not yet been shown to be expressed in neutrophils. Moreover, we showed that MPO-DNA 
complex levels are associated with a set of rare variants annotated to long non-coding 
RNAs (lncRNAs), namely RP11-461L13.5, RP11-24B19.4, RP11-461L13.3, RP11-395I6.1, 

RP11-696P8.2. It has become increasingly evident that lncRNAs contribute to normal 
physiology and development of diseases.50 LncRNAs mainly regulate gene expression 
through modulation of the activity of transcriptional regulators, chromatin remodeling 
and post-transcriptional modifications.51 The RP-11 lnRNAs we found in our study have 
not yet been described to be associated with any specific diseases. However, several 
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other RP-11 lncRNAs have previously been shown to play a role in the progression of 
different types of cancer, including colorectal cancer52, HCC53, ovarian cancer54 and 

gastric cancer55. Given cancer was the top disease linked to the NET-associated genes in 
our pathway analysis, future studies may investigate the potential link between these 
lncRNAs and cancer. Also, several lncRNAs have demonstrated to be involved in the 
regulation of the innate and adaptive immune response.56

We also found a number of genes that showed a suggestive association with MPO-DNA 
complex levels in the exome-sequencing analysis, that are worth mentioning. The first 
gene is ZDHHC19 (Zinc Finger DHHC-Type Palmitoyltransferase 19), which has a function 
in inflammation as it regulates STAT3.57 STAT3 is an important regulator of immunity, in-

flammation and tumorigenesis.58 Two other suggestive genes we identified in this study, 
are known to play a role in the PI3K/Akt and mTORC1 (mammalian target of rapamycin 
activation complex 1) signaling pathway. FOXC1 (Forkhead Box C1) has been shown to 
upregulate PI3K/Akt signaling, which was inflammation-dependent in fibroblast-like 
synoviocytes.59 Also, in HCC cell lines, FOXC1 promotes inflammation via PI3K/Akt signal-
ing.60 In a previous study, both ZDHHC19 and FOXC1 were found to be upregulated more 
than five times in neutrophils from patients with acute respiratory distress syndrome 
(ARDS) than in neutrophils from healthy volunteers.61 TMEM55B (transmembrane pro-

tein 55b), a lysosomal protein of unknown molecular function, acts downstream of PI3K/
Akt and interacts with many proteins that participate in mTORC1.62 mTOR suppresses 
autophagy and has also been reported to be important for NET formation.63

To our knowledge, this is the first genetic association study that investigated the genetic 
determinants of NET formation. Our study has several strengths and limitations. The 
main strength of this study is that we used data from a large population-based study. 
Moreover, we performed our analysis with both common and rare variants. The gene-
based analysis of rare variants was another strength of this study, due to the combined 
effect of multiple SNPs.19 Furthermore, we measured MPO-DNA complex levels as a 
marker for the presence of NETs in plasma. MPO-DNA complex is currently considered 
the most specific, objective and quantitative assay for detecting NETs.64 MPO-DNA 
complex levels represent the presence of NETs, which are formed through the protein-
arginine deiminase type 4 (PAD4)-dependent pathway as well as the autophagy path-

way.64 The findings of this study should be considered in light of some limitations. Since 
this is the first genetic association study for MPO-DNA complex levels, we were unable 
to replicate our findings in a secondary cohort, which may impede the identification 
of additional loci. We have included data from European populations; therefore, other 
studies are needed to assess the generalizability of our findings to other ancestries. 
Nevertheless, with the results of this study, we have provided potential genetic and 
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molecular pathways leading to NET formation. This may lead to a better understanding 
of NET-associated diseases. To validate the effect of the genes mentioned in this study, 
experimental trials and functional experiments are needed.

To conclude, our study found rare variants in 11 genes (TMPRSS13, OR10H1, RP11-

461L13.5, RP11-24B19.4, RP11-461L13.3, KHDRBS1, ZNF200, RP11-395I6.1, RP11-696P8.2, 

RGPD1, AC007036.5) that were significantly associated with plasma MPO-DNA complex 
levels. Moreover, we found suggestive associations between common SNPs annotated 
to 4 genes (KIF26B, CDK19, CATSPERB, AC027119.1) and MPO-DNA complex levels. These 
findings may indicate that NET formation is a multifactorial process which is regulated 
by genes involved in different biological processes. Also, a link between NET-associated 
genes and cancer was observed. The precise mechanism of how these genes may 
contribute to neutrophil function or the formation of NETs remains unclear. Future 
functional studies, investigating the translational potential of these observations is 
warranted to fully characterized the molecular mechanisms regulated by the genes 
described in this study.
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ABSTRACT

Introduction

Neutrophil extracellular traps (NETs) are DNA scaffolds enriched with antimicrobial 
proteins. NETs have been implicated in the development of various diseases, such as 
cardiovascular disease. Here, we investigate the association of demographic and cardio-

vascular (CVD) risk factors with NETs in the general population.

Material and methods

Citrated plasma was collected from 6449 participants, aged ≥55 years, as part of the 
prospective population-based Rotterdam Study. NETs were quantified by measuring 
MPO-DNA complex using an ELISA. We used linear regression to determine the asso-

ciations between MPO-DNA complex and age, sex, cardio-metabolic risk factors, and 
plasma markers of inflammation and coagulation.

Results

MPO-DNA complex levels were weakly associated with age (log difference per 10 year 
increase: -0.04 mAU/mL, 95% confidence interval [CI] -0.06;-0.02), a history of coronary 
heart disease (yes versus no: -0.10 mAU/mL, 95% CI -0.17;-0.03), the use of lipid-lowering 
drugs (yes versus no: -0.06 mAU/mL, 95% CI -0.12;-0.01), and HDL-cholesterol (per 
mmol/l increase: -0.07 mAU/mL/, 95% CI -0.12;-0.03).

Conclusions

Older age, a history of coronary heart disease, the use of lipid-lowering drugs and higher 
HDL-cholesterol are weakly correlated with lower plasma levels of NETs. These findings 
show that the effect of CVD risk factors on NETs levels in a general population is only 
small and may not be of clinical relevance. This supports that NETs may play a more 
important role in an acute phase of disease than in a steady state situation.
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INTRODUCTION

Neutrophils contribute to host defense through different mechanisms, including the 
formation of neutrophil extracellular traps (NETs).1 The process of NET formation is a 
relatively recently identified form of cell death by neutrophils which was first described 
by Brinkmann et al. in 2004.2 NETs are formed when neutrophils secrete decondensed 
intracellular DNA together with antimicrobial proteins such as myeloperoxidase (MPO) 
and neutrophil elastase. This forms a web-like structure where pathogens can be trapped 
and killed.2 In addition to their function in immunity, NETs have been implicated in the 
pathophysiology of thrombosis3, atherosclerosis4, and sepsis5,6. For example, NETs are 
found in the thrombus of patients with myocardial infarction and stroke, suggesting a 
role of NETs in thrombus formation.7,8 A better understanding of the influence of NETs 
in the development of diseases requires knowledge about the demographic and cardio-

vascular determinants (e.g. age, sex, medical history, blood markers of inflammation 
and coagulation) of NET formation in a general population.

Some of the mechanisms by which NET formation is determined have already been 
investigated in in vitro and in vivo studies.9-12 For example, studies in mouse models and 
in vitro studies in human neutrophils have shown that the amount of NET formation 
decreases with increasing age. Furthermore, sex differences in NET levels have been 
described in patients with multiple sclerosis, where higher levels of NETs were found in 
males than in females.12 Also, in neutrophils isolated from nondiabetic human subjects, 
high levels of glucose have been shown to induce NET formation.11 To date, most stud-

ies on NETs levels in plasma, are case-control studies in patients with active underly-

ing diseases where NETs levels are generally high. In order to gain more insight into 
biological processes involved in NET formation in a stable situation, without massive 
inflammation, it is important to look at determinants of NETs in the general population, 
where individuals are mostly free of acute diseases. Currently, population studies on 
NETs levels are lacking.

We therefore aimed to answer the following question: which demographic and cardio-

vascular risk factors are associated with NET formation in the general population?
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MATERIALS AND METHODS

Study design and study population

This study is embedded in the Rotterdam Study, a prospective population-based cohort 
study among individuals of 55 years and older who are living in Ommoord, a suburb 
of Rotterdam, The Netherlands.13 The original cohort started in 1990 (RS-I) and of the 
10,215 eligible individuals, 7,983 agreed to participate. In 1999 the study was extended 
with 3,011 individuals (out of 4,472 invitees) who moved into the study district or 
reached the age of 55 years (RS-II). Participants visit the study center every 4 years for 
interview and extensive clinical assessment, including venipuncture and assessment of 
cardiometabolic risk factors. The Rotterdam Study has been approved by the Medical 
Ethics Committee of the Erasmus MC (registration number MEC 02.1015) and by the 
Ministry of Health, Welfare and Sport of the Netherlands (Population Studies Act: WBO, 
license number 1071272-159521-PG). The Rotterdam Study has been entered into the 
Netherlands National Trial Register (NTR; www.trialregister.nl) and into the WHO Inter-

national Clinical Trials Registry Platform (ICTRP; www.who.int/ictrp/network/primary/
en/) under shared catalog number NTR6831. All participants provided written informed 
consent to participate in the study and to have their information obtained information 
from their treating physicians.

For this study, we used the data of the participants in the third examination of the 
original cohort (RS-I-3) between 1997 and 1999 (n=4797) and the first examination of the 
extended cohort (RS-II-1) between 2000 and 2001 (n=3011). We included all participants 
of whom blood samples were available (n= 6449).

Population characteristics

Data of all participants was collected by structured interviews and physical examina-

tion. Blood samples were available of 6449 individuals. Blood pressure was measured 
as the mean of two readings using a random-zero sphygmomanometer in sitting posi-
tion. We defined hypertension as a systolic blood pressure of 140 mmHg or higher, or a 
diastolic blood pressure of 90 mmHg or higher, or the use of blood pressure lowering 
medication. Antithrombotic medication was defined as the use of vitamin K antagonists, 
platelet aggregation inhibitors, and direct thrombin inhibitors. Lipid lowering agents 
were defined as the use of any lipid modifying agent. Diabetes mellitus was defined 
as fasting serum glucose level ≥ 7.0 mmol/L and/or the use of blood glucose lowering 
medication.14 Total cholesterol and high-density lipoprotein cholesterol were measured 
using an automated enzymatic procedure in mmol/l. Body mass index was calculated as 
the weight (in kilograms) divided by the squared height (in meters). Smoking status was 
defined as current or no smoking at baseline. Coronary heart disease (CHD) was defined 
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as fatal and non-fatal myocardial infarction and other coronary heart disease mortality. 
This includes myocardial infarction, myocardial revascularization, CHD mortality and 
overall CHD.15 Stroke was defined as a syndrome of rapidly developing clinical signs of 
focal (or global) disturbance of cerebral function, with symptoms lasting 24 hours or 
longer or leading to death, with no apparent origin other than vascular.16 Cardiovascular 
disease (CVD) was composed of CHD and stroke.

MPO-DNA complex measurements

Citrated plasma samples were collected at the third visit of RS-I and the baseline exami-
nation of RS-II, and stored at -80°C. We determined NET formation by measuring MPO-
DNA complexes with a capture ELISA as reported earlier.4 We adjusted the commercial 
human cell death ELISA kit (Cell death detection ELISAPLUS, Cat. No 11-774-425-002; 
Roche Diagnostics Nederland B.V., Almere, The Netherlands). Briefly, as the capturing 
antibody, we used anti-MPO monoclonal antibody (clone 4A4, ABD Serotec, # 0400-002). 
Patient plasma was added in combination with the peroxidase-labeled anti-DNA mono-

clonal antibody (component No.2 of the commercial cell death detection ELISA kit; 
Roche, #11-774-425-002). The absorbance at 405 nm wavelength was measured using 
Biotek Synergy HT plate reader with a reference filter of 490 nm. Values are expressed as 
milli arbitrary units per milliliter (mAU/mL). mAU were defined based on a preparation 
of NETs. Neutrophils were isolated from a healthy volunteer as described previously17 

and NET formation was induced by adding 250 ng/mL phorbol 12-myristate 13-acetate 
(PMA) (stock 100 µg/mL in DMSO). After an incubation period of 4 hours, we assigned 
a value of 1000 mAU/mL to this preparation. Every ELISA plate had its own reference 
curve (Supplemental Figure 1) which was composed of the calibration material which 
was stored in aliquots at -80°C before use. A total of 167 96-wells ELISA plates were used 
to measure MPO-DNA complex levels of all participants and two different reference 
materials were used. A new reference line was calibrated to the old one by measuring 
the new material several times on the reference curve of the old material, after which we 
assigned the value to the new calibration material. In addition, a high and low control 
sample were added to every individual ELISA plate. Blood samples were measured in 
duplicate. Coefficient of variation (CV) of the high controls was 14.5% and the CV of the 
low controls was 12.3%.

Measurement of coagulation, inflammatory and immunology markers
ADAMTS13 activity was measured using the fluorescence resonance energy transfer 
substrate VWF73 (FRETS-VWF73) as previously described.18 VWF antigen (VWF:Ag) 
levels were determined with an in-house enzyme-linked immunosorbent assay, using 
polyclonal rabbit anti-human VWF antibodies (DakoCytomation, Glostrup, Denmark) 
for catching and tagging. Fibrinogen levels were derived from the clotting curve of the 
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prothrombin time assay using Thromborel S as a reagent on an automated coagulation 
laboratory (ACL 300, Instrumentation Laboratory). In a subset of 1208 participants of 
RS-I-3, an extended panel of inflammatory and immunology markers was measured as 
previously described, including complement, immunoglobulins, and cytokines.19

Statistical analysis

Normally distributed data were presented as mean and standard deviation (SD), not nor-

mally distributed data were presented as median and 25th-75th percentiles. Categorical 
data were presented as number and percentage. MPO-DNA complex levels were not nor-

mally distributed and therefore log-transformed. Differences of MPO-DNA complex levels 
in different age categories and MPO-DNA complex levels at different time points during 
the day were analyzed using the Kruskall Wallis-test. Spearman correlation was used to 
calculate correlations between MPO-DNA complex and clinical characteristics as well as 
inflammatory markers. Linear regression analysis was performed to determine the as-

sociation between MPO-DNA complex and demographic and clinical characteristics (age, 
sex, cardio-metabolic risk factors, a history of cardiovascular disease and blood markers 
of inflammation and coagulation) and circadian rhythm of MPO-DNA complex levels. The 
analyses were repeated after adjustment for age, sex and leukocyte count. Subgroup 
analysis was performed in different age categories, in men and women separately and in 
participants with and without the presence of comorbidities, including current smoking, 
diabetes mellitus, hypertension and a history of CVD. Data were analyzed using IBM SPSS 
Statistics for Windows, Version 25.0 (Armonk, NY: IBM Corp). All statistical tests were two-
tailed and a p-value of <0.05 was considered statistically significant.

RESULTS

Age, sex, time point of blood collection and the association with MPO-
DNA complex levels

All participants of whom blood samples were available, were included in this study 
(n=6449). The median age of the total population was 68.6 years (25th-75th percentile 

62.8-75.3 years) and 3633 (56.3%) participants were female (Table 1). Median MPO-DNA 
complex levels were 53 mAU/mL (42-87). NETs were weakly correlated with age (RS= 
-0.07, p<0.01, Supplemental Table 1). We found a weak inverse association of MPO-DNA 
complex with age (decrease of lnMPO-DNA complex per 10 year increase 0.04 mAU/mL, 
95% confidence interval (CI) -0.06;-0.02, p<0.01) (shown in Table 2 and Figure 1). We 
found no association between sex and MPO-DNA complex levels. Blood samples were 
collected between 8 AM and 4 PM on weekdays. There was no significant diurnal varia-

tion in MPO-DNA complex levels (Supplemental Figure 2).
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Table 1. Baseline characteristics of the total cohort.

N=6449

Age, years 68.6 (62.8-75.3)

Female sex, n (%) 3633 (56.3)

Current smoking, n (%) 1111 (17.2)

BMI, kg/m2 26.9 ± 4.0

Systolic blood pressure, mmHg 143.3 ± 21.3

Diastolic blood pressure, mmHg 76.8 ± 11.3

Hypertension, n (%) 4376 (67.8)

Diabetes Mellitus, n (%) 751 (11.6)

History of CVD, n (%)
- Prevalent CHD
- Prevalent stroke

623 (9.7)
413 (6.4)
254 (3.9)

Antithrombotic medication, n (%) 1332 (20.7)

Lipid-reducing agents, n (%) 816 (12.6)

Total cholesterol, mmol/L 5.8 ± 1.0

HDL, mmol/L 1.4 ± 0.4

Glucose, mmol/L 6.0 ± 1.6

CRP, mg/L 1.8 (0.7-3.8)

Leukocytes (*10-9/L) 6.8 ± 1.9

Fibrinogen, g/L 4.0 ± 0.9

Von Willebrand Factor, IU/mL 1.20 (0.93-1.60)

ADAMTS13, % 91.4 ± 19.9

MPO-DNA complex, mAU/mL 53 (42-87)

Normally distributed data are presented as mean ± standard deviation (SD), not normally distributed data are presented as 
median and 25th-75th percentiles. Categorical data are presented as number and percentage. BMI: body mass index, CVD: 
cardiovascular disease, CHD: coronary heart disease, HDL: high-density lipoprotein, CRP: C-reactive protein, ADAMTS13: a 
disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13

Fig 1. Distribution of MPO-DNA complex lev-

els among age categories

*p<0.01. Data are presented as median and 25th-

75th percentiles. Category 55-65 years, (n=2286) 
MPO-DNA complex 56 mAU/mL (45-93), catego-

ry 65-75 years (n=2467) MPO-DNA complex 53 
mAU/mL (41-83), category >75 years (n=1674) 
MPO-DNA complex 52 AU/mL (41-81). Differenc-

es between age categories were analyzed using 
the Kruskall –Wallis test with post-hoc analysis.
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CVD risk factors and MPO-DNA complex levels

A total of 623 (9.7%) participants had a history of CVD, of whom 413 (6.4%) had coronary 
heart disease (CHD) and 254 (3.9%) had a stroke (Table 1). Lipid-lowering drugs were 
used by 815 (12.6%) individuals and antithrombotic medication by 1332 (20.7%). Mean 
total cholesterol was 5.8 ± 1.0 mmol/L and mean high-density lipoprotein (HDL) was 
1.4 ± 0.4 mmol/L. Median MPO-DNA complex levels in presence and absence of CVD risk 
factors are presented in Supplemental Table 2. Hypertension, diabetes mellitus and a 
history of CVD were more prevalent in participants aged >75 years than in the other age 
categories. NETs plasma levels were negatively correlated with hypertension, history of 
CHD, lipid-lowering drugs and HDL (Supplemental Table 1). We found a weak inverse 
association between MPO-DNA complex levels and a history of CHD (β -0.10 mAU/mL, 

Table 2. Associations between MPO-DNA complex levels and clinical characteristics

Univariate

mean difference
(95% CI)

p-value Multivariate

Age and sex adjusted

mean difference
(95% CI)

p-value

Age (per 10 years increase) -0.04 (-0.06;-0.02) <0.01 -0.04 (-0.06;-0.02)a <0.01

Sex (male versus female) -0.03 (-0.06;0.01) 0.14 -0.02 (-0.06;0.01)b 0.20

Current smoking (current versus never) -0.03 (-0.07;0.02) 0.27 -0.04 (-0.09;0.01) 0.10

BMI (per 10 kg/m2 increase) 0.03 (-0.02;0.07) 0.25 0.02 (-0.02;0.07) 0.28

Systolic blood pressure (per 10 mmHg increase) -0.01 (-0.02;0.00) 0.06 -0.01 (-0.01;0.00) 0.21

Hypertension -0.04 (-0.08;-0.00) 0.05 -0.02 (-0.06;0.01) 0.22

Diabetes Mellitus -0.01 (-0.03;0.01) 0.23 -0.01 (-0.02;0.01) 0.24

History of CVD
- History of CHD
- History of stroke

-0.07 (-0.13;-0.02)
-0.10 (-0.17;-0.03)
0.01 (-0.08;0.10)

0.01

<0.01
0.82

-0.07 (-0.13;-0.01)
-0.11 (-0.18;-0.03)
0.03 (-0.06;0.12)

0.02

0.01

0.57

Antithrombotic medication -0.02 (-0.06;0.02) 0.34 -0.01 (-0.05;0.04) 0.76

Lipid-reducing agents -0.06 (-0.12;-0.01) 0.02 -0.07 (-0.12;-0.02) 0.01

Blood measurements

Total cholesterol (mmol/L) -0.00 (-0.02;0.02) 1.00 0.00 (-0.02;0.02) 0.96

HDL (mmol/L) -0.07 (-0.12;-0.03) <0.01 -0.07 (-0.12;-0.02) 0.01

Glucose (mmol/L) -0.00 (-0.02;0.01) 0.48 -0.00 (-0.02;0.01) 0.48

CRP (mg/L) -0.00 (-0.00;0.00) 0.47 -0.00 (-0.00;0.00) 0.70

Leukocytes (*10-9/L) 0.01 (-0.00;0.02) 0.14 0.01 (-0.00;0.01) 0.31

Fibrinogen (g/L) -0.01 (-0.02;0.01) 0.63 0.00 (-0.02;0.02) 0.81

VWF (IU/mL) -0.00 (-0.03;0.03) 0.84 0.01 (-0.02;0.04) 0.49

ADAMTS13 (%) 0.00 (-0.00;0.00) 0.41 0.00 (-0.00;0.00) 0.78

VWF/ADAMTS13 ratio -1.06 (-3.16;0.65) 0.20 -0.36 (-2.37;1.65) 0.73

aAge adjusted for sex. bSex adjusted for age. MPO-DNA complex levels were log-transformed. CVD: cardiovascular 
disease, CHD: coronary heart disease. HDL: high density lipoprotein, CRP: C-reactive protein, VWF: Von Willebrand Factor, 
ADAMTS13: a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13
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95% CI -0.17;-0.03), the use of lipid-lowering drugs (β -0.06 mAU/mL, 95% CI -0.12;-0.01), 
and HDL (β -0.07 mAU/mL/ mmol/L, 95% CI -0.12;-0.03) (Table 2). Adjustments for age 
and sex did not change the results. However, when we adjusted for leukocyte count, 
we found that smoking was weakly associated with MPO-DNA complex levels (β -0.05 
mAU/mL, 95% CI -0.10;-0.00). In participants in the age category 55-65 years, we found 
that smoking was weakly associated with MPO-DNA complex (β -0.08 mAU/mL, 95% CI 
-0.15;-0.01). In the age category 65-75 years, the use of lipid-lowering drugs was more 
important (β -0.09 mAU/mL, 95% CI -0.17;-0.01) and in participants >75 years, HDL levels 
(β -0.12 mAU/mL, 95% CI -0.21;-0.04) and a history of CHD (β -0.12 mAU/mL, 95% CI 
-0.23;0.00) were only weak determinants of MPO-DNA complex levels. When analyzing 
men and women separately, we found that a history of CHD was a weak determinant for 
MPO-DNA complex levels in men (β -0.14 mAU/mL, 95% CI -0.22;-0.05), but not in women 
(β -0.07 mAU/mL, 95% CI -0.21;0.08). On the other hand, MPO-DNA complex levels were 
weakly associated with HDL levels in women (β -0.09 mAU/mL/ mmol/L, 95% CI -0.14;-
0.03), but not in men (β -0.03 mAU/mL/ mmol/L, 95% CI -0.11;0.05). Subgroup analysis 
in participants with and without any comorbidities, showed a weak inverse association 
between MPO-DNA complex levels and age (respectively, difference per 10 year increase 
-0.03 mAU/mL, 95% confidence interval (CI) -0.05;-0.00 and difference per 10 year in-

crease -0.07 mAU/mL, 95% confidence interval (CI) -0.12;-0.02). When we added age, a 
history of CHD, the use of lipid-lowering drugs and levels of HDL to the same model, all 
variables remained significant, although the associations were weak.

MPO-DNA complex plasma levels are not associated with inflammatory, 
immunology and coagulation markers

MPO-DNA complex levels were not associated with levels of C-reactive protein (CRP), 
Von Willebrand Factor (VWF), ADAMTS13, or fibrinogen (Table 2, Supplemental Table 
1). There was a weak correlation between NETs and leukocyte count (Rs=0.03, p=0.02). 
However, in regression analyses, MPO-DNA complex levels were not associated with the 
concentration of leukocytes (β 0.01 mAU/mL /*10-9/L, 95% CI -0.00-0.02), indicating that 
the amount of NETs were not influenced by the number of leukocytes. In the exploratory 
analysis among the subset of 1208 participants in whom an extended panel of inflam-

matory markers was measured, MPO-DNA complex levels were weakly associated with 
TNFα (β 0.02 mAU/ml/ pg/mL, 95% CI 0.00-0.04) and IgM (β 0.11 mAU/mL/ g/L, 95% CI 
0.05-0.17) (Table 3, Supplemental Table 3).
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DISCUSSION

In this population-based cohort study we found negative associations between MPO-
DNA complex levels and age, HDL levels, the use of lipid-lowering drugs and a history 
of CHD. Although these associations were significant, the effects of these determinants 
on NETs levels were only mild. We found no associations with markers of inflammation, 
immunology or coagulation. To our knowledge, this is the first study that investigated 
the association between demographic and clinical characteristics and plasma markers 
of NET formation in the general population.

Although the effect was limited, we observed a small decrease in levels of MPO-DNA 
complex with advancing age, which was independent of the presence of comorbidities. 
In previous studies, it has been described that the occurrence of inflammatory diseases 
promotes NET formation. For instance, higher levels of NETs are found in type 2 diabetes 
mellitus20, heart failure21 and thrombosis3. Since the presence of comorbidities increase 

Table 3. Associations between MPO-DNA complex and inflammatory and immunology markers in a subset of 1208 
individuals of RS-I-3.

Univariate

mean difference (95% CI)
p-value Multivariate

Age and sex adjusted

mean difference (95% CI)

p-value

Complement factor C3 (g/L) -0.01 (-0.25;0.24) 0.97 -0.00 (-0.25;0.25) 0.98

IgA (g/L) -0.03 (-0.15;0.09) 0.59 -0.02 (-0.15;0.10) 0.75

IgE (g/L) 0.00 (0.00;0.00) 0.32 0.00 (0.00;0.00) 0.26

IgM (g/L) 0.11 (0.05;0.17) <0.01 0.11 (0.05;0.17) <0.01

IL-1beta (pg/mL) 0.06 (-0.05;0.16) 0.28 0.06 (-0.04;0.16) 0.26

IL-1ra (pg/mL) -0.00 (-0.00;0.00) 0.85 -0.00 (-0.00;0.00) 0.86

IL-3 (pg/mL) 0.03 (-0.48;0.54) 0.91 0.04 (-0.47;0.55) 0.89

IL-4 (pg/mL) -0.00 (-0.00;0.00) 0.14 -0.00 (-0.00;0.00) 0.15

IL-5 (pg/mL) 0.00 (-0.00;0.00) 0.61 0.00 (-0.00;0.00) 0.60

IL-7 (pg/mL) 0.00 (-0.00;0.00) 0.52 0.00 (-0.00;0.00) 0.55

IL-8 (pg/mL) 0.00 (-0.00;0.01) 0.53 0.00 (-0.00;0.01) 0.49

IL-10 (pg/mL) -0.00 (-0.01;0.01) 0.90 -0.00 (-0.01;0.01) 0.89

IL-12p70 (pg/mL) 0.00 (0.00;0.00) 0.04 0.00 (0.00;0.00) 0.46

IL-13 (pg/mL) -0.00 (-0.00;0.00) 0.19 -0.00 (-0.00;0.00) 0.19

IL-15 (pg/mL) 0.07 (-0.14;0.28) 0.53 0.07 (-0.15;-0.28) 0.54

IL-16 (pg/mL) 0.00 (0.00;0.00) 0.13 0.00 (0.00;0.00) 0.10

IL-17 (pg/mL) 0.01 (-0.00;0.02) 0.08 0.01 (-0.00;0.02) 0.07

IL-18 (pg/mL) 0.00 (0.00;0.00) 0.78 0.00 (0.00;0.00) 0.83

TNFα (pg/mL) 0.02 (0.00;0.04) 0.04 0.02 (0.00;0.04) 0.04

MPO-DNA complex levels were log-transformed. IL: interleukin, Ig: immunoglobulin, TNF: tumor necrosis factor.



121

with age, it would be expected that also NETs levels increase with age. However, in this 
study we observed the opposite. An age-related decline of NET formation has also been 
described in several in vivo and in vitro studies. In mice, neutrophils from older mice 
exposed to methicillin-resistant Staphylococcus aureus, have lower levels of NETs than 
neutrophils isolated from young mice.9 Accordingly, Xu et al. reported lower levels of 
NETs in aged mice and found that a defect in Atg5-related autophagy may contribute to 
this decrease.22 Also in elderly patients with periodontitis, NET formation in neutrophils 
is lower than in younger controls.10 It could be that in some diseases the NETs levels 
indeed increase compared to healthy controls, but that neutrophils lose the ability to 
form large amounts of NETs with increasing age, irrespective of the presence of comor-

bidities. It is known that the elderly have an overall increased susceptibility to infection 
and also have a suboptimal immune response after vaccination.23-25 Immunosenescence 
is part of the aging process and also effects neutrophil function.26 Since neutrophil func-

tion decreases with age, the formation of NETs could possibly also be decreased.

In this study, we found some weak associations between NETs and CVD risk factors, such 
as HDL, history of CHD and the use of lipid lowering drugs. The precise mechanisms 
behind these associations remain unknown. In case of HDL and lipid lowering drugs, a 
possible anti-inflammatory effect might play a role.27,28 In previous studies on patients 
with CVD, the role of NETs have already been well described. For instance, in patients 
with coronary atherosclerosis, high NETs levels were associated with major adverse 
cardiovascular events.4 Also, in patients with an acute ST-elevation MI (STEMI), NETs 
are elevated in the acute phase.29 The main difference between previous studies and 
our study, is that we measured NETs in a community dwelling population which cannot 
directly be compared to case-control studies in patients with active or acute disease. 
In addition, in case-control studies, specific patient groups are selected with certain 
disease characteristics and disease severities. In this study, such a selection was not 
present and individuals with minor disease as well as severe disease were all included.

Since CRP is an acute phase protein and a marker of overall inflammation, we expected 
to find a relation between CRP and MPO-DNA complex levels, but surprisingly found no 
evidence of this in our population. Although NETs are also formed in several chronic 
diseases, high amounts of NETs are formed in an acute event.30 In this first population 
study on NETs levels, only a small percentage of participants experienced a recent acute 
event. Most participants were in a steady inflammatory state, as can also be derived 
from the low CRP levels in this population. This could explain the low levels of MPO-
DNA complex in this study. Also, leukocyte counts were not associated with MPO-DNA 
complex levels. This adds to a previous study performed in patients with an acute ST-
elevation MI (STEMI), MPO-DNA complex levels only correlated with the total leukocyte 
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count in the acute phase and not in the stable phase, 3 months after the event.29 In an 

extended panel of inflammatory and immunology markers in a subset of participants, 
we found a positive association with TNFα which is known to be involved in innate 
immunity, and with an immunoglobulin linked to adaptive immunity (IgM). In a recent 
systematic review, TNFα was found to function as an inducer of NET formation in five out 
of seven studies.17 However, there is no literature on IgM as a potential inducer of NET 
formation. The underlying mechanism driving the associations between IgM and MPO-
DNA complexes, may be the result of neutrophil activation and subsequent initiation of 
adaptive immunity.

On the basis of prior studies3,31, we anticipated to find a link between NET formation 
and coagulation factors like VWF, ADAMTS13, and fibrinogen. VWF is released from en-

dothelial cells as a result of NETs induced endothelial injury. VWF directly binds to the 
negatively charged DNA network of the NETs and thereby immobilizes NETs to the vessel 
wall, while at the same time platelets bind to the NETs and become activated, perpetu-

ating the prothrombotic nature of NETs.3,31 One possible explanation for why we found 
no association with coagulation in our study, is the absence of an acute inflammatory 
state in this population. According to the ‘immunothrombosis’ hypothesis, NETs activate 
the coagulation system in response to blood-borne pathogens.32 These conditions are 
present in only a small proportion of the general population, as evidenced by the low 
levels of CRP in our study.

Here, we measured MPO-DNA complex levels as marker for the presence of NETs in 
plasma. MPO-DNA complex is currently considered the most specific, objective and 
quantitative assay for monitoring NET formation.33 These complexes are remnants of 
NETs and are formed during the process of NET formation, when MPO binds to nuclear 
DNA and synergizes with neutrophil elastase (NE) in decondensing chromatin.34 Subse-

quently, intracellular DNA forms a complex with MPO and other antimicrobial proteins 
(i.e. NE) and is being released from the neutrophil to form NETs. Besides MPO-DNA com-

plex, another widely used marker for NET formation is citrullinated histone 3 (CitH3). An 
important step for NET formation is decondensation of chromatin which is promoted by 
different proteins, including MPO and protein-arginine deiminase type 4 (PAD4).35 PAD4 
is a nuclear enzyme that citrullinates arginine. CitH3 is a marker of this PAD4-dependent 
pathway of NET formation. In addition, phosphoinositide 3-kinase (PI3K) is also required 
for the formation of NETs, implicating the importance of the autophagy pathway.36 This 
is supported by a study in promyelocytes that lack the autophagy-associated protein 
ATG7, where a decrease in NET release was observed.37 Where CitH3 is only a marker for 
the PAD4-dependent pathway of the formation of NETs, MPO-DNA complex also repre-

sents the autophagy pathway. In a subset of participants, we measured both MPO-DNA 



123

complex and CitH3 to investigate the correlation between the two markers in plasma. 
However, we found that MPO-DNA complex and CitH3 were not correlated in a small 
subset of the general population where there is no acute inflammation (Supplemental 

Figure 3).

The main strength of this study, is that this is the first study that measured MPO-DNA 
complex levels in a very large community dwelling population and investigated the 
association with several known CVD risk factors. Although we were unable to demon-

strate a clinical relevant association between NETs and any of the CVD risk factors, the 
findings of this study are still of importance to identify the role of NETs on population 
level. A possible limitation of this study is that most participants had very low levels of 
MPO-DNA complex (<100 mAU/mL). This limited variability might have hampered the 
identification of determinants of NET formation in this population. Also, the differences 
in MPO-DNA complex levels between participants with and without prevalent CVD were 
small. However, in previous studies on CRP levels and the risk of CVD, small elevations 
in CRP levels within the normal reference range have been shown to be associated with 
CHD.38-40 Thus, this indicates that low grade inflammation is a risk factor for CHD. We 
therefore hypothesized that low levels of NETs, within the normal range, may be of 
biological relevance. Another limitation of this study is the possibility of confounding 
factors. For this study, we were interested in identifying determinants of NETs levels. 
When adjusting for possible confounders, there is a risk of over-adjusting, resulting in 
the inability to identify possible determinants. This in in contrast to studies focusing on 
disease risk, where it is customary to adjust for possible confounders. Although the as-

sociations we found in this study were significant, it is doubtful that these associations 
are of clinical relevance. This may suggest that NETs are more important in the acute 
phase of disease than in a steady state situation. Future studies focusing on determin-

ing reference values of MPO-DNA complex should be conducted to investigate clinical 
relevance of given values.

CONCLUSIONS

Older age, a history of coronary heart disease, the use of lipid-lowering drugs and higher 
HDL-cholesterol are weakly correlated with lower plasma levels of NETs. The findings 
of this study demonstrate that the effect of CVD risk factors on NETs levels in a general 
population is limited and may not be of clinical relevance. This emphasizes that NETs 
may play a more important role in an acute phase of disease than in a steady state situ-

ation.
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SUPPORTING INFORMATION

Supplemental Figure 2. Circadian rhythm of MPO-DNA complex levels during daytime.

Levels of MPO-DNA complex between 8 AM and 4 PM. Data are presented as median and 25th-75th percentiles. The Y-axis 
was log-transformed.

Supplemental Figure 1. Typical example of a reference curve used for MPO-DNA complex ELISA.

Curve of the reference line from an ELISA plate. Blood samples were measured in duplicates.
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Supplemental Figure 3. Correlation between MPO-DNA complex and citrullinated histone H3.

Correlation between MPO-DNA complex (mAU/mL) and citrullinated histone H3 (ng/mL) in a random subset (n=35) of the 
general population.
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Supplemental Table 1. Correlations between MPO-DNA complex and clinical characteristics.

Correlation coefficient p-value

Age (years) -0.07 <0.01

Sex (male versus female) -0.02 0.12

Current smoking (current versus never) -0.00 0.80

BMI (kg/m2) 0.02 0.12

Systolic blood pressure (mmHg) -0.03 0.03

Hypertension -0.04 <0.01

Diabetes Mellitus -0.02 0.08

History of CVD
- History of CHD
- History of stroke

-0.03

-0.04

-0.00

0.01

<0.01
0.92

Antithrombotic medication -0.02 0.08

Lipid-reducing agents -0.04 <0.01

Blood measurements

Total cholesterol (mmol/L) -0.00 0.76

HDL (mmol/L) -0.05 <0.01

Glucose (mmol/L) -0.01 0.63

CRP (mg/L) -0.01 0.66

Leukocytes (*10-9/L) 0.03 0.02

Fibrinogen (g/L) -0.01 0.61

VWF (IU/mL) 0.00 0.95

ADAMTS13 (%) 0.00 0.78

CVD: cardiovascular disease, CHD: coronary heart disease. HDL: high density lipoprotein, CRP: C-reactive protein, VWF: 
Von Willebrand Factor, ADAMTS13: a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13



131

Supplemental Table 2. MPO-DNA complex levels in CVD risk factors.

MPO-DNA complex

(mAU/mL)

p-value

Sex Male (n=2796)
Female (n=3633)

54 (42-88)
53 (42-85)

0.13

Current smoking Yes (n=1111)
No (n=5249)

53 (43-85)
53 (42-87)

0.81

BMI, kg/m2 <30 (n=5124)
≥30 (n=1234)

53 (42-87)
53 (43-87)

0.61

Hypertension Yes (n=4376)
No (n=2019)

53 (41-85)
55 (44-89)

<0.01

Diabetes Mellitus Yes (n=751)
No (n=5680)

52 (41-81)
54 (42-87)

0.09

History of CHD Yes (n=413)
No (n=5961)

51 (38-78)
53 (43-87)

<0.01

History of stroke Yes (n=254)
No (n=6174)

53 (43-79)
53 (42-87)

0.93

Lipid-reducing agents Yes (n=816)
No (n=5613)

52 (40-79)
54 (43-88)

<0.01

Total cholesterol, mmol/L <6.5 (n=4990)
≥6.5 (n=1437)

53 (42-87)
53 (42-86)

0.62

HDL, mmol/L <1.5 (n=4290)
≥1.5 (n=2068)

55 (43-90)
51 (41-80)

<0.01

Data are presented as median and 25th-75th percentiles. BMI: body mass index, CHD: coronary heart disease, HDL: high-
density lipoprotein.
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Supplemental Table 3. Correlations between MPO-DNA complex and inflammatory and immunology markers in a 
subset of 1208 individuals of RS-I-3.

Correlation coefficient p-value

Complement factor C3 (g/L) -0.01 0.79

IgA (g/L) -0.07 0.02

IgE (g/L) -0.01 0.65

IgM (g/L) 0.20 <0.01

IL-1beta (pg/mL) 0.02 0.61

IL-1ra (pg/mL) 0.02 0.58

IL-3 (pg/mL) -0.05 0.12

IL-4 (pg/mL) -0.08 <0.01

IL-5 (pg/mL) -0.06 0.03

IL-7 (pg/mL) -0.01 0.64

IL-8 (pg/mL) -0.01 0.75

IL-10 (pg/mL) -0.01 0.87

IL-12p70 (pg/mL) 0.03 0.36

IL-13 (pg/mL) -0.07 0.02

IL-15 (pg/mL) 0.00 0.92

IL-16 (pg/mL) 0.03 0.27

IL-17 (pg/mL) 0.07 0.02

IL-18 (pg/mL) 0.01 0.63

TNFα (pg/mL) 0.06 0.05

IL: interleukin, Ig: immunoglobulin, TNF: tumor necrosis factor.
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GENERAL DISCUSSION

The aim of this thesis was to study the role of hemostasis and inflammatory biomarkers 
in the pathogenesis of cardiovascular diseases, with a specific focus on ischemic stroke, 
and to obtain more insight in the underlying mechanisms. In this thesis, we focused on 
some interesting and promising biomarkers. The results of these studies will provide 
recommendations and will guide future studies on biomarkers in ischemic stroke pa-

tients included in the ‘Collaboration for New Treatments on Acute Stroke’ (CONTRAST) 
trials.

Biomarkers in Acute Ischemic Stroke

Despite the development of new treatment strategies in ischemic stroke, the functional 
outcome of most ischemic stroke patients remains poor.1 As part of the CONTRAST con-

sortium, we set up a biobank to collect blood samples and thrombi of ischemic stroke 
patients who are included in one of the CONTRAST trials. In this study we aim to gain 
more knowledge on stroke pathogenesis and determinants of clinical outcome after 
ischemic stroke. These results may provide new targets for treatment of ischemic stroke 
patients or may identify patients at risk for poor clinical outcome, which gives clinicians 
the opportunity to start additional or alternative treatment.

To provide more input on possible interesting biomarkers that could be measured in 
plasma from the CONTRAST biobank, we performed several studies, including a system-

atic review, case-control studies and population studies. The studies performed in this 
thesis yielded several interesting hemostasis and inflammation biomarkers, including 
von Willebrand factor (VWF) (Chapter 4), A Disintegrin And Metalloprotease with Throm-

boSpondin motif repeats 13 (ADAMTS13) (Chapter 2 and 4), fibrinogen, fibrinogen ƴ’ 
(Chapter 4), plasminogen activator inhibitor 1 (PAI-1) (Chapter 2), thrombin generation 
parameters (Chapter 2 and 3) and neutrophil extracellular traps (NETs) (Chapter 5, 6 

and 7). Although we found some promising results, there are still a lot of challenges to 
be considered in biomarker research in acute ischemic stroke, which will be discussed 
in the following sections.

Challenges and considerations for biomarker use in ischemic stroke

Despite the growing demand for plasma biomarkers in ischemic stroke, to find suitable 
biomarkers remains challenging. Since stroke is such a heterogeneous disease with 
a complex pathophysiology, the main problem with stroke biomarker research is the 
lack of a gold standard as diagnostic or prognostic tool.2 Because of this heterogeneity, 
to find a single biomarker that is predictive for large groups of patients with different 
pathophysiology, may be impossible.
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Another question that should be considered is whether a biomarker that is produced 
locally is also reflected systemically. For example, inflammation and activation of the 
coagulation system resulting in thrombus formation, could well be a local process and 
could therefore not be detectable in plasma collected by peripheral venipuncture. Also, 
brain tissue-specific biomarkers may not enter the systemic circulation in the same 
extent as they are produced locally, because of the blood-brain barrier. Interpreting 
biomarker levels could therefore be complicated.

Optimal time point(s) for biomarker measurement

Depending on the research question, different time points may be interesting. A bio-

marker measured before the initial event may provide information about pathophysi-
ological pathways of cardiovascular disease and could potentially be used to predict the 
risk of stroke in an individual patient. In case of an increased risk of (recurrent) ischemic 
stroke, preventive treatment can be prescribed by the treating physician.

A biomarker measured before the initiation of treatment could be helpful in the diag-

nostic process, selecting the optimal reperfusion treatment or could be of interest when 
investigating stroke pathogenesis. On the other hand, when a biomarker is assessed 
right after reperfusion treatment, information about short-term treatment effect could 
be obtained. Additional (antithrombotic) treatment can then be administered based on 
biomarker levels. Also, ideally a biomarker might render the possibility to assess the risk 
of hemorrhagic transformation after reperfusion.

When measuring a biomarker a few months after the event, when the acute phase is 
subsided, the possible steady state before the event could be mimicked. Thereby pro-

viding information about possible pathophysiological mechanisms involved in stroke. 
For instance, it is known that both fibrinogen and VWF are high in the acute phase of the 
event.3,4 Measuring biomarkers in the acute phase would therefore give a distorted view 
on pathophysiological mechanisms leading to ischemic stroke. Both the ‘Genetic risk 
factors for Arterial Thrombosis at a young age: the role of TAFI and other Coagulation 
factors’ (ATTAC) study and the Plaque-At-RISK (PARISK) study used a cross-sectional 
approach. One of the main disadvantages of this study design, is that it is difficult to de-

termine causality. Although we assumed that hemostasis biomarkers were normalized 
and represented the situation before the event, it could also be that the results we found 
were influenced by the disease, independent of absence of inflammation. Therefore, a 
prospective cohort study with multiple biomarker measurements over time, would give 
more insight in causal mechanisms. Also, serial biomarker measurement could be of 
interest, when levels of a certain biomarker increase or decrease after treatment, this 
could potentially give an indication of treatment effect. Different time points may also 
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be selected depending on the biomarker of interest. For instance, tissue plasminogen 
activator (tPA) levels are high when measured right after thrombolysis therapy. It would 
therefore be more useful to measure this biomarker right before or a few hours after 
treatment.

Neutrophil Extracellular Traps (NETs) in Cardiovascular Disease

Since most studies on NETs levels in CVD are performed in the acute phase of an event 
when NETs levels are high, we were also interested if NETs were associated with car-

diovascular risk factors in a stable situation without massive inflammation or acute 
cardiovascular events. For instance, in studies on C-Reactive Protein (CRP) levels and 
the risk of CVD, small elevations in CRP levels within the normal reference range was 
associated with CVD.5-7 Targeting CRP levels with rosuvastatin in healthy individuals 
without hyperlipidaemia, reduced the incidence of major cardiovascular events.8 We 
hypothesized that this could also be translated to NETs. If NETs show an association 
with an increased risk of CVD, it could be interesting to target NET formation in order to 
prevent cardiovascular events.

Methodological considerations in NETs research

We found that NETs levels were very low in the general population. Since NETs are 
mainly an inflammatory marker, the absence of acute phase of disease may have led to 
this low levels. Although we found that high baseline NETs levels were associated with 
an increased risk of stroke in women, we did not find this in men (Chapter 7). However, 
this does not mean that NETs levels are not a contributing factor in thrombus formation 
in the acute phase in men. Therefore, measuring NETs in the acute phase may provide 
more useful information than years before the initial event in a population study. In that 
context, it could be debated if measuring NETs in the general population would be fea-

sible to prevent CVD in a significant group of individuals. Targeting overall inflammation 
in individuals at risk of CVD based on preexisting comorbidities, would possibly be more 
effective than to target NETs alone. Nevertheless, from a pathophysiological point of 
view our results remain interesting.

A possible explanation for the low NETs levels in our study could also be pre-analytical 
conditions of the blood samples. For instance, the amount of deoxyribonuclease (DN-

Ase) that is present in plasma may be of importance as DNAse is known to break down 
extracellular DNA. There is indeed evidence that DNAse I plays a crucial role in NET 
degradation and hence in DNA release in vivo.9,10 In a study of thrombi retrieved from 
ischemic stroke patients, the addition of recombinant DNAse I accelerated tPA-induced 
thrombolysis.11 However, this process takes hours12 and blood samples of participants 
were generally processed and snap frozen within 2 hours after blood collection. Also, 
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in studies performed in critically ill COVID-19 patients, NETs levels are high13, suggest-

ing that DNAse has a limited effect on degradation of NETs in an acute inflammatory 
state. Nevertheless, the effect of DNAse on NETs levels in plasma could not completely 
be ruled out. Therefore, measuring, neutralizing and adjusting for DNAse levels could 
provide a more reliable estimate of the effect of NETs on CVD.

Plasma biomarkers of circulating NETs

We measured myeloperoxidase (MPO)-DNA complexes as a marker of NETs in the Rot-

terdam study. Currently, there is no golden standard for assessing NETs levels in plasma. 
However, MPO-DNA complex is currently considered the most specific, objective and 
quantitative assay for NETs in plasma14. These complexes are remnants of NETs and 
are formed during the process of NET formation, when MPO binds to nuclear DNA and 
synergizes with neutrophil elastase (NE) in decondensing chromatin15. Subsequently, 
intracellular DNA forms a complex with MPO and other antimicrobial proteins (i.e. NE) 
and is being released from the neutrophil to form NETs. DNA complexed to MPO is there-

fore seen as NETs specific. However, as DNA is negatively charged, it could be debated if 
DNA could also form a complex with MPO extracellularly. In that case, MPO-DNA complex 
could also be a marker of apoptosis or degranulation of neutrophils. The ability of circu-

lating DNA to form complexes with MPO, should be further investigated to fully accept 
MPO-DNA complex as the most specific marker for the presence of NETs.

Another widely used marker for NETs is citrullinated histone 3 (CitH3), a marker of the 
protein-arginine deiminase type 4 (PAD4)-dependent pathway of NET formation. PAD4 
is a nuclear enzyme that citrullinates arginine and decondenses chromatin16. CitH3 in 
plasma can be quantified by an ELISA. Currently used antibodies are not completely 
specific for citH3 as they also bind free histones and thereby potentially blocking bind-

ing sites.17 However, free histones have been shown to have a very rapid degradation 
with a half-life of 4.6 min.18 It is therefore hypothesized that citrullinated histones that 
are protected by surrounding DNA in nucleosomes as is the case in circulating NETs, are 
protected from degradation, and bind to the antibodies, excluding a possible portion of 
free CitH3 in plasma.17

Where CitH3 is only a marker for the PAD4-dependent pathway of the formation of NETs, 
MPO-DNA complex also represents the autophagy pathway. That this pathway is also 
important for NET formation was supported by a study in promyelocytes that lack the 
autophagy-associated protein ATG7, where a decrease in NET release was observed.19 

In addition, phosphoinositide 3-kinase (PI3K) an important enzyme for the autophagy 
pathway, is also required for the formation of NETs.20
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To investigate the correlation between MPO-DNA complex levels and CitH3, we mea-

sured both NETs markers in 35 participants of the Rotterdam Study with a range of low 
and high MPO-DNA complex levels. We found that both markers were not correlated 
with each other. We hypothesize that the PAD4-pathway of NET formation, which can 
be measured by citH3, is less important for NET formation in absence of acute inflam-

mation. The PAD4-pathway is dependent on reactive oxygen species (ROS) generated by 
NADPH oxidase 2 (NOX).15 ROS also play an important role in acute inflammation. This 
mechanism of NET formation is also called NOX-dependent NET formation and usually 
results in cell death of the neutrophil.21 Another form of NET formation, which is inde-

pendent of NOX and PAD4, is NOX-independent NET formation or vital NET formation. 
During this process NETs are released without cell death of the neutrophil.22 Since PAD4 
is not involved in this pathway of NET formation, citH3 is not formed. On the other hand, 
MPO-DNA complexes are formed in both pathways. This may explain why we did not find 
a correlation between the two markers in our study. The fact that the NOX-dependent 
pathway does not seem to play an important role in absence of inflammation was also 
supported by the results of our GWAS study. Here, we found mainly genetic variants 
that were involved in the autophagy pathway of NET formation and not with the PAD4-
dependent pathway.

Although both CitH3 and MPO-DNA complex have their pros and cons, we are convinced 
that MPO-DNA complex gives a more complete estimate of the presence of NETs in 
plasma. Future studies should focus on the correlation between MPO-DNA complex and 
citH3 in the acute situation to fully understand the role of both markers in the detec-

tion of NETs. Furthermore, standardization and validation of both assays are necessary 
before these tests can be used in clinical practice.

Clinical implications of biomarker research

The findings in this thesis provide new insights in the role of hemostasis and inflamma-

tory biomarkers in the pathogenesis of cardiovascular disease. Our results were mainly 
of an exploratory nature and should be validated in other prospective studies as well as 
in the CONTRAST trials. One of our aims was to study the association between NETs and 
cardiovascular disease as prospective studies were still lacking. We found that high lev-

els of NETs were associated with an increased risk of stroke in women. Therefore, NETs 
can be considered as a risk marker for stroke in women. Potential therapeutic options 
that target NETs could be beneficial. However, additional studies need to determine the 
role of NETs in cardiovascular disease and potential therapies for treatment of ischemic 
events as well as primary or secondary prevention.
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There is growing evidence that deoxyribonuclease I (DNAse I) plays a crucial role in NET 
degradation.9,10 Several studies have shown that targeting NETs ex vivo with the addition 
of DNAse I to thrombolytic therapy improved the resolution of the thrombus.11,23 It is 
not yet known if DNAse I treatment in patients is safe and would lead to better clini-
cal outcomes. Instead of degradation of NETs, another therapeutic option would lie in 
targeting the synthesis of NETs. However, as the results of our genome-wide association 
study (GWAS) indicates, there is not one particular pathway for NET formation (Chapter 

5). This is not surprising, as inflammation itself is known to be a multifactorial process, 
were multiple factors and genes are involved. Also, a previous study that investigated 
whether transcriptional firing helps to drive NET formation, found that the loci of tran-

scriptions were distributed throughout the entire genome during NET formation.24 In 

accordance with our study, this implicates that NET formation is a multifactorial process 
with the involvement of several genes located on different chromosomes.

We also investigated the effect of thrombin generation on a first ischemic stroke or TIA in 
a young population and we found that a hypercoagulable thrombin generation pattern 
was associated with ischemic stroke. As discussed earlier, since blood samples were 
taken 3 months after the event, it is difficult to draw conclusions on causality. However, 
hypercoagulability could also serve as a risk factor for recurrent disease, and therefore 
assessing thrombin generation after the event, might predict recurrence. This is not yet 
studied and should be thoroughly investigated before thrombin generation can be used 
as a marker for secondary prevention of ischemic stroke. Also, thrombin generation 
assays are currently only used in research settings, mainly because of standardization 
issues.25 For instance, pre-analytical conditions are critical for the outcome of the as-

say.26 To use this test in the clinical setting, a standardized protocol with clear defined 
reference ranges should be established.

In addition, we found that fibrinogen and fibrinogen ƴ’ were associated with character-

istics of a vulnerable atherosclerotic plaque of the carotid arteries and could therefore 
possibly be used as a marker of high risk lesions in patients with known atherosclerotic 
disease. The clinical utility should be further assessed in future studies.

Recommendations for future (CONTRAST) research

The ultimate goal is to find new biomarkers for risk prediction and therapeutic targets 
for ischemic stroke and other cardiovascular diseases. We investigated the association 
between NETs, thrombin generation, VWF, ADAMTS and fibrinogen (ƴ’) and ischemic 
stroke. Although we found significant associations, our findings should be confirmed 
in additional prospective studies. The ultimate study design would be a prospective 
cohort study with measurement of multiple hemostasis and inflammatory biomarkers 
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in relation to clinical outcomes including recurrent stroke. Preferably biomarkers would 
be measured at multiple time points before a first event and during the acute phase. The 
latter is currently investigated as part of the CONTRAST.

Moreover, the possibility of multiple biomarkers representing different pathways of 
cardiovascular disease pathogenesis should be assessed. Especially ischemic stroke is 
a multifactorial process, and lots of biomarkers from different pathways have been in-

vestigated. Therefore, to find a single biomarker would probably be impossible. Studies 
investigating a panel of well-defined biomarkers from different pathways are necessary 
to prove its usability in predicting risk of ischemic stroke or clinical outcomes. One 
could also consider composing a different set of biomarkers for each stroke subtype. To 
investigate multiple, but also novel biomarkers in relationship to ischemic stroke, mass 
spectrometry (MS) could be a solution.27 During the last two decades, advances in MS 
have enabled the identification and quantification of thousands of proteins in a single 
run.28 Application of MS for the identification of stroke-related biomarkers provides 
unprecedented opportunities for unbiased biomarker discovery. Currently, we are plan-

ning to use MS on patient plasma in a subgroup of CONTRAST. Candidate biomarkers 
that are identified with MS could then be validated with ELISA in the total cohort.

The possibility of incorporating biomarkers in clinical risk scores for ischemic stroke 
are also worth investigating. The effectiveness of such scores have already been proven 
in risk assessment for cardiovascular mortality29 or in cardiovascular diseases, such as 
atrial fibrillation30 and myocardial infarction31.

Regarding future research on NETs and ischemic stroke, it would be of interest to study 
the association between NETs and clinical outcome after an ischemic event. This has 
already been investigated in one study in patients with acute ischemic stroke, where 
the authors found that patients who died from all causes had significantly higher citH3 
levels at onset than patients who survived.32 The relationship between NETs levels and 
ischemic stroke recurrence would be of added value for possible secondary preventive 
treatment and should be further investigated.

Also, clinical studies investigating additional treatments to target NETs should be per-

formed. The effect of heparin on NETs has previously been studied in animal studies, 
where they found that heparin dismantled the NET scaffold and prevented thrombus 
formation.33 A possible negative effect of heparin treatment is the occurrence of hemor-

rhagic transformation. To target NETs without affecting hemostasis would be a more 
beneficial approach. Therefore, the effect of DNAse I on NETs should be further inves-

tigated. At this moment, only animal studies or ex vivo studies have been performed. 
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Phase 1 and 2 studies on feasibility and safety followed by randomized-controlled trials 
are necessary to study DNAse I treatment in humans.

In this thesis, we also investigated genetic variants that were associated with NETs 
levels. Since this was the first genetic association study, we had no secondary cohort to 
replicate our findings. This is necessary to draw stronger conclusions on potential mo-

lecular pathways for NET formation and may also lead to the identification of additional 
genetic variants. Therefore, further genetic studies should be performed to validate our 
results. Subsequently, experimental trials should be performed to give more insight in 
the causality of these genes in NET formation. If this has been established, therapeutic 
studies targeting these genes in patient groups could be of additional value.

Challenges and recommendations for biobank studies

One major part of my PhD project was to construct and manage the CONTRAST biobank. 
Here, we store plasma samples and thrombi of patients included in the CONTRAST trials. 
We did this by setting-up an infrastructure in the participating centers for accurate sam-

pling, processing and storage of materials. My main task was to organize and supervise 
the logistics and procedures for the collection, storage and registration of the samples. 
This came with several challenges.

First, facilitating blood sample collection by nurses or physicians from study patients. 
Especially, in an acute setting where patients benefit from rapid treatment, it is some-

times difficult to incorporate an extra blood sampling into the clinical workup. Another 
important issue to take into account is the possible selection bias that arises when pa-

tients develop hemorrhagic transformation or other complications and die before blood 
sampling could take place. This could result in the under- or overestimation of the effect 
of specific biomarkers on clinical outcome. When analyzing the data, this should be 
taken into account and statistical adjustments should be made in order to minimize the 
effect of bias.

A second important challenge is consistent and standardized sample processing by local 
laboratories. Although we argued for an uniform laboratory protocol for all participat-

ing centers, this turned out to be more challenging than expected. For instance, not all 
laboratories were able to process blood samples after working hours, because of short-

age of personnel. Also, the two-hour window for processing of material was not always 
attained, especially after office hours. A maximum delay between blood collection 
and coagulation testing of 4 hours is recommended by most guidelines.34,35 However, 
other studies suggest that several routine coagulation tests can be reliably measured in 
citrated tubes stored at room temperature for up to 8 hours after blood collection.36,37 
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As most blood samples were processed within 4 hours, this would not have a significant 
contribution on biomarker levels. To include as much biobank material of study patients 
as possible, it is important that customized protocols are made according to logistics of 
individual centers to optimize blood sampling and processing.

Lastly, a well-structured anonymized database should be constructed that provides 
information on date, time and time point of sampling and its exact storage location. For 
the CONTRAST studies, we designed a laboratory application form. In order to minimize 
the loss of patient data due to incomplete forms, it is advised to instruct clinicians and 
nurses and to highlight important subjects on the application form. At this moment the 
CONTRAST biobank is integrated in the central biobank storage of the Erasmus Medical 
Center. Samples are registered in a regularly used laboratory software program which 
is easily accessible and provides an instant overview of stored material in the biobank. 
In the future this program could be incorporated in local laboratories which facilitates 
overviews of current biobank inclusions in all participating centers.



Chapter 8  |  General discussion

164

REFERENCES

 1. Berkhemer OA, Fransen PS, Beumer D, et al. A randomized trial of intraarterial treatment for 
acute ischemic stroke. N Engl J Med. 2015;372(1):11-20.

 2. Makris K, Haliassos A, Chondrogianni M, Tsivgoulis G. Blood biomarkers in ischemic stroke: po-

tential role and challenges in clinical practice and research. Crit Rev Clin Lab Sci. 2018;55(5):294-
328.

 3. Luyendyk JP, Schoenecker JG, Flick MJ. The multifaceted role of fibrinogen in tissue injury and 
inflammation. Blood. 2019;133(6):511-520.

 4. Kawecki C, Lenting PJ, Denis CV. von Willebrand factor and inflammation. J Thromb Haemost. 

2017;15(7):1285-1294.
 5. Lawlor DA, Harbord RM, Timpson NJ, et al. The association of C-reactive protein and CRP 

genotype with coronary heart disease: findings from five studies with 4,610 cases amongst 18,637 
participants. PLoS One. 2008;3(8):e3011.

 6. Xie M, Xie D, Yang Y, et al. Association of high-sensitivity C-reactive protein in middle-aged and 
elderly Chinese people with hyperuricaemia and risk of coronary heart disease: a cross-sectional 
study. BMJ Open. 2019;9(10):e028351.

 7. Zhuang Q, Shen C, Chen Y, et al. Association of high sensitive C-reactive protein with coronary 
heart disease: a Mendelian randomization study. BMC Med Genet. 2019;20(1):170.

 8. Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to prevent vascular events in men and 
women with elevated C-reactive protein. N Engl J Med. 2008;359(21):2195-2207.

 9. Jimenez-Alcazar M, Napirei M, Panda R, et al. Impaired DNase1-mediated degradation of neu-

trophil extracellular traps is associated with acute thrombotic microangiopathies. J Thromb 

Haemost. 2015;13(5):732-742.
 10. Mangold A, Alias S, Scherz T, et al. Coronary neutrophil extracellular trap burden and deoxyribo-

nuclease activity in ST-elevation acute coronary syndrome are predictors of ST-segment resolu-

tion and infarct size. Circ Res. 2015;116(7):1182-1192.
 11. Ducroux C, Di Meglio L, Loyau S, et al. Thrombus Neutrophil Extracellular Traps Content Impair 

tPA-Induced Thrombolysis in Acute Ischemic Stroke. Stroke. 2018;49(3):754-757.
 12. Stephan F, Marsman G, Bakker LM, et al. Cooperation of factor VII-activating protease and serum 

DNase I in the release of nucleosomes from necrotic cells. Arthritis Rheumatol. 2014;66(3):686-
693.

 13. Middleton EA, He XY, Denorme F, et al. Neutrophil extracellular traps contribute to immunothrom-

bosis in COVID-19 acute respiratory distress syndrome. Blood. 2020;136(10):1169-1179.
 14. Masuda S, Nakazawa D, Shida H, et al. NETosis markers: Quest for specific, objective, and quanti-

tative markers. Clin Chim Acta. 2016;459:89-93.
 15. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase and myeloperoxi-

dase regulate the formation of neutrophil extracellular traps. J Cell Biol. 2010;191(3):677-691.
 16. Rohrbach AS, Slade DJ, Thompson PR, Mowen KA. Activation of PAD4 in NET formation. Front 

Immunol. 2012;3:360.
 17. Thalin C, Daleskog M, Goransson SP, et al. Validation of an enzyme-linked immunosorbent assay 

for the quantification of citrullinated histone H3 as a marker for neutrophil extracellular traps in 
human plasma. Immunol Res. 2017;65(3):706-712.

 18. Ekaney ML, Otto GP, Sossdorf M, et al. Impact of plasma histones in human sepsis and their 
contribution to cellular injury and inflammation. Crit Care. 2014;18(5):543.



165

 19. Ma R, Li T, Cao M, et al. Extracellular DNA traps released by acute promyelocytic leukemia cells 
through autophagy. Cell Death Dis. 2016;7(6):e2283.

 20. Remijsen Q, Vanden Berghe T, Wirawan E, et al. Neutrophil extracellular trap cell death requires 
both autophagy and superoxide generation. Cell Res. 2011;21(2):290-304.

 21. Fuchs TA, Abed U, Goosmann C, et al. Novel cell death program leads to neutrophil extracellular 
traps. J Cell Biol. 2007;176(2):231-241.

 22. Pilsczek FH, Salina D, Poon KK, et al. A novel mechanism of rapid nuclear neutrophil extracellular 
trap formation in response to Staphylococcus aureus. J Immunol. 2010;185(12):7413-7425.

 23. Laridan E, Denorme F, Desender L, et al. Neutrophil extracellular traps in ischemic stroke thrombi. 
Ann Neurol. 2017;82(2):223-232.

 24. Khan MA, Palaniyar N. Transcriptional firing helps to drive NETosis. Sci Rep. 2017;7:41749.
 25. van Veen JJ, Gatt A, Cooper PC, Kitchen S, Bowyer AE, Makris M. Corn trypsin inhibitor in fluoro-

genic thrombin-generation measurements is only necessary at low tissue factor concentrations 
and influences the relationship between factor VIII coagulant activity and thrombogram param-

eters. Blood Coagul Fibrinolysis. 2008;19(3):183-189.
 26. Loeffen R, Kleinegris MC, Loubele ST, et al. Preanalytic variables of thrombin generation: towards 

a standard procedure and validation of the method. J Thromb Haemost. 2012;10(12):2544-2554.
 27. Cuadrado E, Rosell A, Colome N, et al. The proteome of human brain after ischemic stroke. J 

Neuropathol Exp Neurol. 2010;69(11):1105-1115.
 28. Shen X, Young R, Canty JM, Qu J. Quantitative proteomics in cardiovascular research: global and 

targeted strategies. Proteomics Clin Appl. 2014;8(7-8):488-505.
 29. Piepoli MF, Hoes AW, Agewall S, et al. 2016 European Guidelines on cardiovascular disease pre-

vention in clinical practice The Sixth Joint Task Force of the European Society of Cardiology and 
Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by repre-

sentatives of 10 societies and by invited experts) Developed with the special contribution of the 
European Association for Cardiovascular Prevention & Rehabilitation (EACPR). Atherosclerosis. 

2016;252:207-274.
 30. Hijazi Z, Oldgren J, Lindback J, et al. The novel biomarker-based ABC (age, biomarkers, clinical 

history)-bleeding risk score for patients with atrial fibrillation: a derivation and validation study. 
Lancet. 2016;387(10035):2302-2311.

 31. Poldervaart JM, Langedijk M, Backus BE, et al. Comparison of the GRACE, HEART and TIMI score 
to predict major adverse cardiac events in chest pain patients at the emergency department. 
International Journal of Cardiology. 2017;227:656-661.

 32. Valles J, Lago A, Santos MT, et al. Neutrophil extracellular traps are increased in patients with 
acute ischemic stroke: prognostic significance. Thromb Haemost. 2017;117(10):1919-1929.

 33. Fuchs TA, Brill A, Duerschmied D, et al. Extracellular DNA traps promote thrombosis. Proc Natl 

Acad Sci U S A. 2010;107(36):15880-15885.
 34. International Organization for Standardization. Medical Laboratories ‐ Particular Requirements 

for Quality and Competence. Revision 2012. Geneva, Switzerland: International Organization for 
Standardization; ISO 15189; 2012.

 35. Adcock DM HD, Kottke‐Marchant K, Marlar RA, Szamosi DI, Warunek DJ. Collection, Transport, 
and Processing of Blood Specimens for Testing plasma‐based Coagulation Assays and Molecular 
Hemostasis Assays; Approved guideline. Vol. 28: Wayne, PA, USA: Clinical and Laboratory Stan-

dards Institute; 2008:1-33.



Chapter 8  |  General discussion

166

 36. Toulon P, Metge S, Hangard M, Zwahlen S, Piaulenne S, Besson V. Impact of different storage times 
at room temperature of unspun citrated blood samples on routine coagulation tests results. 
Results of a bicenter study and review of the literature. Int J Lab Hematol. 2017;39(5):458-468.

 37. Rimac V, Coen Herak D. Is it acceptable to use coagulation plasma samples stored at room tem-

perature and 4 degrees C for 24 hours for additional prothrombin time, activated partial throm-

boplastin time, fibrinogen, antithrombin, and D-dimer testing? Int J Lab Hematol. 2017;39(5):475-
481.







9
Summary / Nederlandse samenvatting





171

SUMMARY

In this thesis several studies on hemostasis and inflammatory biomarkers and their 
relation to cardiovascular disease (CVD), specifically ischemic stroke, are provided. The 
main aim of this thesis was to obtain more insight in the underlying mechanisms and 
thereby identifying new biomarkers for acute ischemic stroke that can be measured in 
the ‘Collaboration for New Treatments on Acute Stroke’ CONTRAST studies and which 
can ultimately be used in clinical practice.

Chapter 1 provides a general introduction on the CONTRAST trials, hemostasis, ischemic 
stroke and some specific hemostasis and inflammatory biomarkers that are studied in 
this thesis.

In Chapter 2 we performed a systematic review of the current literature on prognostic 
hemostasis biomarkers at the acute moment of ischemic stroke. Here, we found a wide 
variety of biomarkers. However, only a few biomarkers, including A Disintegrin And 
Metalloprotease with ThromboSpondin motif repeats 13 (ADAMTS13), endogenous 
thrombin potential (ETP) and plasminogen activator inhibitor 1 (PAI-1), when measured 
before the start of reperfusion treatment showed associations with clinical outcome. 
The main problem with the studies that were included in our review, is that they were 
difficult to compare due to heterogenous study designs and the limited number of stud-

ies on the respective biomarkers. Therefore, we had to conclude that, based on current 
literature, there was no substantial evidence for one or more hemostasis biomarkers to 
be able to predict clinical outcome after ischemic stroke.

In Chapter 3 we investigated the association between thrombin generation and a first 
ischemic stroke or transient ischemic attack (TIA) in young patients, ≤45 years in men 
and ≤55 years in women, in the ‘Genetic risk factors for Arterial Thrombosis at a young 
age: the role of TAFI and other Coagulation factors’ (ATTAC) study. We found that throm-

bin generation started earlier, reached its peak earlier and was also terminated earlier in 
patients than in healthy controls. Also the peak amount of thrombin formed was higher 
in patients than in controls. This resulted in a deviation of the thrombin generation 
curve to the left, highlighting the importance of hypercoagulability in younger patients.

In Chapter 4 we investigated the association between Von Willebrand factor (VWF), 
ADAMTS13, fibrinogen and fibrinogen ƴ’ levels and atherosclerotic plaque characteristics 
in patients with a recent TIA or ischemic stroke and ipsilateral mild-to-moderate carotid 
artery stenosis (30-69%) in the Plaque-At-RISK (PARISK) study. We found that fibrinogen 
and fibrinogen γ’ were inversely associated with high risk vulnerable plaque character-
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istics; intraplaque hemorrhage (IPH) volume and lipid-rich necrotic core (LRNC) volume. 
This may suggest a protective role of fibrinogen and fibrinogen γ’ in relation to vulnerable 
plaque characteristics due to a more rapid clot formation resulting in a smaller IPH vol-
ume. VWF and ADAMTS13 were not associated with atherosclerotic plaque characteristics.

In Chapter 5 we performed the first genome-wide association study (GWAS) and exome-
sequencing analysis to identify common and rare genetic variants associated with plasma 
myeloperoxidase (MPO)-DNA complex levels, a biomarker for neutrophil extracellular traps 
(NETs), in the population-based Rotterdam Study cohort. We found rare variants in 11 genes 
(TMPRSS13, OR10H1, RP11-461L13.5, RP11-24B19.4, RP11-461L13.3, KHDRBS1, ZNF200, RP11-

395I6.1, RP11-696P8.2, RGPD1, AC007036.5) that were significantly associated with NETs lev-

els. Also, we found suggestive associations between common SNPs annotated to 4 genes 
(KIF26B, CDK19, CATSPERB, AC027119.1) and NETs levels. Pathway analysis of the identified 
genes showed their involvement in cellular development, molecular transport, RNA traf-
ficking, cell-to-cell signalling and interaction, cellular growth and proliferation. Cancer 
was the top disease linked to the NET-associated genes. These findings may indicate that 
NET formation is a multifactorial process which is regulated by genes involved in different 
biological processes. The precise mechanism of how these genes contribute to neutrophil 
function or the formation of NETs remains unclear and warrants further research.

In Chapter 6 we studied the association between NETs and age, sex, cardio-metabolic risk 
factors, and plasma markers of inflammation and coagulation in the Rotterdam study. We 
have demonstrated that older age, a history of coronary heart disease (CHD), the use of lipid-
lowering drugs and higher HDL-cholesterol were weakly associated with lower levels of NETs. 
Our findings showed that the effect of CVD risk factors on NETs levels in a general population 
is only small and may not be of clinical relevance. NETs may play a more important role in an 
acute phase of disease than in a steady state situation.

In addition, we investigated the role of circulating NETs as a predictor for CVD (CHD and 
stroke) (Chapter 7). We found that NETs were not associated with CVD in the total popu-

lation. However, high plasma levels of NETs were associated with an 1.41 fold increased 
risk of ischemic stroke in women. We observed a similar, however not significant trend 
for CHD. We did not find these associations in men. This may indicate that in the devel-
opment of CVD, the contribution of the innate immune system plays a more significant 
role in women than in men.

In Chapter 8, we discussed the findings of the studies described in this thesis in light of 
current literature. We also describe possible clinical implications and provide recom-

mendations and suggestions for future studies.
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In dit proefschrift worden diverse studies beschreven over de invloed van biomarkers 
van de stolling en inflammatie en de relatie met cardiovasculaire aandoeningen (CVD), 
met name het acuut herseninfarct. Het hoofddoel van dit proefschrift is het onderzoeken 
van de onderliggende mechanismen van het herseninfarct en daardoor het identificeren 
van nieuwe biomarkers. Deze nieuwe biomarkers kunnen worden gemeten in bloed wat 
is verzameld in de ‘Collaboration for New Treatments on Acute Stroke’ CONTRAST stu-

dies en zouden mogelijk in de toekomst gebruikt kunnen worden in de klinische praktijk.

In hoofdstuk 1 wordt een algemene introductie gegeven over de CONTRAST studies, 
hemostasis, de pathogenese van het acuut herseninfarct. Daarnaast wordt verder in ge-

gaan op specifieke hemostase en inflammatie biomarkers die in dit proefschrift verder 
worden onderzocht.

In hoofdstuk 2 worden de resultaten beschreven van een systematic review naar studies 
over prognostische hemostase biomarkers bij het acuut herseninfarct. Dit leverde een 
grote variatie aan biomarkers op. Slechts een paar biomarkers, waaronder A Disintegrin 
And Metalloprotease with ThromboSpondin motif repeats 13 (ADAMTS13), endogenous 
thrombin potential (ETP) en plasminogen activator inhibitor 1 (PAI-1), lieten veelbelo-

vende resultaten zien indien zij werden gemeten voordat reperfusie behandeling werd 
gegeven. Het voornaamste probleem van de studies in deze systematic review, was de 
heterogene studie opzet van de geïncludeerde studies. Hierdoor waren de studies on-

derling lastig te vergelijken. Wij hebben dan ook moeten concluderen dat, aan de hand 
van de huidige literatuur, er geen duidelijk bewijs is dat één of meerdere hemostase bio-

markers de klinische uitkomst na een acuut herseninfarct nauwkeurig kan voorspellen.

In hoofdstuk 3 onderzochten we de associatie tussen trombine generatie en een eerste 
herseninfarct of transient ischemic attack (TIA) bij jonge patiënten (≤45 jaar bij mannen 
en ≤55 jaar bij vrouwen) in de studiepopulatie van de ‘Genetic risk factors for Arterial 
Thrombosis at a young age: the role of TAFI and other Coagulation factors’ (ATTAC) stu-

die. De generatie van trombine startte eerder, bereikte eerder zijn piek en stopte ook 
eerder bij patiënten dan bij gezonde controles. Ook de maximale hoeveelheid trombine 
was hoger bij patiënten dan bij gezonde controles. De trombine generatie curve schoof 
hierdoor in zijn geheel op naar links, wat het belang aangeeft van een verhoogde stol-
lingsneiging in jonge patiënten met een herseninfarct.

In hoofdstuk 4 worden de resultaten beschreven van de Plaque-At-RISK (PARISK) 
studie. In deze studie werd gekeken naar de associatie tussen Von Willebrand factor 
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(VWF), ADAMTS13, fibrinogeen en fibrinogeen ƴ’ in plasma en atherosclerotische pla-

que kenmerken bij patiënten met een recente TIA of herseninfarct en een symptoma-

tische stenose (30-69%) van de halsslagader. We vonden geen associatie tussen VWF 
en ADAMTS13 en atherosclerotische plaque kenmerken. Daarentegen werd wel een 
negatieve associatie gezien tussen fibrinogeen en fibrinogeen γ’ en kwetsbare plaque 
karakteristieken zoals intraplaque bloedingen en focale necrose en vetophoping. Dit 
wijst op een mogelijk beschermende werking van fibrinogeen en fibrinogeen γ’ op de 
kwetsbare atherosclerotische plaque door een snellere vorming van een bloedprop wat 
resulteert in een kleinere intraplaque bloeding.

In hoofdstuk 5 bespreken we de resultaten van de eerste genetische associatie studie 
(GWAS) en exome-sequencing analyse naar genetische varianten die geassocieerd zijn 
met waarden van myeloperoxidase (MPO)-DNA complex in plasma, een biomarker voor 
neutrophil extracellular traps (NETs). Deze studie werd uitgevoerd in de Rotterdam po-

pulatie studie cohort. We ontdekten zeldzame genetische varianten in 11 verschillende 
genen (TMPRSS13, OR10H1, RP11-461L13.5, RP11-24B19.4, RP11-461L13.3, KHDRBS1, 

ZNF200, RP11-395I6.1, RP11-696P8.2, RGPD1, AC007036.5), die significant geassocieerd 
waren met NETs. Daarnaast vonden we een aantal suggestieve associaties tussen 
veelvoorkomende genetische variaties (SNPs) in 4 genen (KIF26B, CDK19, CATSPERB, 

AC027119.1) en NETs. De geïdentificeerde genen waren onder andere betrokken bij 
cel ontwikkeling, moleculair transport, RNA transport, signaaloverdracht en interactie 
tussen cellen, celgroei en proliferatie. Kanker was de ziekte die het meest geassocieerd 
bleek te zijn met de geïdentificeerde genen. De resultaten van deze studie laten zien dat 
de vorming van NETs een multifactorieel proces is en wordt gereguleerd door genen 
die betrokken zijn bij verschillende biologische processen. Op welke manier deze genen 
precies betrokken zijn bij de functie van neutrofielen en de vorming van NETs blijft 
onduidelijk en dient verder onderzocht te worden.

In hoofdstuk 6 onderzochten we de associatie tussen NETs en leeftijd, geslacht, cardio-

vasculaire risicofactoren en inflammatie- en stollingsmarkers in de Rotterdam studie. 
Oudere leeftijd, een medische voorgeschiedenis van coronair vaatlijden, het gebruik van 
cholesterolverlagende medicatie en hoge HDL cholesterol waarden, bleken een zwakke 
associatie te vertonen met lage plasma waarden van NETs. Hieruit kan geconcludeerd 
worden dat het effect van CVD risicofactoren op NETs in plasma in de algemene popu-

latie slechts klein is en mogelijk niet klinisch relevant. Waarschijnlijk spelen NETs een 
belangrijkere rol in de acute fase van ziekten en niet zo zeer in een stabiele situatie.

Verder, onderzochten we de rol van NETs als voorspeller van nieuw ontstane CVD, waar-

onder coronair vaatlijden en herseninfarcten (hoofdstuk 7). In deze studie vonden we 
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dat NETs niet geassocieerd zijn met CVD in de gehele populatie. Echter, hoge plasma 
waarden van NETs bleek geassocieerd met een 1.41 keer verhoogd risico op een her-

seninfarct bij vrouwen. Bij vrouwen met coronair vaatlijden zagen we een vergelijkbare 
trend, maar dit was niet significant. Bij mannen werden deze associaties niet gezien. 
Mogelijk speelt de aangeboren immuniteit bij vrouwen een grotere rol in de ontwikke-

ling van CVD dan bij mannen.

In hoofdstuk 8, worden de bevindingen van dit proefschrift bediscussieerd aan de hand 
van de huidige literatuur. We beschrijven daarnaast de relevantie en implicaties voor de 
klinische praktijk en we doen aanbevelingen voor toekomstig onderzoek.
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wat heb jij mijn leven een diepgang gegeven. En wat heb jij mij al veel geleerd in het jaar 
dat ik jouw moeder mag zijn. Zoals de betekenis van onvoorwaardelijke liefde en wat nu 
écht belangrijk is in het leven. Lieve Mara, groei en bloei, ontdek en bovenal geniet van 
wat er op je pad komt. Papa en mama zullen er altijd voor je zijn.
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Chapter 10  |  Appendices

PHD PORTFOLIO

Name PhD student: Samantha J. Donkel
Erasmus MC Department: Haematology
Research School: COEUR

PhD period: July 2017 t/m December 2020
Promotor(s): Moniek de Maat, Hugo ten Cate
Supervisor: Moniek de Maat

1. PhD training

Year Workload

(ECTS*)

General academic skills

- Research Integrity
- Working with Endnote – Erasmus MC Medical Library
- Systematic Literature Retrieval- Erasmus MC Medical Library
- CPO course (Centre for Patient Oriented Research)
- BROK
- Open Clinica Course
- Biomedical English Writing and Communication

2017

2017

2017

2018

2019

2019

2019-2020

0.3

0.5

0.5

0.3

1.5

0.3

3.0

Research skills

- Biostatistical Methods I: Basic Principles 2019 5.7

In-depth courses (e.g. Research school, Medical Training)

- 2x NVTH annual AIO course on Thrombosis and Haemostasis
- COEUR course on Sex and Gender in Cardiovascular disease
- COEUR course Imaging for ischemic heart and brain disease

2018-2020

2018

2018

3.0

0.3

0.3

Presentations

- Oral presentation Fibrinogen and FXIII Workshop, Winston-Salem, US
- Oral presentation Professor Heimburger Award congress
- Oral presentation CONTRAST consortium meeting (3x)
- Oral presentation NVTH symposium
- Oral presentation ISTH congress
- Poster presentation CONTRAST consortium meeting (3x)

2018

2018

2017-2020

2019

2019

2019

1.0

0.8

2.4

0.8

0.8

0.9

International conferences

- Fibrinogen and FXIII Workshop, Winston-Salem, US
- Professor Heimburger Award congress
- International Society of Thrombosis and Haemostasis congress (ISTH)

2018

2018

2019

1.8

0.3

1.8
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Seminars and workshops

- Validation of Biomakers Conference
- Local training for Hematologists (3x)
- VENA workshops (4x)
- Workshop coaching of Bachelor Medical students
- COEUR PhD day (2x)
- Workshop Talent Interviewing
- ExCOEURsion General Medical Council
- Thrombin generation course Stago

Hematology PhD training

- Work discussions and Friday Floor meetings

2017

2017-2019

2017-2019

2018

2018

2018-2019

2018

2019

2017-2020

0.3

0.9

0.8

0.3

1.5

0.6

0.5

0.3

8.0

2. Teaching activities

Year Workload 

(ECTS*)

Lecturing

- Thrombosis and Haemostasis lectures for nurses and midwives (10x)
- Keuzeonderwijs masterstudenten geneeskunde

2017-2020

2019

2.0

0.2

Supervising practicals and excursions

- Personal Coaching Medical Bachelor Students
- Graduation Project Robbert van Soerland, biomedical laboratory sciences
- Graduation Project Friso Dik, biomedical laboratory sciences
- Graduation Project Karmen Pater, biomedical laboratory sciences
- Graduation Project Precious Siman, biomedical laboratory sciences
- Supervision bachelor biomedical science student

2018-2020

2018-2019

2019

2019

2020

2017

4.0

1.0

1.0

1.0

1.0

1.0

Total   50.7

*ECTS = European Credit Transfer and Accumulation System (1 ECTS represents 28 hours).




