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Chapter 1
Introduction and general outline of  the thesis



DIRECT ORAL ANTICOAGULANTS

Over the last decade, a new group of  direct oral anticoagulants (DOACs), originally named 
new oral anticoagulants (NOACs), has emerged. These drugs have been designed and 
approved for the prevention and treatment of  venous thromboembolism (VTE) as well as 
the prevention of  stroke or systemic embolism caused by non-valvular atrial fibrillation.(1)
Vitamin K antagonists (VKA) had been the only oral anticoagulants for treatment of  VTE 
for over half  a century.(2) They were also the main agents for reducing stroke in non-valvular 
atrial fibrillation.(3) Nevertheless, the use of  VKA has always been cumbersome. Their 
anticoagulant properties are highly unpredictable between individuals and also within one 
individual as they are influenced by e.g. drugs and food, and thus requiring frequent laboratory 
monitoring (using the International Normalized Ratio (INR) and  dose adjustments.(4) 
When using internationally standardized reference levels, Dutch patients treated with VKA 
are within the therapeutic range of  anticoagulation only ~60% of  the time.(5) DOACs 
have more predictable pharmacological properties and can usually be administered in fixed 
doses without routine laboratory testing.(1) Unlike VKA, that reduce the synthesis of  active 
vitamin K-dependent clotting factors, DOACs specifically inhibit either coagulation factor 
Xa (rivaroxaban, apixaban and edoxaban) or thrombin (dabigatran). DOACs were found 
to be as effective and safe for treatment and prophylaxis of  VTE and in non-valvular atrial 
fibrillation in comparison to VKA, with a lower risk of  intracranial bleeding.(1) Currently, 
in the Netherlands alone in a population of  approximately 17,000,000 inhabitants, about 
400,000 patients are treated with VKA or DOACs.(6)

Treatment of  oral anticoagulant-associated bleeding
Even though there is ample evidence on the efficacy of  DOACs, there are still concerns 
on their most important side effect: bleeding. Anticoagulants are disreputable for their 
number one position amongst drugs for causing hospital admissions.(7) Also, there is fear 
of  “the unknown”, as participants in large clinical trials on anticoagulants do not represent 
patients who physicians may encounter in real life clinical practice.(8) Furthermore, different 
criteria for major hemorrhage were applied in the various trials. Therefore, the ISTH has 
put forward a universal definition of  serious bleeding: a bleeding is major when clinically 
overt and associated with a fall of  hemoglobin level of  at least 2g/dl [1.25 mmol/L]; or 
leading to a transfusion of  a minimum of  2 units of  erythrocytes; or if  bleeding was either 
retroperitoneal, intracranial, or at another critical site; or was associated with mortality.(9) 
Following this definition an intra-ocular bleeding without visual impairment; an epistaxis 
causing a significant drop of  hemoglobin; and a fatal intracarebral bleed are all called major 
bleeding. As a result the clinical implications of  major hemorrhage seem less concrete and 
may vary.
Data with DOACs from real-life patients are emerging, and findings are somewhat conflicting. 
First year results from the FDA adverse events registry showed higher case-fatality rates for 
bleeding caused by dabigatran in comparison to findings from clinical trials.(10) Another 
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study using a random sample of  5% from an US health insurance company database, found 
more gastro-intestinal bleeding (HR 1.85, 95% CI 1.64-2.07) and less intracranial hemorrhage 
(HR 0.32, 95% CI 0.20-0.50) among dabigatran recipients versus warfarin treated patients, 
comparable to findings from large clinical trials.(11) Unexpectedly, in the dabigatran cohort 
a higher risk of  major bleeding was found (9%, versus 6% for warfarin, p< 0.001) and also 
a higher risk of  any bleeding (33% versus 27% for warfarin, p, 0.001). These findings could 
not be explained by differences in patient characteristics between anticoagulant cohorts.(12)
Other findings seem more reassuring. In a Danish cohort new treatment with dabigatran 
was associated with similar bleeding and thromboembolic risks in comparison to VKA. 
Patients who had switched from VKA to dabigatran had higher thromboembolic and 
bleeding risks, perhaps because of  patient characteristics requiring a change of  treatment.
(13) Lip et al. performed an analysis on about 45,000 patients from a U.S. claims database 
that experienced non valvular atrialfibrillation and were put on anticoagulant therapy of  
DOACs dabigatran, rivaroxaban, apixaban; or warfarin. Less major bleeding appeared in 
apixaban and dabigatran recipients in comparison to warfarin. Out of  the three DOACs, 
rivaroxaban caused significantly more major bleedings (HR: 1.82, 95% CI: 1.36-2.43) than 
apixaban, but not more than dabigatran or warfarin. Nor were there any differences in risk 
of  major bleeding between dabigatran and apixaban treated patients. In the warfarin cohort 
patients were generally older and had more co-morbidities.(14) These results are in line with 
observations from another study by the same author, using retrospectively recorded data 
from a commercial U.S. database.(15) After a study duration of  two years, a prospective 
German registry with 1776 patients on rivaroxaban reported 1082 bleeding events, which had 
occurred in 763 patients. Of  all bleeding events, 6% were major. Prohaemostatic agents were 
rarely needed: Only 0.6% of  all bleeding events required fresh frozen plasma, accounting for 
9.1% of  all major bleeding events. Similar results were found for PCCs. Recombinant factor 
VIIa was not administered at all.(16)
Despite the usefulness of  such real-world data, it should be kept in mind that these analyses 
are based on indirect comparisons and thus are prone to bias, and provide a different (lower) 
level of  evidence as compared to randomized controlled trials.

Reversal methods for oral anticoagulants
Every anticoagulant increases the risk of  bleeding, and reversal may therefore be necessary 
when bleeding is life-threatening or invasive procedures such as major surgery are urgently 
required.(17) When a bleeding is minor, however, one can argue that interruption of  
anticoagulant therapy together with supportive measures will be sufficient, especially 
for DOACs with their more stable pharmacological profile and maximum half-life of  
approximately half  a day.(1) For those situations in which a “wait and see” approach is 
hazardous, there are several options at hand. Prohaemostatic agents such as (activated) 
prothrombin complex concentrates (PCC) and recombinant factor VIIa (rFVIIa) have 
been studied for reversal of  VKA and DOACs. Also, new antidotes for DOACs have been 
developed.(17) 
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Prothrombin complex concentrates
PCC were originally developed as virus free hemostatic agents for haemophilia B patients. 
PCC contain either three or four coagulation factors (II, IX, X and often VII) and some 
regulators of  coagulation, e.g. heparin or protein C. PCC became widely implemented for 
reversal of  VKA associated bleeding in Europe over the last decades, based on clinical 
experience.(18-20)
Sarode et al. proved the non-inferiority of  PCC versus standard of  care fresh frozen plasma 
(FFP) for the reversal of  VKA associated bleeding in terms of  achieving hemostasis, and 
mortality rates. As the administration of  FFP requires more volume and time than PCC, 
the latter led to a faster correction of  INR and less problems caused by fluid overload. 
Thrombotic events were similar in the PCC (7.8%) and the FFP group (6.4%).(21) A 
systematic review of  5 RCTs and 8 observational studies showed similar findings.(22) PCC 
have also been investigated for the reversal of  direct FXa inhibitors in healthy volunteers. 
High dosages of  three- and four-factor PCC (50 IU/kg) were found effective for restoring 
coagulation in healthy subjects treated with therapeutic doses of  rivaroxaban, although 
normalization was not achieved for all clotting tests and findings depended on assays and 
reagents used.(23) How these in-vivo results from non-bleeding healthy volunteers can be 
translated to real patients suffering from hemorrhage is not certain. Findings from animal 
studies can supply data on clinically relevant findings such as bleeding diathesis. In a rabbit 
model using a standardized kidney incision, PCC following edoxaban restored coagulation as 
assessed by clotting assays and hemostatic parameters such as blood loss.(24)
The evidence for PCC as reversal agents for the direct thrombin inhibitor dabigatran is less 
clear-cut. PCC did not reduce coagulation parameters in healthy volunteers who were treated 
with dabigatran.(25) PCC (50 IU/kg) however significantly reversed life threatening bleeding 
in a trauma model in pigs that were treated with dabigatran,(26) and also significantly 
reversed hemostatic parameters and clotting assays in a murine cerebral bleeding model.(27) 
In another murine model using standardized bleeding with dabigatran PCC however had 
no apparent reversal effect on blood loss, bleeding time after tail removal, nor coagulation 
assays.(28)

Recombinant factor VIIa
Another prohaemostatic agent developed for controlling bleeding in haemophilia patients 
is recombinant factor VIIa (rFVIIa), developed in the early 1980s.(19) Even though it has 
been used off-label for reversal of  VKA related bleeding, this is not without controversy, 
as it has been associated with a substantial increase of  arterial thrombosis.(29) There is 
little evidence supporting the use of  rFVIIa for reversal of  direct thrombin inhibitors. 
Dabigatran’s predecessor melagatran could not be reversed by rFVIIa in an in-vivo healthy 
volunteer study,(30) nor are there supporting data from other healthy volunteer studies,(31) 
or animal models.(32) Some animal studies support the use of  rVIIA for counteracting direct 
factor Xa inhibitors,(33) others show no therapeutic benefits.(34) 
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New antidotes for new direct oral anticoagulants
PCC and rFVIIa carry a risk of  causing thrombosis (21,29), and not all studies support 
their role in reversal of  DOACs, therefore several new antidotes have been developed. 
Idarucizimab is a monoclonal antibody fragment created as a specific antidote for 
dabigatran. A recently published interim analysis showed the efficacy of  idarucizumab in 
patients using dabigatran with either major bleeding or urgent unavoidable interventions. A 
single dose of  5 g i.v. fully restored coagulation assays, diminished the need for immediate 
interventions in 1 out of  three patients, and 92% of  the patients who underwent surgery 
afterwards appeared to have no bleeding diathesis.(35) For the factor Xa inhibitors, two 
antidotes have emerged: cirapantag and andexanet alfa. Cirapantag is a synthetic molecule 
capable of  inhibiting factor Xa inhibitors by binding via hydrogen bonds, thereby removing 
these anticoagulants from their target factor Xa. In a dose escalation study among healthy 
subjects treated with edoxaban, cirapantag seemed to restore whole blood clotting time. It 
has also been proven effective for restoring coagulation parameters in patients treated with 
edoxaban.(36,37) Andexanet alfa is a modified protein based on factor X, which binds tightly 
to factor Xa inhibitors. The antidote is currently being assessed for efficacy and safety in 
real-life patients who use factor Xa inhibitors and suffer from serious bleeding, In an interim 
analysis, in 79% of  patients normalisation of  hemostasis was achieved.(38) However, the use 
of  andexanet in combination with the interruption of  anticoagulant treatment resulted  in 
a high incidence of  thromboembolic events  (12 of  67 patients [18%]). It is not possible to 
assess whether andexanet is exerting an intrinsic prothrombotic effect or that the cessation 
of  anticoagulants in situations at high risk for thrombosis is causing the high rate of  these 
thromboembolic complications.(38)

GENERAL APPROACH ON BLEEDING WITH DOACS

The European Heart Rhythm Assocation has published a general approach on treatment 
with DOACs, including practical advices on how to manage bleeding. In case of  mild 
bleeding, (temporarily) cessation of  DOAC is advised. When moderate to severe bleeding 
occurs, additionally one should apply supportive measures: fluid replacement, transfusion of  
erythrocytes and fresh frozen plasma; and platelet substitution (if  indicated). Furthermore, 
local (endoscopic/ surgic) measures to stop bleeding should be performed. In case of  
dabigatran treatment, hemodialysis or idarucizumab (5 grams i.v.) are optional. When life-
threatening bleeding is at hand, on top of  measures as mentioned above, PCC 50 IU/kg 
may be considered.(39)

11

Introduction and general outline of  the thesis

1



ISCHEMIA-REPERFUSION INJURY (NO-REFLOW)

In the nineties of  the past century, a revolution in the treatment of  acute myocardial infarction 
(AMI) took place, when percutaneous coronary interventions (PCI) was introduced and 
reduced mortality caused by AMI from ~25% to lower than 5%. As a result, PCI became 
and still is the cornerstone for the treatment of  AMI.(40) Nevertheless, one of  the most 
feared acute complications after PCI is ischemia-reperfusion injury. This phenomenon, also 
called no-reflow, describes incomplete or absent reperfusion of  the myocardium after what 
appeared to be full re-opening of  the culprit coronary artery by PCI.(41) No-reflow is often 
not detected during PCI itself, but occurs in up to half  of  all patients when assessed by MRI 
or ultrasound.(42) It is associated with a substantial increase in mortality and morbidity.(43,44) 
Cardiovascular magnetic resonance imaging (CMR) is one of  the most accurate diagnostic 
tools for detecting no-reflow.(45) Many therapies have been tested and have failed in the 
treatment of  no-reflow, and only a few have shown therapeutic benefits. Glycoprotein (Gp) 
IIb/IIIa inhibitors may be beneficial, and there is some evidence in support of  conditioning: 
inducing short periodes of  myocardial ischemia before and/or after PCI.(46,47) Both 
therapeutic regimes however only show a minimal effect, and have not been validated in large 
randomized clinical trials. Other studies on drugs like statins and adenosine show conflicting 
results. Commonly used drugs like nitroprusside, or calcium channel blockers have not been 
shown usefull at all. Same can be said for less common applied pharmaceutic agents like 
tirofiban and exenatide.(48)
There is a need for better understanding the pathophysiology behind no-reflow. At first the 
main mechanism was thought to be thrombosis of  the microvasculature, caused by tethering 
of  atherosclerotic plaque during PCI, but new studies show evidence of  intramyocardial 
haemorrhage.(48)

ADAMTS13
ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin type I repeats-13) 
is a protease and downregulator of  the coagulation protein von Willebrand Factor (VWF).
VWF is stored in endothelium and released when vessel injury occurs. VWF then binds 
platelets to the site of  damage, and stabilises platelet aggregation, thereby initiating 
coagulation. Newly released VWF is a very large multimeric protein with several binding 
sites for platelets and therefore highly thrombotic. ADAMTS13 cleaves VWF, causing the 
coagulation protein to fold, and thereby hiding its platelet binding sites. Other properties of  
VWF are binding of  coagulation factor VIII, increasing its stability and half-life; and serving 
as an acute phase reactant.(49,50)
Several studies have shown increased VWF levels and decreased ADAMTS13 levels in 
patients suffering from AMI and/or cardiovascular mortality.(51-53) As VWF is not only 
a coagulation protein, but also has pro-inflammatory properties, this may explain the rise 
of  VWF in AMI. Animal experiments have shown proof  that VWF can recruit leucocytes, 
both indirectly via platelets and directly by serving as an adhesive surface. The same is 
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shown for VWF strings containing platelets, which can also induce leucocyte extravasation. 
Furthermore, VWF is capable of  promoting angiogenesis.(50) High VWF levels may 
therefore be caused by, and not the cause of  AMI.(54) Downregulating VWF with the use 
of  rADAMTS13 could be counterproductive. On the other hand, platelets are believed to 
play a central part in causing AMI, in the presence of  atherosclerosis. Platelet aggregation 
therapy has been proven life-saving in AMI (treated with PCI), and is an essential part of  
standard care of  treatment according to ESC guidelines.(55) Recombinant (r)ADAMTS13 
has shown to possess antithrombotic properties in a murine model using vessel wall injury 
to create thrombosis.(56) In several rodent models of  myocardial ischemia-reperfusion and 
infarction, rADAMTS13 treated mice were also protected from myocardial injury whereas 
ADAMTS13 knockout mice suffered from more severe myocardial injury. The protective 
effect from ADAMTS13 could however not be explained by antithrombotic mechanisms, 
only by anti-inflammatory properties. The additional effect of  ADAMTS13 was not tested 
on top of  standard of  care for AMI, so these results cannot simply be translated to clinical 
practice yet. (57-59)

OUTLINE OF THE THESIS

This thesis contains two parts. The first part focuses on DOACs. In chapter 2 and 
chapter 3 DOACs pharmacological characteristics, their performance in large clinical trials, 
and laboratory monitoring and reversal options are discussed. 
The reversal of  rivaroxaban and dabigatran by PCC was tested in vivo in healthy volunteers 
using coagulation assays, as reported in chapter 4.
In chapter 5, two classifications are implemented to determine the clinical relevance of  
major bleeding of  patients with VTE treated with rivaroxaban or VKA.
The relevance of  establishing new specific antidotes for reversal of  DOACs in clinical 
practice is discussed in chapter 6.
The second part of  this thesis focuses on the diagnosis, pathophysiology and treatment of  
myocardial ischemia reperfusion injury (no-reflow) and the role of  ADAMTS13.
In chapter 7 the assessment of  no-reflow by cardiovascular magnetic resonance imaging 
and possible mechanisms responsible for causing no-reflow are discussed. 
The clinical relevance of  ADAMTS13 in cardiovascular diseases and other illnesses is 
reviewed in chapter 8.
In chapter 9 findings from a patient study and porcine myocardial ischemia reperfusion 
injury model illustrate the impact of  VWF and ADAMTS13 on no-reflow.
The final chapter 10 provides a summary of  this thesis, gives a discussion of  the content 
and addresses future perspectives.
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ABSTRACT

Vitamin K antagonists (VKA) are the only registered oral anticoagulants for the treatment 
of  venous thromboembolism (VTE). VKA have an unpredictable and highly variable effect 
on coagulation, with a high risk of  under- and overtreatment. Novel anticoagulants, such as 
dabigatran and rivaroxaban, could be a very welcome replacement for VKA, as they show 
a predictable anticoagulant effect. Results of  several phase II and III studies have shown 
the efficacy and safety of  dabigatran and rivaroxaban in the prophylaxis and treatment of  
VTE, and for the prevention of  stroke in atrial fibrillation. It remains to be shown whether 
these new anticoagulants have the same safety profile in daily clinical practice, where more 
vulnerable patients will be treated. Lack of  information on the proper monitoring method or 
antidote in case of  bleeding may also hinder the translation from science to clinical practice.
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INTRODUCTION

For over fifty years, oral vitamin K antagonists (VKA) have been the most commonly used 
anticoagulants for the treatment of  venous thromboembolism (VTE).(1) Nevertheless, 
their pharmacological characteristics cause substantial clinical challenges. Their slow onset 
and offset of  action often require bridging with parenteral or subcutaneous anticoagulant 
drugs. Furthermore, VKA have a narrow therapeutic window as well as interindividual 
variability in dose response, and they show interactions with other drugs and food. The 
risk of  undertreatment is therefore high, which requires routine monitoring and dose 
adjustments. The risk of  overtreatment contributes to underutilization.(1) Other drugs often 
prescribed for the prevention and treatment of  VTE are unfractionated heparin (UFH) and 
low-molecular-weight heparin (LMWH). UFH is usually administered intravenously and 
needs monitoring because of  variability in anticoagulant effect. It is notorious for its rare but 
serious complication of  heparin-induced thrombocytopenia (HIT).(2) LMWH is generally 
preferred over UFH, because it does not require routine monitoring, can be administered 
subcutaneously, and results in less major bleeding and fewer recurrent thrombotic events.
(3) For long-term antithrombotic therapy, however, oral drugs are favourable. New oral 
anticoagulants might be much desired replacements for VKA. Dabigatran (Boehringer-
Ingelheim, Ingelheim, Germany) and rivaroxaban (Bayer, Leverkusen, Germany) are two 
new antithrombotic agents that have been registered in Europe and Canada in 2008 for the 
prevention of  VTE after elective orthopaedic surgery in adults. Recently, dabigatran was also 
approved for the treatment of  patients with atrial fibrillation for the prevention of  stroke. 
Dabigatran and rivaroxaban exhibit a predictable pharmacological profile. Consequently, no 
regular monitoring of  the anticoagulant effect is required.(4) However, there is a need for 
a proper method of  monitoring in special circumstances, such as extreme body-weight or 
renal failure. Furthermore, in case of  bleeding, there is no method of  reversal available.(5) 
This article describes the pharmacology of  dabigatran and rivaroxaban, gives an overview of  
current clinical trial results, and briefly discusses different monitoring methods and possible 
antidotes

PHARMACOLOGY

Dabigatran and rivaroxaban have a predictable pharmacodynamic and pharmacokinetic 
profile. They show little interaction with other drugs and are mildly influenced by recipients’ 
life-style and food. The pharmacologic properties of  dabigatran and rivaroxaban are 
described below

Dabigatran
Thrombin is a key player in the coagulant cascade: it activates platelets, leading to platelet 
aggregation, and causes the formation of  fibrin. Dabigatran is a competitive direct thrombin 
inhibitor (DTI) that interacts specifically with the active site of  thrombin, and also inactivates 
fibrin-bound thrombin. The drug has a steady-state pharmacologic profile and can therefore 
be prescribed in fixed doses. According to in-vitro animal studies, its inhibitory constant, 
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reflecting its binding to human thrombin, is stable at 4.5 nmol/L. Thrombin leads to platelet 
aggregation, and this is inhibited for 50% by 10 nmol dabigatran. In the phase III PETRO 
study in which patients with atrial fibrillation (AF) were treated with both dabigatran and 
aspirin, plasma concentrations were calculated in a pharmacokinetic model. At a normal 
kidney function, the dose of  dabigatran 220 mg once daily gave median plasma concentrations 
of  37 ng/mL to 183 ng/mL (trough to maximum values, respectively). Adjusted for its 
molecular weight, this leads to average plasma concentrations of  200–300 nmol/L. Maximum 
plasma concentrations for 150 mg twice daily were comparable.(6) Thrombus formation is 
completely reversed at a dose of  active dabigatran 0.1 mg/kg.(7,8) As it is administered as 
a prodrug, dabigatran etexilate, the absolute bioavailability is low (5%). The drug reaches 
its peak after about 2 hours and has a half-life of  14–17 hours (Table 1). After 3 days of  
treatment, steady-state levels are achieved.(9) Dabigatran is excreted 80% via the kidneys; the 
remaining part is conjugated and removed via the biliary system. Its metabolization does not 
involve cytochrome P450. Protein binding studies with radiolabelled dabigatran showed that 
approximately one-third of  the drug is plasma protein-bound.(9-12)

Renal impairment
There are no data regarding the influence of  renal impairment in subjects receiving dabigatran. 
Based on a dose response study among almost 300 patients undergoing hip and knee surgery, 
an increase in drug exposure of  11% was predicted for every decrease in creatinine clearance 
of  10 mL/min.(13) Dabigatran should not be used in patients with a creatinine clearance < 
30 mL/min

Table 1. Main characteristics of  dabigatran and rivaroxaban

Dabigatran Rivaroxaban

Binding site FIIa, thrombin FXa

Time to peak 2 hours 2 to 4 hours

Half  life 14 to 17 hours 5 to 9 hours: young subjects
9 to 13 hours: elderly subjects

Steady state levels After 3 days After the first dosage

Excretion 80% renal, remaining part biliary 65% renal, remaining part biliary

Drug interactions CYP3A4 inducers or inhibitors 
P-glycoprotein inducers or inhibitors
Proton pump inhibitors

CYP3A4 inducers or inhibitors 
P-glycoprotein inducers or inhibitors

Possible monitoring method ECT
TT 
DTT
ETP

PT
Heptest
ETP
Anti-FXa assay

Possible antidote PCC reversed bleeding time and blood 
loss, but not coagulation assays1

rFVIIa gave contradicting results, from 
partial reversal to no reversal2

PCC reversed bleeding time and 
TAT levels1

rFVIIa partially reversed the bleed-
ing time and coagulation assays2

1Based on animal models, no data on studies with humans available yet
2Based on animal models and spiked pooled human plasma
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Hepatic impairment
In a study with 12 patients with moderate hepatic impairment, Child–Pugh classification 
B, similar pharmacokinetic and pharmacodynamic profiles for dabigatran were found as in 
healthy volunteers (n = 12).(10) However, more severe hepatic dysfunction was an exclusion 
criterion in the clinical trials and is a contra-indication for the use of  dabigatran

Life-style and diet
The stable pharmacokinetic profile of  dabigatran is not influenced by weight, gender, 
smoking, or alcohol.(13) In a single-dose study in healthy male subjects, the only influence 
of  a high-fat, high-calorie breakfast was a delay in absorption of  dabigatran for 2 hours. 
Once dabigatran has reached steady-state levels, this effect becomes clinically irrelevant. But 
if  an immediate anticoagulant effect is needed, no food should be taken together with the 
first dosage of  dabigatran.(9)

Drug interactions
Dabigatran etexilate has a mild affinity for the efflux transporter P-glycoprotein (P-gp), 
which is mainly restricted to the prodrug form. Caution is therefore required for concomitant 
treatment with strong P-glycoprotein inhibitors (verapamil, clarithromycin) or inducers 
(rifampicine, St John’s-wort), and CYP3A4 inhibitors or inducers. Co-administration with 
atorvastatin or digoxin has no clinically relevant effect on the availability of  both drugs. 
Given simultaneously with amiodarone, a rise of  dabigatran’s maximum concentration 
(Cmax) and AUC was seen of  50% and 60%, respectively, without influencing the absorption 
of  amiodarone. Treatment of  dabigatran together with P-glycoprotein inhibitor quinidine 
is contra-indicated.(13) The interaction between dabigatran and pantozol, as found in 
studies with healthy volunteers,(13) does not seem to have clinical consequences. Patients 
in the RE-LY study with proton-pump inhibitors had the same efficacy and safety of  
dabigatran as patients without this medication.(14) Finally, diclofenac does not influence the 
pharmacokinetic properties of  dabigatran.(15)

Pregnancy/lactation
Based on the results from animal studies, dabigatran should not be given to pregnant women, 
as it passes the placenta, leads to a higher risk of  pre-implantation loss, and gives an increase 
in foetal mortality at toxic doses. There are no data regarding dabigatran and lactation.(15)

Rivaroxaban
Rivaroxaban binds to the active site of  activated coagulation factor X (FXa) and blocks the 
interaction with its substrate. Rivaroxaban inhibits free FXa and FXa bound to the surface of  
platelets, other clotting factors, or a clot. Factor Xa plays an important role in the formation 
of  fibrin.(16) By binding directly to all forms of  FXa, rivaroxaban inhibits its substrate more 
than 10,000-fold compared to other serine proteases.(13) Like dabigatran, it operates with 
stable pharmacokinetics and pharmacodynamics and can be administered orally. In a rat 
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venous thrombosis model, intravenous rivaroxaban reduced thrombus formation with an 
ED50 of  0.1 mg kg−1. At a dosage of  0.3 mg kg−1 there was almost no thrombus formation.
(13) Rivaroxaban has a half-life of  5–9 hours in young subjects and 9–13 hours in elderly 
(Table 1). Its time to peak is 2–4 hours, and steady-state levels are achieved after the first 
dosage.(17) Metabolization of  rivaroxaban operates mainly via oxidative degradation of  the 
morpholinone moiety, and partially via CYP3A4/3A5 and CYP2J2. Rivaroxaban is excreted 
65% via the kidneys, with 36% in an unchanged form. The remaining part is removed via the 
faecal/biliary routes, with a disposal of  7% in an unchanged form. Plasma protein binding 
of  rivaroxaban in humans is high, estimated at 95%.(18)

Renal impairment
Decrease of  the creatinine clearance increases rivaroxaban plasma concentrations, from 44% 
to 64% for clearances from 50–79 mL/min to < 30 mL/min. It also delays the time to 
maximum plasma concentration with 1 hour, without influencing the maximum concentration 
itself.(19) For VTE prophylaxis, rivaroxaban should not be used in patients with a creatinine 
clearance < 15 mL/min. In the ROCKET trial, performed for the prevention of  stroke in 
atrial fibrillation, a creatinine clearance of  < 30 mL/min was an exclusion criterion.(20)

Hepatic impairment
In a non-randomized, non-blinded study, eight patients with mild (Child–Pugh A) and eight 
patients with severe (Child–Pugh B) hepatic impairment were given one dose of  10 mg 
rivaroxaban. The area under the plasma concentration–time curve and maximum plasma 
concentration of  rivaroxaban were increased in comparison to healthy subjects (LS-mean 
ratios (90% CI) 2.27 (1.63–3.07) and 1.27 (0.99–1.63), respectively), together with a mild 
prolongation of  the prothrombin time (PT) (exact numbers not mentioned).(21) Severe 
hepatic dysfunction was an exclusion criterion in prevention and treatment studies and 
should be a contra-indication for rivaroxaban use.

Life-style and diet
Gender and obesity have no influence on the area under the curve, Cmax, or half-life of  
rivaroxaban. Low body-weight (≤ 50 kg) leads to a prolongation of  the PT of  only 15% 
and has therefore been considered as clinically irrelevant. It should be noted that this PT 
prolongation is reagent-specific, and specific references and cut-off  values for the PT are not 
available.(22) In two food interaction studies, one with a high-fat dish and one with a high-
calorie meal, the time to reach the maximal concentration of  rivaroxaban was delayed by 1.5 
hours. Both meals increased the AUC and maximal concentration likewise (respectively 25% 
and 41%). These studies were conducted with healthy subjects; there are no results from 
large clinical trials to underline if  rivaroxaban should be taken in a fasting state.(17)
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Drug interactions
Treatment of  rivaroxaban together with strong CYP3A4 or P-glycoprotein inducers or 
inhibitors is contra-indicated. Co-administration of  ketoconazol should be done with 
caution, as it causes a 2.6-fold increase of  the AUC and a 1.7-fold increase of  the Cmax of  
rivaroxaban.(23) Similar results were obtained for the concomitant use of  atorvastatin and 
digoxin.(18) In the RECORD studies, 70% of  all rivaroxaban recipients used naproxen, 
resulting in similar relative bleeding rates (1.08; 95% CI 0.89–1.30) as the subjects on 
rivaroxaban alone (1.08; 95% CI 0.88–1.34). Naproxen can therefore be prescribed together 
with rivaroxaban without any restrictions.(23)

Pregnancy/lactation
In animal models, rivaroxaban passes the placenta and is secreted into breast-feeding milk. 
Rivaroxaban should therefore not be taken by pregnant and lactating women.(18)

Conclusion
Dabigatran and rivaroxaban are new antithrombotic drugs that block a specific step in the 
coagulation pathway by selectively binding to, respectively, clotting factors IIa and Xa. As a 
result, they have shown a stable effect on coagulation, with little drug and food interaction. 
This knowledge, however, comes mainly from in-vitro studies and clinical trials. Post-
marketing surveillance will be necessary to assess a better side-effect profile.

CLINICAL STUDIES OF DABIGATRAN AND RIVAROXABAN

The efficacy and safety of  rivaroxaban and dabigatran have been assessed in phase II and III 
trials, designed in patients at risk or in need of  anticoagulant treatment for arterial and venous 
thrombosis. The following chapter provides a summary of  these studies (see also Table 2).

Dabigatran
Prevention of  VTE after elective knee and hip surgery
Several phase III studies have investigated dabigatran 150 mg and 220 mg once daily in 
patients undergoing planned knee or hip surgery (Table 2).(25) The RE-MODEL trial 
proved both dosages of  dabigatran non-inferior to enoxaparin for preventing VTE in 
patients planned for knee arthroplasty. In this randomized, double-blind, non-inferiority 
study, 1,500 subjects were treated with either dabigatran (150 mg or 220 mg once daily), 
or with enoxoparin (40 mg once daily) for 6–10 days. The occurrence of  major bleeding 
events was comparable for all three groups.(26) In the RE-NOVATE study, a double-blind, 
phase III trial, about 3,500 patients undergoing total hip replacement were randomized for 
treatment with either dabigatran or enoxaparin for 1 month, with RE-MODEL dosages. 
Both dabigatran dosages again had similar risks of  VTE and similar major bleeding rates 
as enoxaparin.(27) The RE-MOBILIZE study had a different outcome, as dabigatran was 

29

Clinical implementation of  new anticoagulants

2



compared with a higher dosage of  enoxaparin 30 mg twice daily. The primary outcome 
of  total VTE and death occurred more often in patients in the dabigatran 150 mg and 
220 mg group (33.7% and 31.1%, respectively), than in the enoxaparin group (25.3%).(28) 
Nevertheless, since enoxaparin 40 mg is commonly used for VTE prophylaxis, the results 
from other phase III trials were sufficient for dabigatran (220 mg once daily) to be licensed 
in 2008 for the prevention of  VTE after elective orthopaedic surgery.

Treatment of  VTE
The efficacy and safety of  a therapeutic dose of  dabigatran of  150 mg twice daily was 
compared with warfarin (target international normalized ratio (INR 2–3) in the double-
blind RE-COVER trial. Over 2,500 patients with acute VTE were treated for 6 months. All 
patients also initially received LMWH-treatment. Recurrence rates of  VTE were similar for 
dabigatran and warfarin, as was the risk of  major bleeding (Table 2).(29)

Table 2. Results from phase II and III clinical trials for dabigatran and rivaroxaban

Primary 
outcome

Dabigatran Rivaroxaban

Primary outcome Major bleedings Primary 
outcome

Major bleedings

VTE preven-
tion after hip 
replacement1

Total VTE 
events

6.0%5 vs 6.7% 
(p< 0.001 for 
non-inferiority)

2.0%5 vs 1.6% 
(p= 0.6)

1.1% vs 3.7% 
(p< 0.001)

0.3% vs 0.1% 
(p= 0.18)

VTE preven-
tion after knee 
replacement1

Total VTE 
events

36.4%5 vs 37.7% 
(p= 0.017 for 
non-inferiority)

1.5%5 vs 1.3% 
(p= 0.82)

9.6% vs 18.9% 
(p= 0.001)

0.6% vs 0.5% 
(p= 0.77)

VTE treatment2 VTE
recurrence

2.4% vs 2.1% 
(p< 0.001 for 
non-inferiority)

1.6% vs 1.9% 
(HR 0.82; 95% 
CI, 0.45-1.48) 

HR 0.68, 95% 
CI 0.44-1.04
Extended 
treatment3

HR 0.18, 95% 
CI 0.09–0.39

8.1% for both 
treatment arms
Extended treatment3

0.7% vs none, p= 
0.11

Stroke prophy-
laxis in AF2

Stroke, 
systemic 
embolism

1.1%6 vs 1.7% 
(RR 0.7, 95% CI 
0.5-0.8)

3.1%6 vs 3.4% 
(p= 0.31)

2.12% vs 
2.42%, p= 
0.117

3.6% vs 3.45%, 
p= 0;58

ACS secondary 
events preven-
tion4

Recurrence 
ACS

RE-DEEM, no results available ATLAS ACS TIMI 46 & ATLAS 
ACS TIMI 51, 
no results available

VTE: venous thromboembolism. AF: atrial fibrillation. ACS: acute coronary syndrome.
Specific dosages of  both dabigatran and rivaroxaban per clinical trial.
1Versus enoxaparin 40mg once daily.
2Versus LMWH/VKA (target INR 2-3). 
3Versus placebo. 
4Versus placebo, additional to aspirin and (stratified or at the physician’s discretion) a thienopyridine.
5For dabigatran 220mg once daily.
6For dabigatran 150mg twice daily.
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Prevention of  stroke in atrial fibrillation
The RE-LY study included over 18,000 patients with non-valvular AF. Patients were 
randomized to either dabigatran 110 mg twice daily, dabigatran 150 mg twice daily, or dose-
adjusted warfarin (target INR 2–3) for 2 years. In comparison to warfarin, dabigatran 110 mg 
twice daily was found non-inferior, and dabigatran 150 mg twice daily superior, in preventing 
stroke or systemic embolism. The incidence of  major bleeding was similar for warfarin and 
dabigatran in the highest dose and significantly lower for dabigatran 110 mg twice daily (Table 
2). Dyspepsia occurred in 12% of  the dabigatran patients, and no evidence of  hepatotoxicity 
was reported. In conclusion, with the RE-LY study dabigatran 150 mg twice daily was shown 
to be safe and superior in stroke prophylaxis for patients with AF, compared to warfarin. The 
FDA therefore approved dabigatran 150 mg twice daily for all AF patients, with the exception 
of  those suffering from severe renal impairment. Severe renal impairment was, however, an 
exclusion criterion of  the RE-LY, and the suggested dose adjustment (dabigatran 75 mg 
twice daily) was not based on scientific results from this trial.(15)

Treatment of  acute coronary syndrome
For patients with an acute myocardial infarct and at least one cardiovascular risk factor, 
dabigatran is being evaluated in the RE-DEEM trial, a phase II, randomized trial with 
dabigatran as an addition to standard antiplatelet therapy. Using dabigatran from 50 mg 
twice daily to 150 mg twice daily, this study is designed to find the dosage with the lowest 
acceptable risk of  bleeding. Primary results have shown that the addition of  dabigatran gives 
a dose-dependent increase in bleeding, with an occurrence of  major bleeding of  0.5% in the 
placebo arm, and from 0.3% for the dabigatran 75 mg twice daily to 2.0% for the 110 mg 
twice daily group. Final results have not been published yet.(30)

Rivaroxaban
Prevention of  VTE after elective knee and hip surgery 
After several promising phase II trials,(31) the phase III RECORD studies underlined the safety 
and efficacy of  rivaroxaban in the prevention of  VTE after total knee and total hip surgery. 
Two randomized, double-blind, non-inferiority trials were performed, with approximately 
7,000 patients planned for total hip arthroplasty. Subjects were treated for 5 weeks with 10 
mg rivaroxaban once daily or with 40 mg enoxaparin once daily. for 5 weeks (RECORD 1) or 
for 2 weeks (RECORD 2). These studies demonstrated that rivaroxaban was superior in the 
prevention of  symptomatic VTE in comparison with enoxaparin. There was no difference 
in the occurrence of  major bleeding between the rivaroxaban and enoxaparin group (Table 
2).(32, 33) The efficacy of  rivaroxaban in preventing VTE after total knee arthroplasty was 
analysed in the RECORD 3 and 4 studies. Over 5,500 patients either received rivaroxaban 
or enoxaparin for 10–14 days in similar dosages as mentioned previously. VTE occurred 
significantly less for rivaroxaban, and the risk of  major bleeding was similar to enoxaparin.
(34,35) In a meta-analysis by Cao et al. of  eight RCTs, involving 15,586 patients, rivaroxaban 
was associated with significantly fewer VTE and lower all-cause mortality in comparison 
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with enoxaparin (RR 0.56; 95% CI 0.39–0.80). The incidence of  major (RR 1.65; 95% CI 
0.93–2.93) and clinically relevant non-major bleeding was comparable (RR 1.21; 95% CI 
0.98–1.50). The percentage of  all bleeding events (both major and clinically relevant non-
major) caused by rivaroxaban was 7.2% versus 6.5% for enoxaparin (P = 0.14 for overall 
effect).(36) As a result, rivaroxaban 10 mg once daily was registered in Europe and Canada 
for VTE prevention after planned knee or hip surgery.

Treatment of  VTE
Rivaroxaban was also investigated for the treatment of  acute DVT in the Einstein-DVT 
study. In this phase III study 3,449 patients were randomized to rivaroxaban twice daily 
for 3 weeks followed by 20 mg once daily, or warfarin (target INR 2–3). Rivaroxaban was 
administered without bridging, because the novel anticoagulant developes steady-state levels 
immediately. As warfarin was started with at least 5 days of  enoxaparin, the study was open 
label. Treatment period varied between 3 and 12 months. Rivaroxaban was non-inferior to 
warfarin in preventing recurrent symptomatic VTE, and there was no difference in major 
bleeding in both treatment arms (Table 2).(37)
In the Einstein-extension study, 20 mg rivaroxaban once daily was compared with placebo 
for the extended treatment of  VTE for 6–12 months. Subjects had either participated in the 
Einstein-DVT study or had been treated with VKA for 6–12 months prior. The net clinical 
benefit, the composite of  recurrent VTE or major bleedings, was 2.0% for the rivaroxaban 
group and 7.1% for the placebo group (HR 0.28; 95% CI 0.15–0.53; P < 0.001), which 
suggests that rivaroxaban may be beneficial for the long-term treatment of  VTE after 6–12 
months.(37) The Einstein-PE study investigating patients with pulmonary embolism is still 
on-going.

Atrial fibrillation
In the ROCKET AF study, subjects were treated with either rivaroxaban 20 mg once daily 
or warfarin, for the prevention of  stroke caused by atrial fibrillation. What set the trial apart 
from similar studies was the double-blind, double-dummy design and the co-morbidity of  
patients. The average age of  the 14,000 participants was 73 years, and the CHADS 2 score 
was 3 or higher for 90% of  all subjects. Rivaroxaban was proven non-inferior to warfarin 
for the prevention of  stroke and systemic embolism and as safe in terms of  major bleeding. 
The discontinuation of  subjects was high (22%), and the percentage of  the warfarin-treated 
subjects with an INR in the therapeutic range was low (less than 60%).(20)

Treatment of  acute coronary syndrome
The benefit of  adding rivaroxaban to the standard treatment of  acute coronary syndrome 
was investigated in the ATLAS ACS-TIMI 46 study. Almost 3,500 patients were divided into 
two arms of  either aspirin alone or aspirin plus a thienopyridine. All patients in both arms 
were then randomized between placebo and different doses of  rivaroxaban. The addition of  
rivaroxaban in dosages from 5 to 20 mg once or twice daily to either aspirin, or to aspirin plus 
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a thienopyridine, decreased the primary outcome of  death, myocardial infarction, stroke, 
and/or severe recurrent ischemia significantly in comparison to placebo (HR 0.69; 95% CI 
0.50–0.96; P = 0.0270). However, the occurrence of  clinically significant bleeding increased 
with a dose response relationship (HR 2.21, 95% CI 1.25–3.91 for rivaroxaban 5 mg versus 
placebo; HR 5.06, 95% CI 3.45–7.42 for 20 mg; P < 0.0001). Clinically significant bleeding 
rates were 1.67%–6.69% for rivaroxaban 5–20 mg once daily in combination with aspirin 
alone versus 3.28%–5.12% for rivaroxaban plus both aspirin and a thienopyridine.(38) The 
phase III ATLAS ACS-TIMI 51 trial, designed in a similar manner, will therefore investigate 
low-dose rivaroxaban 5 mg once daily as adjunctive therapy for acute coronary syndrome.
(31)

Conclusion
Clinical studies with both dabigatran and rivaroxaban suggest that these compounds are 
beneficial and safe for the prevention and treatment of  VTE, and for the prevention of  
stroke in patients with atrial fibrillation. Results from trials for the treatment of  acute 
coronary syndrome are on their way. Current findings come from studies with a patient 
population that mainly consists of  Caucasians with a normal renal clearance and normal 
body-weight. Whether or not these conclusions can be extrapolated to subjects with obesity 
or impaired renal functioning is currently unknown.

LABORATORY MONITORING OF NEW ANTICOAGULANTS

Dabigatran and rivaroxaban have shown a predictable and stable dose response without the 
need for regular monitoring.(39) In the various clinical trials as mentioned previously, no 
routine monitoring of  the treatment effect was performed. Clinical practice will sometimes 
require monitoring of  the anticoagulant effect, as patients who would have been disqualified 
for such studies may have a higher bleeding risk.(40) In a recent debate about the need for 
laboratory monitoring of  the new antithrombotic drugs, both sides agreed that monitoring 
of  dabigatran and rivaroxaban is not indicated for the majority of  patients but may be useful 
in certain situations.(41,42) Examples such as renal impairment, acute surgical intervention, 
and a high risk of  bleeding are already applicable for LMWH therapy.(43) Also, since routine 
monitoring is not needed, it may be more difficult to determine compliance, for instance in 
case of  recurrent thrombosis. In search of  the proper monitoring method, the results of  
various phase II and III trials provide information on various coagulation assays and show a 
close correlation between dosage, plasma concentrations, and the degree of  anticoagulation. 
These trials have, however, not compared the efficacy and safety of  these novel anticoagulants 
in association with monitoring methods. Nor do these studies provide information on what 
the preferable references are for the most suitable assays.(44)
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Clotting assays (summarized in Table 1)
According to in-vitro studies in humans and animals, rivaroxaban gave a concentration-
dependent prolongation of  PT and activated partial thrombin time (aPTT).(17,45) The 
PT seemed to be more sensitive than the aPTT, which is also known for other direct FXa 
inhibitors,(16) but is not seen with indirect FXa inhibitors. A possible explanation is that 
indirect FXa inhibitors can only inhibit free factor FXa, whereas rivaroxaban also binds to FXa 
in the prothrombinase complex, which is more efficient in generating thrombin. If  necessary, 
rivaroxaban exposure could therefore be determined by using the PT. However, results of  
the PT vary with the reagents used, and the PT would inevitably require standardization. This 
problem could be overcome by expressing the PT in plasma concentrations of  rivaroxaban 
with a standard calibration curve, rather than seconds. At present, no reference ranges or 
cut-off  levels of  the PT are present for rivaroxaban.(44,46) Dabigatran added to human 
or animal blood prolonged the PT and the aPTT in vitro and ex vivo in a concentration-
dependent mode. Dose-escalating studies with orally administered dabigatran in healthy 
subjects found that the aPTT had a linear relationship with the square root of  the plasma 
concentration. A flattening response of  the aPTT at higher plasma concentrations was 
unfortunately observed and found in several clinical trials.(6) As a result of  this plateau 
effect and the lack of  standardization of  aPTT reagents, the aPTT is not recommended for 
measuring the precise quantitative effect of  dabigatran.
Ecarin is a snake venom protease that exclusively generates meizothrombin from prothrombin. 
Direct thrombin inhibitors inhibit the thrombin-like activity of  meizothrombin. The ecarin 
clotting time (ECT) is described as a simple, fast, and precise quantitative measurement tool 
for DTIs.(6) In a dose escalation study with healthy male subjects, the ECT increased in 
direct proportion to plasma concentrations of  dabigatran. The ECT had a greater sensitivity 
in precise measurement of  anticoagulation by dabigatran than the aPTT and thrombin time 
(TT), results confirmed by a phase II trial for thromboprophylaxis after hip surgery.(47,48)
The Heptest (Haemachem, St. Louis, MO, USA) is a clotting test based on inhibition of  factor 
Xa. The time to clot is measured after incubation with exogenous factor Xa, recalcification, 
and addition of  a bovine plasma fraction rich in factor V and fibrinogen. In-vitro studies 
with rivaroxaban showed that the Heptest was highly sensitive to rivaroxaban over a broad 
concentration range,(16) results confirmed by a randomized placebo controlled study with 
healthy male subjects.(17)
To measure the TT, excess thrombin is added to plasma. In a dose escalation study with 
dabigatran etexilate, given to healthy male subjects (n = 80), the TT increased in direct 
proportion to plasma concentration levels of  dabigatran. Maximum TT prolongations of  
almost 30-fold were observed, and the maximum measurement time was regularly exceeded.
(48) Although high dosages of  dabigatran were applied, these results suggest that the TT 
might be too sensitive for monitoring dabigatran.
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Specifically developed clotting assays
To adjust the thrombin time for therapeutic drug monitoring of  direct thrombin inhibitors, 
Love et al. diluted one volume of  patient plasma into three volumes of  normal human 
plasma.(49) Both in-vivo and ex-vivo investigations with dabigatran showed a linear relationship 
between the specific diluted thrombin time DTT Hemoclot (Hyphen BioMed, Neuville-sur-
Oise, France) and dabigatran concentrations, which makes this test a potential laboratory 
monitoring assay for dabigatran.(50) The Hemoclot has also been studied in vitro with 
paediatric patients and showed comparable results in children as in adults.(51)

Thrombin generation assays
A thrombin generation curve (thrombogram) can be obtained by using a fluorogenic 
thrombin substrate and continuous calibration of  each individual sample. It produces more 
information than a clotting time assay, since over 95% of  all thrombin forms after the 
process of  clotting. In normal platelet-poor plasma spiked with dabigatran and rivaroxaban, 
both drugs influenced the parameters of  the thrombin generation test (TGT) and gave 
a decrease of  the ETP.(52) In a rat model of  venous thrombosis, oral and intravenous 
dabigatran inhibited thrombin generation in a concentration-dependent manner.(7) Similar 
findings came from a randomized placebo-controlled study with single doses (5 or 30 mg) 
of  rivaroxaban.(45)

Direct measurement of  the inhibition of  coagulation factors
Anti-FXa chromogenic assays have been used in several studies with rivaroxaban, showing 
a dose and concentration-dependent inhibition of  factor Xa activity.(16) Currently available 
anti-FXa chromogenic assays for LMWH are not specific for direct FXa inhibitors, and 
therefore a new specific and highly sensitive anti-FXa assay has been developed. The results of  
this assay were comparable to the direct concentration measurements in a multicentre quality 
assessment study.(52) There are few data on the use of  anti-factor IIa chromogenic assays 
and direct thrombin inhibitors. The chromogenic anti-factor IIa assay was found to monitor 
successfully bivalirudin levels during cardiopulmonary bypass.(53) Chromogenic assays are 
factor-specific and unaffected by other coagulation disorders. However, reproducibility of  
these assays can vary.(44)

Conclusion
Only few studies have compared monitoring methods for dabigatran and rivaroxaban.
(54) Different indications for laboratory monitoring may require different assays. For 
anticoagulant activity of  these agents, for example to assess compliance, conventional tests 
or other qualitative assessments will be sufficient. When there is a need for risk assessment 
regarding an invasive procedure, or in case of  a major bleeding, a precise estimation of  the 
anticoagulant level might be necessary, by means of  a quantitative assay. Conventional assays 
should be interpreted with caution, since references for new anticoagulants are unknown, 
and the variation in reagents might lead to difficulties with standardization.

35

Clinical implementation of  new anticoagulants

2



REVERSAL OF NOVEL ANTICOAGULANTS

Although both dabigatran and rivaroxaban have a predictable and stable anticoagulant effect, 
immediate reversal may be necessary for major bleeding or emergency surgery. Crowther and 
Warkentin performed a systematic evaluation of  literature available at the beginning of  2009 
and found no references to the treatment of  bleeding in subjects receiving dabigatran or 
rivaroxaban.(55) Little has changed since their publication, and animal experiments are still 
the main studies performed to assess the proper antidote for dabigatran and rivaroxaban. 
With the general knowledge based on current standard anticoagulation therapy and the 
results of  animal studies, possible antidotes for the new anticoagulants are listed hereafter.

Fresh frozen plasma
Transfusion of  fresh frozen plasma is a recommended strategy for the reversal of  bleeding 
caused by anticoagulant agents. A disadvantage of  this therapy is the requirement of  large 
amounts of  plasma, requiring several hours of  infusion before reaching its beneficial effect. 
This strategy has not been investigated for the reversal of  dabigatran and rivaroxaban.

Prothrombin complex concentrates (activated or non-activated)
Prothrombin complex concentrates (PCC) are often used for acute reversal of  VKA. They 
have an immediate onset of  action after administration.(1) PCC are human plasma products, 
containing coagulation factors II, VII, IX, X.(56) There are animal studies suggesting a 
beneficial effect of  PCC for the reversal of  bleeding with dabigatran or rivaroxaban. In a 
kidney injury bleeding model in rabbits, PCC (Beriplex 50 IU/kg; CSL Behring, Marburg, 
Germany) showed a dose-dependent reversal of  bleeding time and amount of  blood loss, 
caused by dabigatran.(57) In a similar animal study, anaesthetized rats were given a standardized 
tail incision to measure the bleeding time. Activated PCC (100 IU/kg Feiba; Baxter AG, 
Vienna, Austria) reversed the bleeding time prolongation caused by dabigatran but had no 
influence on the prolonged aPTT.(58) However, as previously mentioned, the aPTT is not a 
precise monitoring method for the use of  dabigatran. After cutting a mesenteric vessel and 
administration of  rivaroxaban, PCC (Beriplex 50 IU/kg) caused complete normalization of  
the prolonged bleeding time in a rat model.(59) No studies in humans are available at present.

Recombinant factor VIIa
Recombinant factor VIIa (rFVIIa) has shown its potential for the reversal of  current and 
novel anticoagulant drugs in animal models, but information from daily clinical practice 
is anecdotal.(1,60) In the previously mentioned rat model, 0.5 mg/kg rFVIIa had a more 
pronounced effect than aPCC, reducing the bleeding time and partially reversing the aPTT 
prolongation caused by dabigatran.(58) However, an in-vitro study proved otherwise. Platelet-
rich plasma from healthy volunteers was spiked with dabigatran, resulting in a suppression of  
thrombin generation that was unchanged after adding rFVIIa (10 nmol). In the same study 
rFVIIa partially reversed the effect of  rivaroxaban on thrombin generation.(61) A study 
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with baboons showed that the prolongation of  bleeding time and PT measured 15 minutes 
after high-dose rivaroxaban was partially reduced (36% and 26% respectively) by a single 
bolus of  rFVIIa (210 μg/kg).(62) rFVIIa therefore seems to counteract both dabigatran and 
rivaroxaban, but only partially.

Haemodialysis
As rivaroxaban is mainly plasma protein-bound, haemodialysis is not an option for acute 
reversal of  the anticoagulant.(18) Haemodialysis could be effective for the reversal of  
dabigatran, when other alternatives are insufficient. There is, however, only one animal study 
to support this choice.(63)

CONCLUSION

Dabigatran and rivaroxaban have the potential to serve a wide target population, with clinical 
indications ranging from the prophylaxis and treatment of  VTE to stroke prevention in 
atrial fibrillation. With their predictable pharmacodynamic and pharmacokinetic profiles, 
they have the potential to replace established oral anticoagulants: vitamin K antagonists. 
Nevertheless, both drugs still have an increased risk of  bleeding. At present, a sufficient 
method of  reversal has not been found, and there is a lack of  information on monitoring. 
Since these new anticoagulants can already be prescribed in clinical practice, solving these 
issues is crucial.
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ABSTRACT

Venous thromboembolism (VTE) is most commonly initially treated with low molecular 
weight heparin (LMWH), fondaparinux, or unfractionated heparin, in combination with 
vitamin-K antagonists (VKA) for long-term treatment. VKA have some drawbacks, however, 
which has led to the development of  new anticoagulants. Most of  these new drugs can be 
administered orally, and have been investigated in several phase III clinical trials. The benefits 
of  these anticoagulants include their stable therapeutic effect, reduced interactions with 
other medication and food, and, therefore, no need for routine monitoring. The duration 
of  anticoagulant treatment for VTE is usually 3–12 months, but depends on the balance 
between the risks of  recurrent thrombosis, major bleeding, and the patient’s preference. 
Clinical decision rules to assess the risk of  recurrence to tailor the duration of  anticoagulant 
treatment are being investigated. The beneficial aspects of  novel anticoagulants may prolong 
the duration of  treatment. VTE treatment should be adjusted in special patient groups, such 
as in case of  malignancy, renal failure, pregnancy, or obesity. In this review, the current and 
future aspects of  the treatment of  VTE are explored.
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INTRODUCTION

Pulmonary embolism (PE) and deep vein thrombosis (DVT) are considered to be two 
manifestations of  the same condition: venous thromboembolism (VTE) – which has 
an incidence of  1–3 per 1000 of  the general population per year, and is the third most 
common cardiovascular disorder in industrialised countries. With the aging of  the current 
population, the incidence is expected to increase further.(1,2) Anticoagulant treatment in 
patients with VTE is highly effective, as it reduces the incidence of  recurrent disease from 
about 25% to about 3% during the first 6–12 months of  therapy.(3) Since 1960, treatment 
with oral vitamin K antagonists (VKA) has been the mainstay of  long-term anticoagulation 
therapy for haemodynamicly stable patients with VTE, for both prevention of  thrombus 
extension, and recurrence of  the disease.(3) There are well-known disadvantages with the use 
of  VKA. Although VKA administration can usually be started immediately after diagnosis, 
the slow onset and offset of  action often requires bridging with parental or subcutaneous 
anticoagulant drugs, which challenges outpatient treatment.(4) The initial treatment with low 
molecular weight heparin (LMWH), fondaparinux or unfractionated heparin (UFH) can only 
be stopped after the international normalised ratio (INR) remains above 2.0 for at least 
24 h,(4) which usually takes 5–10 days.(5,6) LMWH or fondaparinux are usually preferred 
to intravenous UFH because they rarely require monitoring and are both associated with 
fewer recurrent thrombotic events, and less major bleeding.(7) However, dose adjustments 
for severe renal impairment and extreme obesity are not standardised for LMWH, and there 
is no antidote unlike for UFH, which can be directly reversed with protamine sulphate. A rare 
but serious complication of  UFH, LMWH, and in extreme rare situations of  fondaparinux, 
is heparin-induced thrombocytopenia (HIT).(8,9) Besides the need for additional bridging, 
other drawbacks of  VKA therapy include the interactions with other drugs and food, and 
the narrow therapeutic window, which leads to a great inter-individual variability in dose-
response rate. Consequently, the risk of  either under- or overtreatment is high, making 
routine monitoring and dose adjustments obligatory.(10) Patients taking VKA spend at least 
one-third of  the time outside the therapeutic INR range.(11) Therefore, the development 
of  new anticoagulants in the last decade was welcome. In contrast to VKA, these new 
drugs, (in)direct factor Xa and thrombin inhibitors, have less disadvantages as they all have 
more predictable pharmacological profiles (Table 1).(11,12) Currently, many clinical trials 
with new anticoagulants have been published or are on-going. Factor Xa inhibitors that 
are most advanced in clinical development are rivaroxaban, apixaban, idrabiotaparinux and 
edoxaban, and Dabigatran is the most advanced thrombin inhibitor.(12,13) Critically, there 
is a lack of  information on the appropriate antidote, and on reliable monitoring for special 
circumstances, such as in case of  a major bleeding or when an urgent invasive procedure is 
required.(14)
Initial anticoagulant treatment is different for patients with massive PE with haemodynamic 
instability and a high mortality risk. Systemic thrombolysis is recommended as first-line 
treatment, because of  the short-term resolution of  emboli and the beneficial hemodynamic 
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effect of  thrombolysis.(4,15-17) However, the available evidence on the benefit of  
thrombolytic therapy in patients with massive PE is modest, let alone in patients with 
right ventricular dysfunction and a normal blood pressure (submassive PE). Embolectomy 
(surgically, by aspiration of  the clot, or by angioplasty) is indicated in patients with PE 
and arterial hypotension in whom thrombolysis has failed or is contraindicated.(4,18) A 
randomised clinical trial to compare the efficacy of  the surgical and the catheter-based 
techniques has not been performed.(4,18)
If  anticoagulant or thrombolytic therapy is contraindicated, VTE can also be treated with 
an inferior vena cava (IVC) filter. Patients with an IVC filter are recommended to receive a 
conventional course of  anticoagulant therapy once the risk of  bleeding is diminished.(4,18,19) 
No randomised trials nor prospective cohort studies have been performed to evaluate IVC 
filters as monotherapy of  VTE, without concurrent anticoagulation. Consequently, the use 
of  IVC filters is restricted to patients with VTE who have a temporary contraindication to 
anticoagulant treatment.(4,18)

In this state of  the art review, the results from large clinical trials with new anticoagulants 
will be outlined. Additionally, the optimal duration of  anticoagulant treatment of  VTE will 
be discussed; with a focus on special patient groups, such as cancer, renal failure, obesity 
and antiphospholipid syndrome, as well as the use of  anticoagulant treatment in pregnant 
women.

Figure 1 Mode of  anticoagulant effect of  the new anticoagulants

48

Chapter 3



CLINICAL IMPLEMENTATION OF NOVEL ANTICOAGULANTS

Over the last decade, a new generation of  anticoagulants has emerged with favourable 
characteristics to their predecessors, the VKAs. These novel anticoagulants directly 
inhibit one specific coagulation factor (Figure 1), and have stable pharmacokinetic and 
pharmacodynamic properties. Due to the absence of  major interactions with food or other 
drugs, they do not require frequent monitoring. Several phase III trials have shown efficacy 
and safety for prophylaxis and treatment of  VTE, and for the prevention of  stroke in atrial 
fibrillation, as the following chapter further describes.

Dabigatran
Dabigatran is a novel direct thrombin inhibitor, administered orally as a prodrug, dabigatran 
etexilate. Its properties are listed in Table 1.(20,21) Dabigatran is licensed for the prevention 
of  VTE after planned knee or hip surgery, following the results of  several phase III studies. 
Both dabigatran 150 and 220 mg administered once daily were shown to be non-inferior to 
enoxaparin 40 mg subcutaneous once daily, and bleeding risks were similar (the RE-MODEL 
trial, see Table 2).(22) In the RE-MOBILIZE study, with a higher enoxaparin dosage of  
30 mg twice daily, both dosages of  dabigatran were found to be inferior to enoxaparin, 
without a difference in the major bleeding risk.(23) Furthermore, the same dosages of  
dabigatran were as effective and safe as enoxaparin 40 mg once daily for the prevention of  
VTE after hip replacement (The RENOVATE and RENOVATE-II).(24,25)

Table 1 Pharmacokinetic and pharmacodynamic properties of  novel anticoagulants

Steady state levels Ttpeak
(hours)

½ life (hours) Excretion

Dabigatran After 3 days 2 14-17 80% kidneys
20% biliary system

Rivaroxaban After the first dosage 2-4 5-9 young 
9-13 elderly subjects

66% kidneys
28% intestines

Apixaban After 3 days 1 12 25-29% kidneys
46-56% intestines

Edoxaban After 2 days 1-3 9-11 35-39% kidneys

Idrabiotaparinux 3-4 months1 1.5 h 120 h2

60 days1

Idraparinux: Mainly kidneys

1From phase II studies with Idraparinux. 
2After a single bolus, from phase I studies
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In patients with acute VTE, dabigatran was also non-inferior to VKA in preventing recurrent 
VTE (in the RECOVER trial). Subjects were randomised double-blind to 6 months of  
treatment with either dabigatran 150 mg bid or warfarin (target INR 2–3). LMWH was 
administered to all patients at the beginning of  treatment. Dabigatran had the same recurrence 
rate of  VTE and the same major bleeding rate as warfarin (Table 2).(26) Results of  two other 
studies for the (extended) treatment of  VTE with dabigatran are eagerly awaited (http://
clinicaltrials.gov, NCT00329238, NCT00558259).
Dabigatran was also assessed for the prevention of  stroke in atrial fibrillation. The RE-LY 
study included 18 000 patients, randomised between dabigatran 110 or 150 mg twice daily, 
and warfarin (target INR 2–3). The study had a double-blind, double-dummy design, and 
subjects were treated for 2 years. Dabigatran 110 mg twice daily gave a significant lower 
incidence of  major bleeding than warfarin, and a similar occurrence of  stroke or systemic 
embolism (Table 2). The higher dosage of  dabigatran 150 mg twice daily was as safe as 
warfarin in terms of  bleeding risk, but more effective in the prevention of  stroke or systemic 
embolism. Notable side effect was dyspepsia, occurring in 12% of  all dabigatran recipients.
(27) Based on these results, dabigatran was registered for the prevention of  stroke in atrial 
fibrillation in Canada and USA. The licensed dosage was 150 mg twice daily; an adjusted 
dose of  75 mg twice daily was suggested for patients with severe renal impairment. The 
75 mg dose was however not assessed in the RE-LY study, in which patients with a creatinine 
clearance of  < 30 mL per minute were excluded.

Rivaroxaban
One of  the most advanced direct factor Xa inhibitors is rivaroxaban, a novel oral anticoagulant 
known for causing steady state levels after its first dose. See Table 1 for its other properties.
(28,29) Rivaroxaban 10 mg once daily has been shown superior to LMWH in preventing VTE 
after knee and hip surgery, with similar bleeding risks as 40 mg enoxaparin once daily (the 
phase III RECORD studies, see also Table 2).(30,31) A meta-analysis of  eight randomised 
controlled trials involving rivaroxaban for VTE prophylaxis underlined these results.(32) The 
combined endpoint of  the VTE rate and all cause mortality was lower for rivaroxaban than 
for enoxaparin (RR 0.56, 95% CI 0.39–0.80), and both drugs had comparable risks of  major 
(RR 1.65, 95% CI 0.93–2.93) and clinically relevant non-major bleeding (RR 1.21, 95% CI 
0.98–1.50).(31) Rivaroxaban has therefore been registered for the prevention of  VTE after 
elective orthopaedic surgery in both Europe and Canada, for a dosage of  10 mg once daily.
The EINSTEIN investigators showed that rivaroxaban 20 mg once daily was as effective and 
safe as VKA for treating acute DVT. Recurrences of  VTE were similar for both drugs, as 
was the incidence of  the total of  major and clinically relevant non-major bleeding (Table 2). 
In contrast to other new anticoagulants or VKA, rivaroxaban does not require additional 
LMWH at the onset of  treatment. The trial was therefore designed as open-label.(33) In the 
first 3 weeks patients received a higher dose of  15 mg rivaroxaban twice daily, followed by 
20 mg once daily for the rest of  the treatment period. In the EINSTEIN-Extension study, 
patients were randomised double-blind to the same dosage of  rivaroxaban, or placebo for 
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the extended treatment of  symptomatic VTE. Subjects had either participated in the original 
EINSTEIN acute DVT study, or had taken VKA for 6–12 months. Rivaroxaban significantly 
reduced the recurrence of  VTE, without a different risk of  major bleeding (Table 2). The 
net clinical benefit, the composite of  recurrent VTE or major bleedings, was 2.0% for the 
rivaroxaban group and 7.1% for the placebo group (HR 0.28, 95% CI 0.15–0.53, p < 0.001). 
The EINSTEIN-PE study in patients with pulmonary embolism is still on-going.(33,34)
Rivaroxaban was also investigated for the prevention of  stroke in patients with atrial 
fibrillation. The double-blind, double-dummy ROCKET AF trial contained a relatively 
vulnerable patient population, with an average age of  73 years, and a 90% incidence of  
a CHADS 2 score of  ≥ 3. Rivaroxaban 20 mg once daily was non-inferior in comparison 
to warfarin (target INR 2–3) for the prevention of  stroke and systemic embolism, and the 
risk for major bleeding was also comparable in both treatment arms. The discontinuation 
of  treatment was relatively high for the total study population (22%), and < 57.8% of  the 
warfarin treated subjects had an INR in the therapeutic range.(35,36)

Apixaban
Apixaban is an oral anticoagulant that directly inhibits factor Xa; its details are described 
in Table 1.(37) Apixaban was shown to be superior to enoxaparin for VTE prevention after 
both hip and knee replacement surgery. The occurrence of  the composite of  major and 
clinically relevant bleeding was similar for both drugs (see Table 2).(38,39)
For the treatment of  symptomatic DVT with apixaban, only dose-ranging studies have been 
performed.(7) Further results from phase III studies will follow (AMPLIFY and AMPLIFY-
EXT).(40)
In the AVERROES study, apixaban 5 mg twice daily was evaluated vs. aspirin (80–320 mg) 
for patients with non-valvular atrial fibrillation who were unsuitable for VKA treatment. 
The prevalence of  stroke and/or systemic embolism was significantly lower in the apixaban 
study group, while major bleeding rates were similar for both treatment arms (Table 2). 
Apixaban resulted in more minor bleeding events than aspirin (HR for apixaban 1.24, 95% 
CI 1.00–1.53). The double-blind double-dummy study was stopped prematurely because of  
the efficacy of  apixaban.(41) The ARISTOTLE study that compares apixaban to warfarin in 
patients with atrial fibrillation is currently on-going.(40)

Edoxaban
Another novel oral direct factor Xa inhibitor is edoxaban (Table 1).(42) There are no 
available results from phase III studies for the prevention of  VTE after elective hip or 
knee replacement. The HOKUSAI study currently investigates the efficacy and safety of  
edoxaban vs. warfarin for the treatment of  symptomatic VTE in a randomised, double-blind, 
double-dummy design. All patients are initially treated with 5–12 days of  (LMWH) heparin 
(http://clinicaltrials.gov, NCT00986154).
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Edoxaban has been assessed in a phase II study for the prevention of  stroke in atrial 
fibrillation, with various dosages. The highest doses, 30 and 60 mg bid, resulted in significantly 
more bleeding events in comparison to warfarin. The dosages of  30 and 60 mg once daily 
had similar outcomes as VKA for bleeding as well as thrombosis.(43)

Idrabiotaparinux
Idrabiotaparinux was created by biotinylation of  idraparinux, enabling reversal by means 
of  avidin, its unique antidote. It indirectly inhibits factor Xa via selective antithrombin 
binding and therefore this pentasaccharide inhibits thrombin generation via both the 
extrinsic and intrinsic pathway, is administered subcutaneously, and has a very long half-
life.(44) Idrabiotaparinux shares it pharmacokinetic and pharmacodynamic properties with 
idraparinux, some of  which are notable. It takes substantial time before the anticoagulant 
reaches steady state levels, after which its half-life expands from one week to 60 days. 
Whether or not this increases the risk of  bleeding after a long treatment period is not clear. 
It may require dose adjustments for patients with long-term therapy (see also Table 1).(45)
There are no studies performed with idrabiotaparinux for the prevention of  VTE. 
Idrabiotaparinux was compared to idraparinux in the EQUINOX study for the treatment 
of  DVT (Table 2). Idraparinux was shown effective and safe in comparison to VKA in 
the treatment of  DVT (Van Gogh DVT study).(46) During 6 months of  treatment, 
idrabiotaparinux 3 mg once weekly was as efficient and safe as idraparinux 2.5 mg once 
weekly, in terms of  recurrent VTE and major bleeding, although the composite of  all 
bleedings and major bleedings was higher for idraparinux than previously found in the Van 
Gogh trial.(47)
The CASSIOPEA study is investigating the treatment of  PE with idrabiotaparinux in 
comparison to standard therapy with warfarin. In this double-blind, double-dummy, parallel 
group trial subjects will be treated for 3 or 6 months. Primary outcome will be the recurrence 
of  VTE at 3 months. Secondary outcome will be the recurrence of  VTE at 6 months, and 
bleeding risk (http://clinicaltrials.gov, NCT00345618).
The BOREALIS-AF was designed to investigate whether idrabiotaparinux could prevent 
the occurrence of  stroke or other systemic embolism in patients with atrial fibrillation. 
Unfortunately this trial was terminated prematurely due to financial issues.

CHALLENGES IN DAILY PRACTICE

The introduction of  new anticoagulants in clinical practice presents several challenges. First, 
the favourable results of  the phase II and III trials may not necessarily be sustained in clinical 
practice, where patients with high risk of  thrombosis or bleeding will be treated. Also, new 
anticoagulants still have an increased risk of  bleeding, and in case of  a major haemorrhage 
or the need for an emergency intervention, the anticoagulant effect should be directly and 
completely reversed. Today, a proper method to reverse novel anticoagulants is unknown.
(48)
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Although these agents may not require routine monitoring, this may still be needed for 
special conditions. In a debate published in 2010, both parties (for and against) agreed that 
laboratory testing should be performed in specific circumstances.(49,50) Examples are 
extreme bodyweight, renal impairment, or potential drug interactions. Also in the case of  
major bleeding or a possible overdose, or when emergency surgery is necessary, monitoring 
of  the anticoagulant effect may provide relevant information prior to any reversal attempts. 
Furthermore, assessing compliance with anticoagulant treatment will become more 
difficult without monitoring. Finally, the information regarding the pharmacokinetic and 
pharmacodynamic properties of  these drugs comes from a selected study population. In 
clinical practice, patients who would have been disqualified for such studies may not have 
a similar response. It remains to be shown whether these novel anticoagulants remain as 
beneficial and safe for their clinical implementations. Results regarding long term effects are 
therefore eagerly awaited.

DURATION OF TREATMENT

Long-term anticoagulant therapy is required to prevent (symptomatic) extension of  the 
thrombus and recurrence of  the disease. The continuation of  treatment is based on the 
balance between recurrent VTE and anticoagulant-related major bleeding, and the preference 
of  patients.(3,51) International guidelines on the treatment of  VTE base the duration 
of  treatment primarily on the presence and absence of  an underlying cause, classifying 
VTE in unprovoked or provoked by risk factors such as surgery, malignancy, pregnancy 
or the puerperium.(4) Furthermore, provoked VTE can be categorised by VTE caused by 
temporary or reversible risk factors, and VTE caused by persistent risk factors. In general, 
when a persistent risk factor is present such as malignancy, treatment should be continued 
as long as the risk factor is present.(4,52) In patients with VTE caused by temporary and 
reversible risk factors, treatment duration of  3 months is recommended, as the incidence of  
recurrence is low (0% vs. 19% for unprovoked VTE, 2 years after stopping treatment).(53)
When thrombotic events are unprovoked, VTE recurs in about a quarter of  patients within 
5 years.(54-56) Based on the number of  VTE episodes, as well as the consequences of  VTE 
and anticoagulant-related major bleedings, anticoagulant treatment should be continued for 
at least 3–12 months, when risk factors for bleeding are absent and good anticoagulant 
monitoring is achievable.(57-59) In clinical practise, most patients are treated 6–12 months.
(60) The decision to prolong treatment and even consider indefinite treatment, should be 
based on the individual recurrence and bleeding risk, together with the preference of  patients.
(3,4,60). Agnelli et al. clearly showed that the recurrence rate after stopping anticoagulant 
treatment is comparable between 3 months (5.1%, 95% CI, 3.2–7.5) and 12 months of  
therapy (5.0%, 95% CI 3.1–7.8).(57)
The introduction of  new anticoagulants may shift the balance to longer treatment duration. 
Extension of  anticoagulant treatment with rivaroxaban, for instance, reduced the recurrence 
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of  VTE with acceptable bleeding rates in comparison to placebo.(32) It should be noted 
that data on bleeding risk for the new anticoagulants is based on trials where high bleeding 
risk patients were excluded. Efficacy and safety data from clinical practice are needed before 
definite conclusions can be drawn. If  the risk of  bleeding is proven lower in daily practice for 
novel anticoagulants, prolonging anticoagulant treatment may be beneficial.
Ideally, a more individual treatment approach may be applied, where the risk of  recurrence 
is based on patient specific characteristics. Gender, D-dimer levels measured shortly 
after cessation of  anticoagulant therapy, and residual thrombosis in the leg veins seem all 
associated with a higher risk of  recurrence. The PROLONG study showed that an abnormal 
D-dimer level, measured after the cessation of  anticoagulant therapy, correlated with a higher 
recurrence rate (adjusted HR 1.70, P = 0.045).(61) Two studies have attempted to improve 
the prediction of  the recurrence risk by the use of  risk assessment models. First, Rodger et 
al. designed a clinical decision rule to predict the risk of  a recurrence VTE after 5–7 months 
of  VKA. They concluded that for women, it might be safe to discontinue anticoagulant 
therapy after 5–7 months, when a maximum of  one of  the following features is present: 
post-thrombotic signs, D-dimer level ≥ 250 μg L−1, BMI ≥ 30 kg m−1, or age ≥ 65 years.(62) 
More recently, another risk assessment model was developed by Eichinger et al. based on 929 
patients with unprovoked VTE and without thrombophilic factors. Only the combination of  
the location of  initial VTE, male gender, and peak thrombin levels were found to discriminate 
well between low- and high risk of  recurrence of  VTE. Age, BMI, and Factor V Leiden 
did not enter the final risk models (Table 3).(54) On the other hand, treatment duration 
will also be affected by an increased bleeding risk, but a bleeding risk prediction model of  
anticoagulant treatment in patients with VTE has not been assessed. Consequently, a precise 
instrument to weigh benefit and risk of  anticoagulant treatment is urgently needed.

TREATMENT IN SPECIFIC CIRCUMSTANCES

General guidelines do not apply to all patient groups, and the balance between recurrence 
of  thrombosis and the risk of  bleeding may vary with special circumstances, leading to a 
different choice of  anticoagulant, dose regime, or duration of  therapy.

Pregnancy
Pregnancy and the postpartum period are associated with an increased risk of  VTE, which is 
the leading cause of  maternal mortality in the developed world.(63,64) The increased risk of  
VTE during pregnancy results from procoagulant changes in the haemostatic and fibrinolytic 
systems, in combination with venous stasis in the lower extremities.(65,66) Pregnant patients 
with VTE are treated with LMWH, because this agent does not cross the placenta in contrast 
to VKA, exposure to which is associated with small negative effects on neurodevelopment in 
the first trimester and gives an unacceptable risk of  haemorrhage during delivery.(18) VKA 
can, only if  necessary, be safely administered in the 17th to 36th week of  the pregnancy. 
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As a result of  increased renal perfusion, clearance of  LMWH increases during pregnancy. 
Most centres, therefore, measure the anti-factor Xa (anti-FXa) levels at regular intervals 
to monitor the therapeutic effect. However, there seems to be a wide variation in LMWH 
dosage and monitoring, together with a low rate of  recurrence, and there is controversy 
over the clinical representation of  the anti-FXa levels. It is, therefore, questionable whether 
anti-FXa monitoring is really mandatory.(67-69) Another point of  discussion is whether 
monitoring of  platelets in patients using LMWH is required in order to assess the presence 
of  HIT, a rare side effect of  LMWH with an even lower incidence during pregnancy.(67,68)
In pregnant women with HIT or with a history of  HIT, the heparinoid danaparoid sodium 
can be administered, although only limited data exist describing use during pregnancy.(70) In 
these cases of  (a history of) HIT, platelet monitoring could be useful, but evidence about the 
frequency of  monitoring is lacking.
LMWH should preferably be discontinued 24 h before the expected time of  labour. However, 
in case of  a very high risk of  recurrent VTE, e.g. if  the VTE occurred after week 36 of  the 
pregnancy, unfractionated heparin (UFH) should be considered. Ideally, UFH should be 
discontinued 4-6 h prior to elective induction or caesarean section, to limit the duration of  
time without therapeutic anticoagulation. Additionally, a retrievable inferior vena cava (IVC) 
filter could be inserted within a week of  elective induction or caesarean section.(71) In the 
postpartum period, the duration of  the anticoagulant therapy should be administered for at 
least 6 weeks, either with LMWH or VKA, a total duration of  at least 3 months.(72)

Antiphospholipid syndrome
Antiphospholipid syndrome (APS) is an autoimmune disease characterised by vascular 
thrombosis and/or pregnancy morbidity in the presence of  circulating antiphospholipid 
antibodies, lupus anticoagulant, anticardiolipin or anti-β2-glycoprotein I. Patients with APS 
have an increased risk of  VTE recurrence ranging from 10% to 70%.(73-75) Patients with 
APS are usually treated with VKA, with an INR range between 2.0 and 3.0.(15) The optimal 

Table 3; Multivariable Cox Regression prediction models for recurrent VTE, including D-Dimer (A) and Peak 
Thrombin Levels (B) (51) (with permission)

Variable Hazard Ratio 95% CI P value

Model A

Male vs. female sex 1.90 1.31-2.75 <0.001

Pulmonary embolism vs. distal thrombosis 2.60 1.49-4.53 <0.001

Proximal vs. distal thrombosis 2.08 1.16-3.74 0.01

D-dimer (per doubling) 1.27 1.08-1.51 0.005

Model B

Male vs. female sex 2.05 1.36-3.09 <0.001

Pulmonary embolism vs. distal thrombosis 2.32 1.32-4.09 0.004

Proximal vs. distal thrombosis 1.88 1.03-3.44 0.04

Peak thrombin (per 100 nmol/L) 1.38 1.17-1.63 <0.001
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duration of  anticoagulant treatment for prevention of  recurrent VTE in patients with APS 
is unclear, but considering the high recurrence rate, a minimal duration of  1 year is generally 
recommended, depending on the circumstances of  the thrombotic event and the risk of  
bleeding.(73,76)

Cancer
Patients with cancer and particularly those with metastatic disease have a high risk of  VTE 
with an incidence of  4%–20%, which is caused by the prothrombotic effects of  the tumour 
and treatment with chemotherapy and radiotherapy.(77-79) In patients with cancer, VTE is 
an important cause of  morbidity and mortality, and may be a predictor of  worse prognosis.
(80)
It is generally recommended that patients with cancer and thrombosis are treated with 
LMWH for at least 6 months, because the risk of  recurrent VTE is reduced to 9% with 
LMWH compared to a 17% recurrence rate with VKA.(81) The risk of  major haemorrhage 
with LMWH and VKA in patients with cancer and VTE are comparable.(81) After 6 months 
of  LMWH, indefinite anticoagulant therapy is recommended as long as the cancer is active.
(52) Whether LMWH is still more effective than VKA in the prevention of  VTE after the 
first 6 months is under investigation. At present, the relative benefits and risks of  continuing 
LMWH beyond 6 months versus switching to oral VKA remains a clinical judgment per 
individual patient.

Obesity
Obese subjects have a lower proportion of  highly vascular and lean body mass as a 
percentage of  total body weight. It is therefore possible that in obese subjects treatment 
with LMWH could lead to an overdose, since LMWH treatment is based on body weight. 
Conversely, arbitrary dose reduction or capping could lead to sub-therapeutic anticoagulation 
and increased risk of  recurrent VTE. Therefore, there is an on-going debate whether the 
dose should be increased linearly, adjusted for weight or capped at some point at a maximum 
allowable dose. Furthermore, extreme bodyweight is a risk factor for VTE.(82-85) Obese 
subjects with VTE are mostly excluded from clinical trials and therefore the information on 
the efficacy and safety of  anticoagulants is scarce and inconclusive.(86) Three studies showed 
that there is no need to adjust the currently recommended dose of  therapeutic dalteparin and 
tinzaparin in obese people with (near) normal renal function.(87-89) However, monitoring 
may not have been properly assessed, as Bazinet et al. found that the increase of  anti-FXa 
levels with higher BMI is not significant. Whether these discrepant results depend on the 
pharmacokinetic properties of  the different LMWHs remains to be determined.(90)
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Renal insufficiency
As in patients with obesity, patients with renal insufficiency are excluded from most clinical 
trials, so the optimal dose of  the (new) anticoagulants and monitoring in the setting of  renal 
insufficiency is lacking. Anticoagulant treatment in patients with renal insufficiency is also 
challenging because of  the associated hypercoagulable state and increased risk of  bleeding.
(91,92) Most LMWHs, with the exception of  tinzaparin sodium, undergo renal clearance. In 
patients with non severe renal insufficiency, (glomerular filtration rate [GFR] > 30 mL min−1) 
and VTE, dose-adjustment of  LMWH according to anti-FXa levels is necessary, due to 
the risk of  accumulation of  LMWH.(93,94) However, due to the inter-individual variation 
of  LMWH accumulation, no simple dosing scheme can be recommended.(94) Therapeutic 
subcutaneous bemiparin is currently investigated among others severe renal insufficiency 
(GFR < 30 mL min−1), but to date, no data have been evaluated.(95) Due to the accumulation 
of  LMWH in patients with severe renal insufficiency (GFR < 30 mL min−1),(94) UFH is 
indicated as bridging therapy.(4) UFH can be administered subcutaneously as an unmonitored, 
fixed, weight-based dose.(5,96,97) Although VKA are predominantly metabolised by the 
liver, renal failure can decrease non-renal clearance and alter the bioavailability of  and 
response to VKA. Therefore, a dose reduction of  10%–20% is required, depending on the 
severity of  the renal failure.(91,92)
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ABSTRACT

Background
Rivaroxaban and dabigatran are new oral anticoagulants that specifically inhibit factor Xa 
and thrombin, respectively. Clinical studies on the prevention and treatment of  venous 
and arterial thromboembolism show promising results. A major disadvantage of  these 
anticoagulants is the absence of  an antidote in case of  serious bleeding or when an emergency 
intervention needs immediate correction of  coagulation. This study evaluated the potential 
of  prothrombin complex concentrate (PCC) to reverse the anticoagulant effect of  these 
drugs.

Methods and Results
In a randomized, double-blind, placebo-controlled study, 12 healthy male volunteers received 
rivaroxaban 20 mg twice daily (n= 6) or dabigatran 150 mg twice daily (n= 6) for 2½ days, 
followed by either a single bolus of  50 IU/kg PCC (Cofact) or a similar volume of  saline. 
After a washout period, this procedure was repeated with the other anticoagulant treatment. 
Rivaroxaban induced a significant prolongation of  the prothrombin time (15.8±1.3 versus 
12.3±0.7 seconds at baseline; P<0.001) that was immediately and completely reversed by 
PCC (12.8±1.0; P<0.001). The endogenous thrombin potential was inhibited by rivaroxaban 
(51±22%; baseline, 92±22%; P=0.002) and normalized with PCC (114±26%; P<0.001), 
whereas saline had no effect. Dabigatran increased the activated partial thromboplastin 
time, ecarin clotting time and thrombin time. Administration of  PCC did not restore these 
coagulation tests.

Conclusion
Prothrombin complex concentrate immediately and completely reverses the anticoagulant 
effect of  rivaroxaban in healthy subjects but has no influence on the anticoagulant action of  
dabigatran at the PCC dose used in this study.
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INTRODUCTION

Vitamin K antagonists (VKA) have been the only oral anticoagulants for the treatment of  
venous thromboembolism for decades despite their unpredictable pharmacology and their 
slow onset and offset of  action. VKA require frequent monitoring, and carry a substantial 
risk of  undertreatment or overtreatment.(1) Several new oral anticoagulants with more stable 
pharmacokinetic and pharmacodynamic profiles have been licensed for clinical practice or 
are in the final stage of  clinical development. At this moment, dabigatran (a direct thrombin 
inhibitor) and rivaroxaban (a direct factor Xa inhibitor) are the most extensively evaluated 
novel anticoagulant agents. Both anticoagulants have little interaction with food or drugs and 
can therefore be prescribed in a fixed dose without the requirement of  frequent monitoring.
(2,3) They have been shown to be effective and safe in large trials in the prevention and 
treatment of  venous thromboembolism (VTE) and prevention of  stroke in atrial fibrillation.
(4-7) This has led to the registration of  both drugs in Europe and Canada for the prevention 
of  VTE in elective orthopedic surgery. Dabigatran has also been licensed recently in Canada 
and the United States for stroke prevention in atrial fibrillation; registration in Europe will 
probably follow soon.(8-12) For rivaroxaban, a submission for stroke prevention in atrial 
fibrillation treatment was filed in the United States and Europe.
In clinical practice, use of  these new anticoagulants will facilitate patient care because 
their properties obviate the need for frequent laboratory testing and dose adjustment. 
Nevertheless, a drawback is the absence of  an antidote. Regardless of  the relative short 
half-life of  these agents, immediate reversal of  the anticoagulant effect may be needed in 
case of  major bleeding or emergency surgery. No studies in humans have assessed the ability 
of  prohemostatic drugs to antagonize the anticoagulant effect of  either rivaroxaban or 
dabigatran.(13) Hypothetically, prothrombin complex concentrate (PCC) could overcome 
the anticoagulant effect induced by thrombin and factor Xa inhibitors because PCC contains 
the coagulation factors II, VII, IX, and X in a high concentration and in general enhances 
thrombin generation. In animals, infusion with PCC reversed the effect of  rivaroxaban.(14) 
Unfortunately, results for dabigatran are not as clear-cut. In an animal bleeding model, PCC 
reversed the effect of  dabigatran on hemostatic parameters but had no effect on coagulation 
assays.(15) Another possible method of  reversal is dialysis, although this is an invasive and 
burdensome procedure, and about one third of  dabigatran is bound to plasma proteins and 
can therefore not be dialyzed.(3) Dialysis is also not suitable for rivaroxaban, which is 95% 
bound to protein.(16)
This study evaluated the possibility of  using PCC to reverse the anticoagulant effect in a 
randomized, placebo-controlled, crossover trial in healthy volunteers who were treated with 
dabigatran and rivaroxaban.
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METHODS

Study Design
Twelve healthy male subjects were included in this randomized, double-blind, placebo-
controlled, crossover trial. All gave written informed consent, and the study was approved 
by the medical ethics committee of  the Academic Medical Center of  Amsterdam, the 
Netherlands. The study was registered at the Dutch trial register (http://www.trialregister.
nl; identifier, NTR2272). The 12 volunteers in this study first received either dabigatran 
or rivaroxaban for 2½ days. The last dose of  the anticoagulant was taken on the third day 
with no food consumption. On that third day, subjects were admitted to the hospital for 
infusion with either PCC or a similar volume of  saline. Blood was then collected up to 24 
hours after the infusion. After a washout period of  11 days, the healthy subjects received 
the other anticoagulant drug following the same protocol (Figure 1). All volunteers received 
financial compensation for the time spent on the study. Subjects were seen at the Clinical 
Trial Unit, which is an extension of  the Cardiac Care Unit of  the Academic Medical Center 
in Amsterdam. Subjects were unblinded to the anticoagulant but blinded to placebo or 
Cofact. Technicians in the Department of  Experimental Vascular Medicine performed the 
laboratory analyses, and were blinded for the treatment that was administered.

Subjects
Healthy volunteers without a relevant medical history were included. All subjects had normal 
blood count and normal kidney and liver function. All were tested and found to be negative 
for hepatitis B and C and HIV.

Study Agents
Dabigatran (Pradaxa, Boehringer Ingelheim, Ingelheim, Germany) and rivaroxaban (Xarelto, 
Bayer, Leverkusen, Germany) are oral anticoagulants that act rapidly and reach steady-state 
levels almost immediately after their initiation. Both drugs lose most of  their effect within 24 
hours; the half-life of  dabigatran is 14 to 17 hours and of  rivaroxaban is 5 to 9 hours.(17,18) 

Dabigatran was provided in capsules of  150 mg twice daily for 2½ days, similar to doses used 
for the treatment of  VTE or atrial fibrillation.(7,19)

Figure 1. Flowchart of  the study, a randomized, double-blind, placebo-controlled, crossover trial, with healthy 
male subjects (n= 12).
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Rivaroxaban tablets of  20 mg were given twice daily for 2½ days, a regimen that is higher 
than the initial dose for the treatment of  acute VTE, which is 15 mg twice daily.(5) The dose 
was chosen for practical reasons: 15-mg and 5-mg tablets were not available yet.
Cofact (Sanquin Blood Supply, Amsterdam, the Netherlands) is a nonactivated PCC derived 
from human plasma. It contains a high concentration of  the procoagulation factors II, 
VII, IX, and X, as well as the natural anticoagulants protein C and S and antithrombin. No 
heparin is added to Cofact. The specific activity of  Cofact is based on the level of  factor 
IX.(20) In this trial, a fixed dose of  50 U PCC/kg body weight was chosen because the 
anticoagulant effect of  rivaroxaban and dabigatran on bleeding time in animal experiments 
was reversed most effectively by the same amount (50 U/kg) of  another PCC, Beriplex. 
Prothrombin complex concentrate is administered intravenously, and any anticipated effect 
is seen immediately after infusion.(21) Cofact 500 IU was reconstituted with 20 mL sterile 
water before administration.

Blood Collection and Processing
On the day of  admission, subjects were given 2 venous catheters: 1 for the infusion of  
Cofact or placebo and 1 for the collection of  blood samples. The catheter for blood samples 
was flushed with saline, and when blood was collected, the first 5 mL blood was discarded. 
Citrate tubes were used for blood samples and centrifuged at 15°C for 20 minutes at 1700g. 
Platelet-poor plasma was then prepared and centrifuged at the same temperature for 15 
minutes at 2000g and frozen at −80°C before processing. Blood was drawn at baseline, on 
the third day of  anticoagulant treatment before infusion, and 15 minutes, 30 minutes, and 1, 
2, 4, 6, and 24 hours after infusion with Cofact or placebo.

Laboratory assays
Blood coagulation tests shown to measure the effect of  both rivaroxaban and dabigatran 
most precisely were assessed. For rivaroxaban, the prothrombin time (PT) is affected in a 
concentration-dependent manner.(16) Thrombin generation as measured by the endogenous 
thrombin potential (ETP) decreases with rivaroxaban.(22)
For dabigatran, the activated partial thromboplastin time (aPTT) was chosen, although the 
dose-response curve is not linear and results vary per reagent.(23) The ETP lag time was 
also used because it is the parameter of  the ETP that is influenced most by dabigatran.
(24) A much more precise monitoring method for dabigatran than the aPTT is the thrombin 
clotting time (TT); however, the test can be too sensitive. Although the TT displays a linear 
dose-response curve for the direct thrombin inhibitor, once steady-state levels are achieved, 
the assay often becomes immeasurably prolonged. The prolongation of  the ECT caused by 
dabigatran is linear curved and does not exceed measurable quantifications.(23)
The PT, aPTT, and TT were performed on an automated coagulation analyzer (Behring 
Coagulation System XP) with reagents and protocols from the manufacturer (Siemens 
Healthcare Diagnostics, Marburg, Germany). The ECT was performed by adding ecarin 
(1.25 U/mL; Pentapharm LTD, Basel, Switzerland) to plasma and determining the clotting 
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time with the Behring Coagulation System. The Calibrated Automated Thrombogram assays 
the generation of  thrombin in clotting plasma using a microtiter plate–reading fluorometer 
(Fluoroskan Ascent, ThermoLab Systems, Helsinki, Finland) and Thrombinoscope software 
(Thrombinoscope BV, Maastricht, the Netherlands). The assay was carried out as described 
by Hemker et al.(25) and the Thrombinoscope manual. Coagulation was triggered by 
recalcification in the presence of  5 pmol/L recombinant human tissue factor (Innovin, 
Siemens Healthcare Diagnostics, Marburg, Germany), 4 μmol/L phospholipids, and 417 
μmol/L Z-Gly-Gly-Arg-AMC (Bachem, Bubendorf, Switzerland), a fluorogenic substrate. 
The ETP and related parameters were calculated with the Thrombinoscope software.

Statistical Analysis
SPSS 16.0 was used to perform paired t tests with repeated measures ANOVA for validation. 
Comparison between groups was analyzed with independent-sample t tests. A value 
of  P<0.05 was considered statistically significant. Values are presented as mean±SD.

RESULTS

Twelve healthy male volunteers with an average age of  24±4 year and a body mass index of  
23±3 kg/m2 were included in this study.

Adverse events
No major or clinically relevant bleeding complications occurred during treatment, nor were 
there any other serious adverse events. After removal of  the venous catheter, 2 volunteers 
receiving rivaroxaban and 2 receiving dabigatran developed a small hematoma at the site of  
infusion. Two other subjects who received dabigatran had gingival bleeds; another subject 
suffered from a nosebleed, which stopped spontaneously after 1 minute; and 1 subject noticed 
that a shaving cut bled longer than normal. One subject was diagnosed with diabetes mellitus 
de novo after his plasma was found to be lipemic on several occasions while the volunteer 
had fasted for >8 hours. Additional laboratory tests showed persistently high triglycerides 
and a high serum fasting glucose. His coagulation tests were not influenced by the diabetes 
mellitus or hypertriglyceridemia; therefore, he was not withdrawn from the study.

RIVAROXABAN

Prothrombin Time
The PT was significantly prolonged by rivaroxaban (15.8±1.3 versus 12.3±0.7 seconds at 
baseline; P<0.001). Immediately after the infusion of  PCC, the PT completely normalized 
(12.8±1.0 seconds; P<0.001), which was sustained for 24 hours. As Figure 2A shows, infusion 
with saline did not reverse the PT prolongation (16.2±0.8 seconds; P=0.4), and 6 hours after 
infusion, the PT was still clearly prolonged.
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Endogenous Thrombin Potential
Treatment with rivaroxaban decreased the ETP from 92±22% at baseline to 51±21% 
(P=0.002). After administration of  PCC, the ETP normalized to 114(±26% (P<0.001), 
whereas saline infusion had no effect (41±6%; P=0.2; Figure 2B). The effect of  PCC 
persisted for all subsequent measurements, whereas the ETP was still lower after 24 hours 
compared with baseline in the subjects receiving saline.

DABIGATRAN

Activated Partial Thromboplastin Time
The aPTT was significantly increased after administration with dabigatran from 33.6±3.3 to 
59.4±15.8 seconds (P<0.001; Figure 3A). Prothrombin complex concentrate had no effect 
on the aPTT prolongation (70.3±15.1 seconds; P=0.21), nor did saline (aPTT, 57.9±10.3 
seconds; P=0.64). There was no difference in the aPTT between placebo and PCC (P=0.13). 
The aPTT only normalized after 24 hours (Figure 3A).

Endogenous Thrombin Potential Lag Time
The ETP lag time was prolonged by the use of  dabigatran from 2.9±0.4 to 7.5±2.5 minutes 
(mean±SD; P<0.001). Prothrombin complex concentrate had no effect on the ETP lag time 
prolongation (8.7±2.6 minutes; P=0.20), nor did saline (8.5±2.2 minutes; P=0.22).

Thrombin Time
The TT was >120 seconds in all subjects with dabigatran, the upper limit for the TT (Figure 
3B). The prolongation remained immeasurable both after placebo and PCC infusion (P=0.36 
for both, repeated measures ANOVA; Figure 3B) for at least 6 hours.
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Figure 2A. Effect of  rivaroxaban followed by prothrombin complex concentrate (PCC) or placebo on the Pro-
thrombin Time (Mean ± SD). P< 0.001 for PCC, Repeated Measures ANOVA.
Figure 2B. Effect of  Rivaroxaban followed by Prothrombin Complex Concentrate (PCC) or placebo on the En-
dogenous Thrombin Potential (Mean ± SD). P< 0.001 for PCC, Repeated Measures ANOVA.
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Ecarin Clotting Time
Administration of  dabigatran significantly prolonged the ECT from 33±1 seconds at baseline 
to 69±26 seconds after 3 days of  dabigatran intake (P=0.002). This prolongation was not 
reversed by administration of  PCC; it even slightly further increased to 86±20 seconds 
(P=0.08). The same pattern was observed for the subjects who received placebo (P=0.42, 
PCC versus placebo; Figure 3C).

DISCUSSION

Dabigatran and rivaroxaban are two novel oral anticoagulant agents that have been shown 
to be safe and effective for the treatment and prophylaxis of  VTE and for the prevention 
of  stroke in atrial fibrillation. Following these results, both drugs were registered for VTE 
prevention despite the lack of  information on the proper method to neutralize their 
anticoagulant activity. Findings from this study, the first conducted in humans, indicate 
that a nonactivated PCC immediately reverses the effect of  full-dose rivaroxaban in healthy 
individuals but not dabigatran at the PCC dose used in this study.
PCC (Cofact) was chosen as a method of  reversal for both rivaroxaban and dabigatran for 
the following reasons. It contains 4 coagulation factors, namely factors II (prothrombin), VII, 
IX, and X, that stimulate thrombin formation, thereby potentially bypassing the anticoagulant 
effect of  both drugs. The assessment of  the reversal of  the anticoagulant effects was based 
on coagulation assays shown to be sensitive in previous studies.(16,22)
Indeed, rivaroxaban influenced both the PT and ETP significantly. On the basis of  these tests, 
the anticoagulant effect of  rivaroxaban was completely reversed immediately after infusion 
of  50 U/kg PCC in all subjects, an effect that persisted until the last measurement after 24 
hours. Similar results were previously obtained in a rat model with rivaroxaban in which 
mesenteric bleeding times and coagulation assays (PT) were measured after administration 
of  Beriplex, a PCC. The dose of  25 U Beriplex/kg body weight had no effect on bleeding 
time, but 50 U Beriplex/kg body weight normalized the bleeding time.(14,21) A dose of  
50 U/kg was therefore chosen, but one cannot rule out that a lower dose may have been 
sufficient. Results from the ETP show an increase over time, suggesting perhaps a surplus of  
thrombin generation. Nevertheless, these results are not seen immediately after the infusion 
of  PCC, and further research is needed to confirm the efficacy of  a lower dose of  PCC for 
the reversal of  rivaroxaban.
The anticoagulant effect of  dabigatran was monitored by the aPTT, lag time of  the ETP, 
TT, and ECT because these assays seemed most sensitive to the direct thrombin inhibitor. 
In particular, TT and ECT show linear dose-response curves for dabigatran.(23) Dabigatran 
treatment clearly prolonged the aPTT, ETP lag time, TT, and ECT in all subjects. Subsequent 
administration of  50 U/kg PCC had no effect on these assays. In a previous rat-tail bleeding 
model, Feiba (activated PCC) had no influence on an aPTT prolonged by dabigatran. However, 
Feiba reversed the bleeding time prolongation caused by dabigatran.(15) Furthermore, in 
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a rabbit kidney injury bleeding model, Beriplex was able to dose-dependently reverse the 
prolonged bleeding time and the amount of  blood loss after dabigatran administration.
(26) This discrepancy between the PCC effect on plasma coagulation assays and bleeding 
time raises the question of  whether the coagulation tests adequately monitor the potential 
of  PCC for reversal in cases of  bleeding associated with dabigatran. Coagulation assays 
are obviously only surrogate markers for a bleeding tendency. On the other hand, animal 
bleeding models may not be representative of  major hemorrhagic events in humans. On 
the basis of  the findings in the present study, at the PCC dose used in this study, there is no 
evidence to support the use of  PCC to neutralize the anticoagulant effect of  direct thrombin 
inhibitors. The question of  how the effect of  dabigatran can be antagonized remains 
unanswered. A possible candidate may be recombinant factor VIIa; as this agent reduced 
the tail bleeding in the previously mentioned rat model with dabigatran. Recombinant factor 
VIIa, however, only partially restored the aPTT from 58±8 to 27±2 seconds (baseline aPTT, 
7±0.5 seconds).(15) Additionally, a study using a single bolus of  recombinant factor VIIa saw 
no reversal effect on melagatran, another direct thrombin inhibitor, based on aPTT, ETP, 
and other coagulation markers.(27) A potential limitation of  the present study is that only 
1 dose of  1 particular PCC was used. This does not exclude the potential of  an alternative 
strategy for reversal of  dabigatran anticoagulation, e.g., by repeatedly administering PCC, by 
administering recombinant factor VIIa, or by using a combination of  PCC and recombinant 
factor VIIa. Studies investigating such reversal strategies for dabigatran have not yet been 
performed.
Whereas recombinant factor VIIa had no reversal effect on melagatran, it normalized the 
prolongation of  coagulation assays as caused by the factor Xa inhibitors fondaparinux and 
idraparinux. Although recombinant factor VIIa and PCC are different procoagulants, this 
result may support our findings, showing that factor Xa inhibition is easier to overcome than 
thrombin inhibition.(28,29)
This study was conducted in twelve young healthy male volunteers, and the effect of  the PCC 
was based on surrogate markers, namely coagulation tests. Extrapolating these findings to 
clinical practice must therefore be done with caution in the absence of  a clinical study in which 
the effect of  PCC is assessed in patients who are treated with these new anticoagulant drugs 
and develop major bleedings or need to undergo invasive interventions. No measurements 
were performed between 6 and 24 hours after infusion of  PCC or placebo. If  PCC had any 
effect of  reversal for dabigatran during this time, it may have been missed; similarly, any 
rebound effect on the anticoagulant activity of  rivaroxaban in that same period could not 
be observed. On the other hand, because both anticoagulants have relative short half-lives 
(14–17 hours for dabigatran, 5–9 hours for rivaroxaban), an increase in anticoagulant activity 
is not expected in this specific period. Because PCCs act directly on infusion, any late effect 
on reversal of  dabigatran is unlikely. Finally, as all the figures demonstrate, the measurements 
at 24 hours after infusion are in line with previous measurements.
Another limitation of  this trial may be the small size of  the study population, accounting 
for some variation in the results of  a few coagulation tests. The prolongation of  the PT and 
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ETP after rivaroxaban treatment was nevertheless significant, as was the reversal with PCC 
(Cofact). The double-blind, randomized crossover study design may have overcome part of  
this limitation.
A relatively high dose of  PCC of  50 U/kg was used, which may be more than necessary. This 
dose was based on animal studies in which the influence of  rivaroxaban only normalized 
at 50 U/kg of  Beriplex, another PCC.(14) Similar doses of  Cofact and Beriplex may 
not lead to the same procoagulant effect, however. Not all PCCs contain similar levels 
of  anticoagulants protein C and S.(21) More protein C and S may lead to less thrombin 
generation; consequently, other PCCs may not produce similar results at a dose of  50 U/
kg. Alternative PCCs may therefore be more beneficial in the reversal of  dabigatran than 
the PCC used in this study. Furthermore, a lower or even higher dose may be required for 
a comparable effect concerning the reversal of  rivaroxaban. However, a direct comparative 
study is required to draw definite conclusions. The increase in thrombin generation beyond 
baseline after PCC infusion in subjects with rivaroxaban may also indicate that a lower dose 
is sufficient. Similar doses of  PCCs have nevertheless been used for reversal of  VKA for 
a long period, and several studies have shown their safety and efficacy. Side effects such as 
thrombosis are rare, and transmission of  blood-borne infections has not been described with 
the modern preparation of  this PCC.(30)

CONCLUSION

This is the first study in humans that investigated the effect of  a PCC (Cofact) for reversal 
of  these new anticoagulant agents. Cofact clearly neutralized the anticoagulant effect of  
rivaroxaban, a factor Xa inhibitor, but had no effect on dabigatran, a direct thrombin 
inhibitor, at the PCC dose used in this study. Although this trial may have important clinical 
implications, the effect of  PCC has yet to be confirmed in patients with bleeding events who 
are treated with these anticoagulants.
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Chapter 5
Clinical impact and course of  major bleeding with 

rivaroxaban and vitamin K antagonists

ES Eerenberg, S Middeldorp, M Levi, AW Lensing, HR Büller
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ABSTRACT

Background
Rivaroxaban is a new oral anticoagulant (NOAC) that can be prescribed in a fixed dose, 
making regular monitoring and dose adjustments unnecessary. It has been proven to be safe 
and effective in comparison with enoxaparin/vitamin K antagonists (LMWH/VKA) for the 
(extended) treatment of  venous thromboembolism in the EINSTEIN studies. Nevertheless, 
there is a need for information regarding the clinical impact of  (major) bleeding events with 
NOACs such as rivaroxaban.

Objectives
A post-hoc analysis was performed to compare the severity of  clinical presentation and 
subsequent clinical course of  major bleeding with rivaroxaban vs. LMWH/VKA.

Methods
Two investigators performed a blinded classification of  major bleeding using a prioridefined 
criteria. During the EINSTEIN studies, data concerning the clinical course and measures 
applied were prospectively collected for each major bleeding.

Results
Treatment with LMWH/VKA caused more major bleeding events (1.7%) than rivaroxaban 
(1.0%; hazard ratio, 0.54; 95% confidence interval [CI], 0.37–0.79). Major bleeding 
events during rivaroxaban therapy had a milder presentation (23% were adjudicated to 
the worst categories vs. 38% for LMWH/VKA; hazard ratio or HR, 0.35; 95% CI, 0.17–
0.74; P = 0.0062). The clinical course was severe in 25% of  all major bleeding events 
associated with rivaroxaban, compared with 33% of  LMWH/VKA-associated bleeds (HR, 
0.46; 95% CI, 0.22–0.96; P = 0.040).

Conclusions
Rivaroxaban-associated major bleeding events occurred less frequently, had a milder 
presentation and appeared to take a less severe clinical course compared with major bleeding 
with LMWH/VKA
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INTRODUCTION

During the last decade, new oral anticoagulants (NOACs) have been introduced for 
prophylaxis and treatment of  venous thromboembolism (VTE), and for prevention of  
stroke in patients with atrial fibrillation.(1) An advantage of  these NOACs is that they can 
be prescribed in a fixed dose, unlike vitamin K antagonists (VKAs) known for their highly 
variable anticoagulant effect requiring frequent monitoring and dose adjustments.(2) One of  
these NOACs is the direct factor Xa inhibitor rivaroxaban, which reaches steady-state levels 
rapidly, obviating the need for initial therapy with low-molecular-weight heparin (LMWH) 
in patients with an acute episode of  VTE.(3) Rivaroxaban alone proved to be at least as 
effective and possibly safer compared with standard care with enoxaparin (LMWH)/VKA 
(target international normalized ratio [INR], 2.0–3.0) for treatment of  deep vein thrombosis 
(DVT) and pulmonary embolism (PE), and was highly efficacious as compared with placebo 
for extended treatment of  VTE.(4,5)
Despite these findings, there is limited information on how bleeding events during therapy 
with NOACs present, and how they should be managed. There is a need for information 
regarding reversal of  anticoagulant activity in case of  emergency procedures or during serious 
bleeding. Information on the clinical outcome of  bleeding with NOACs is much desired.(6) 
Next to these considerations, at present all major bleeding episodes are considered alike, 
whereas differences in clinical outcome may be present.
In the present study, an analysis was performed on the pooled results from the EINSTEIN 
DVT and PE studies, using prospectively collected information and blinded adjudication.
(4,5) For all episodes of  major bleeding, we determined the severity of  clinical presentation 
and subsequent clinical course in patients treated with rivaroxaban and those treated with 
LMWH/VKA. Also, the use of  prohemostatic interventions was assessed in each group.

METHODS

Description of  the original studies
In the first two EINSTEIN studies rivaroxaban was compared with LMWH/VKA for 
treatment of  acute DVT and PE. Initial treatment of  acute VTE with rivaroxaban consisted 
of  3 weeks of  15 mg twice daily, followed by maintenance therapy of  20 mg once daily.(4,5) In 
the LMWH/VKA treatment arm, standard care was initiated with subcutaneous enoxaparin 
1.0 mg kg−1 bodyweight twice daily and subsequent VKA (warfarin or acenocoumarol; target 
INR, 2.0–3.0). Enoxaparin was given for at least 5 days and stopped once the INR was 2.0 
or more for 2 days. The DVT and PE studies used an open label design The EINSTEIN 
studies were funded by Bayer HealthCare and Janssen Pharmaceuticals. Further information 
on design, conduct and outcomes of  the EINSTEIN studies can be found in the original 
articles.(4,5)
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Definitions of  major bleeding
Major bleeding was defined according to the ISTH criteria as bleeding which: was clinically 
overt and associated with a fall of  hemoglobin level of  at least 20 g L−1; or led to a 
transfusion of  a minimum of  2 units of  erythrocytes; or was retroperitoneal, intracranial, or 
in another critical site; or was associated with mortality.(7) Bleeding events were included in 
the analysis if  they occurred during treatment with the study drug. Major bleeding episodes 
were prospectively reported during the EINSTEIN studies with the use of  standardized 
case record forms, for which it was obligatory to record information concerning performed 
interventions (e.g. surgical, endoscopic), and both the use of  and administered amount of  
erythrocytes, platelets, fresh frozen plasma (FFP), prothrombin complex concentrates (PCC) 
and recombinant factor VIIa (rfVIIa).

Analyses
All analyses were performed on the data from the EINSTEIN DVT and PE studies. The 
findings of  the EINSTEIN Extension study were not included because it did not have a 
comparator arm with VKA and all subjects included in the Extension study had already been 
on anticoagulant treatment for a substantial period of  time.
The first analysis concerned the incidence and types of  major bleeding for rivaroxaban 
vs. LMWH/VKA. Second, an analysis was conducted using all major bleeding events. 
Differences between the number of  major bleeding events included in the first analysis and 
the number used for the second analysis can be explained as follows: For the second analysis, 
major bleeding events were attributed to actual anticoagulant treatment received at the time 
of  bleeding. Also, in case of  cessation of  anticoagulant treatment, anticoagulant therapy was 
only taken into account when the final dose was given within five half-lives of  the drug, or 
in the case of  VKA when the INR was 2.0 or higher. Finally, as some subjects had more 
than one event, multiple events were considered as a single one for the second analysis when 
they occurred during one episode and were treated as one event. If  subjects presented with 
bleedings at more than one anatomic site at one time-point, for which uniform measures 
were taken, or with recurrent bleeding episodes at the same site, these bleeding events were 
also considered to be one episode for this analysis. In the case of  recurrent bleeding events 
at different time-points and separate anatomic sites, only the first major bleeding event was 
used for the second analysis. Endoscopic procedures and surgical explorations were only 
considered interventional measures if  an attempt was made to stop bleeding (e.g. coiling of  
bleeding vessels or laparotomic evacuation of  hematomas).

Classification of  bleeding
Two experienced clinicians (HRB and SM) classified all major bleeding episodes, first 
independently and then by discussion, using predefined criteria (Table 1). They were 
given a detailed description of  each major bleeding episode, from prospectively recorded 
standardized case record forms. For each major bleeding episode, there was information 
concerning relevant laboratory results such as hemoglobin count, hemodynamic parameters, 
interventions needed to control bleeding, amount of  prohemostatic agents applied and/or 
erythrocytes transfused, and physical outcome of  the patient.
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The first classification, clinical presentation, assessed the clinical impact at the time of  
presentation. The second classification, clinical course, was for the assessment of  measures 
and interventions applied and the recovery as a result of  these. When both clinicians 
differed in opinion, first a thorough debate on the classification followed, taking all relevant 
information into consideration. And it was only afterwards, in a few cases, that no consensus 
was reached. Then the following rule was applied consistently: prior to the onset of  the 
analysis, it was determined that in case of  doubt between two categories, the most severe 
outcome would be chosen (and the bleeding would be adjucated to the highest category).
Both investigators were blinded to the administered anticoagulant and outcome of  the other 
classification.

Statistical analysis
Results are presented as percentages. Kaplan–Meier curves were generated to display the 
distribution of  major bleeding over time. A description of  the analyses is detailed in the 
original EINSTEIN publications and in the pooled analysis of  the EINSTEIN DVT and 
PE.(4,5,8) For the analysis of  clinical presentation and course, a predefined statistical analysis 
was performed as follows. Outcome was defined as time to onset of  major bleedings with 
clinical course 3 + 4. Cox proportional hazard regression was used including all patients who 
received at least one dose of  study medication. Patients without clinical course 3 + 4 were 
censored. No further analysis was attempted in order to avoid multiple comparisons, with the 
subsequent risk of  finding significant results due to chance.

Table 1. Classification of  major bleeding.
A. Clinical presentation

Category Description

1 Bleeding events presenting without any clinical emergency.

2 All bleeding events that could not be classified to any of  the other three categories, as they pre-
sented with the need for some measures but without clear urgency.

3 Bleeding events presenting with great medical emergency; e.g. with hemodynamic instability; or 
cerebral major bleeding presenting with neurologic symptoms.

4 Bleeding events already fatal before or almost immediately upon entering the hospital.

B. Clinical course

Category Description

1 Bleeding events for which only measures to treat discomfort were applied, without transfusions of  
erythrocytes.

2 Bleeding events requiring only standard measures such as transfusions of  erythrocytes and straight 
forward interventions.

3 Life threatening bleeding events for which immediate and elaborate measures were used to avoid 
death. These bleedings could still be fatal after all interventions and could lead to persistent 
disability.

4 Bleeding events for which death was unavoidable, so that no lifesaving attempts were made.
Classifications of  clinical presentation (A) and clinical course (B) of  major bleeding events in the EINSTEIN 
DVT and PE studies.
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RESULTS

Safety analysis of  major bleeding in the EINSTEIN DVT and PE studies
A total of  8246 patients were analyzed. In patients who were treated with rivaroxaban, 40 
(1.0%) episodes of  major bleeding occurred vs. 72 (1.7%) in patients receiving LMWH/
VKA (hazard ratio, 0.54; 95% confidence interval [CI], 0.37–0.79). Three major bleeding 
events were fatal in the rivaroxaban group vs. eight events in the LMWH/VKA arm (case 
fatality rates for rivaroxaban 7.5% and for LMWH/VKA 11.1%). Kaplan–Meier curves are 
shown in Figure 1. The various types of  major bleeding per treatment group are shown in 
Table 2.

Descriptive information on major bleeding episodes
For the current analysis, 40 major bleeding episodes that occurred in patients treated with 
rivaroxaban and 68 major bleeding episodes in patients receiving LMWH/VKA were 
classified.

Clinical presentation
Major bleeding events that occurred with rivaroxaban presented in categories 1 or 2 in 78% 
of  subjects, whereas for LMWH/VKA this figure was 62% (Table 3A). Hence, the most 
severe clinical presentation (categories 3 + 4) was observed in 23% of  patients treated with 
rivaroxaban, as compared with 38% of  LMWH/VKA-treated patients (HR, 0.35; 95% CI, 
0.17–0.74; P = 0.0062).
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Table 2. Types of  major bleeding in the EINSTEIN DVT and PE studies.

Outcome Rivaroxaban LMWH/VKA

Major bleeding*,  n (%) 40 (1.0) 72 (1.7)

Fatal, n (%) 3 (<0.1) 8 (0.2)

Retroperitoneal 0 1 (<0.1)

Intracranial 2 (<0.1) 4 (<0.1)

Gastrointestinal/ thorax 1 (<0.1) 3 (<0.1)

In a critical site,  n (%) 10 (0.2) 29 (0.7)

Retroperitoneal 1 (<0.1) 8 (0.2)

Intracranial 3 (<0.1) 10 (0.2)

Intraocular 3 (<0.1) 3 (<0.1)

Pericardial 0 2 (<0.1)

Intra-articular 0 4 (<0.1)

Adrenal/pulmonary/abdominal 3 (<0.1) 2 (<0.1)

Fall in hemoglobin ≥2 g/dl 27 (0.7) 37 (0.9)

And/ or transfusions ≥2 units (%)
Describing major bleeding events from the EINSTEIN DVT and PE studies.(8)
*Some subjects had more than 1 event.

Table 3. Clinical presentation and course of  major bleeding.
A. Clinical presentation

Major bleeding events Rivaroxaban LMWH/VKA

Total number 40 68

Category 1, n (%)  17 (43)  14 (21)

Category 2, n (%)  14 (35)  28 (41)

Category 3, n (%)  8 (20)  24 (35)

Category 4, n (%) 1  3 2  (3)

B. Clinical course

Major bleeding events Rivaroxaban LMWH/VKA

Number major bleeding events  40  68

Category 1, n (%)  15 (38)  18 (26)

Category 2, n (%)  15 (38)  28 (41)

Category 3, n (%)  6 (15)  14 (21)

Category 4, n (%) 4  (10) 8  (12)
Clinical presentation (A) and clinical course (B) of  all the major bleeding events that occurred for subjects on 
treatment with rivaroxaban or LMWH/VKA during the EINSTEIN DVT and PE studies.
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Clinical course
Clinical course was categorized as mild (categories 1 or 2) in 76% of  all major bleeding 
events in rivaroxaban-treated patients, whereas this was the case in 67% of  LMWH/VKA-
associated major bleeding events (Table 3B). The most severe clinical course categories, 
3 + 4, were observed in 25% of  rivaroxaban-associated major bleeding events and in 33% of  
LMWH/VKA-associated major bleeding events (HR, 0.46; 95% CI, 0.22–0.96; P = 0.040). 
In the clinical course classification, category 3 contained major bleeding events that required 
immediate and all possible measures to avoid a bad outcome. Any major bleeding for which 
agents such as PCC or rFVIIa were applied or emergency surgery was performed, would 
therefore be classified as category 3. This category was observed in 15% of  rivaroxaban-
treated and in 21% of  LMWH/VKA-treated patients.

Dynamics in major bleeding: from clinical presentation to clinical course
Table 4 shows the clinical course for patients with a clinical presentation in categories 2 or 3 
and describes the dynamics of  the bleeding event for both rivaroxaban and LMWH/VKA 
treated patients.
Of  the rivaroxaban treated patients who had a category 2 bleeding at presentation (35%), the 
clinical course was categorized as 1 or 2 in 72%, while the remaining patients had a clinical 
course category 3, and none had 4. Of  the rivaroxaban recipients who had a category 3 
bleeding at presentation (20%), the clinical course was categorized as 1 or 2 in 38%. The 
remaining rivaroxaban-treated patients with a category 3 bleeding at presentation (63%) had 
a clinical course categorized as 3 or 4.
For LMWH/VKA-treated patients presenting with a category 2 bleeding (41%), the clinical 
course was categorized as 1 or 2 in 85%, while the remaining patients had clinical course 
category 3. Of  the LMWH/VKA-treated patients who presented with a category 3 bleed 
(35%), the clinical course was categorized as 1 or 2 in 42%. The other 58% of  the LMWH/
VKA recipients who had a category 3 bleeding at presentation had clinical course categories 
3 or 4.

Prohemostatic interventions
Vitamin K was given 28 times: to one patient treated with rivaroxaban and to 27 patients 
using LMWH/VKA. FFP was given three times for rivaroxaban-associated bleeds and nine 
times in cases of  major bleeding with LMWH/VKA. Transfusion of  erythrocytes was 
carried out in 35% of  the major bleeding events in the rivaroxaban arm and in 65% of  the 
LMWH/VKA group. PCC were used to reverse two major bleeding events in patients on 
rivaroxaban treatment and eight bleeding events in patients on LMWH/VKA treatment. 
rfVIIa was given once to a subject suffering from major bleeding while on rivaroxaban.
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DISCUSSION

The present analysis of  data from two phase III trials shows that major bleeding episodes 
during rivaroxaban therapy occur less frequently, and appear to be less severe in presentation, 
than major bleeding events occurring during therapy with LMWH/VKA. Furthermore, 
major bleeding requiring all invasive measures to avoid a critical outcome occurred less often 
in rivaroxaban-treated patients than in LMWH/VKA recipients. The dynamics of  major 
bleeding were similar for both treatment groups; major bleedings showed a similar pattern 
when being classified successively for clinical presentation and clinical course, for both 
rivaroxaban and LMWH/VKA.
Finally, prohemostatic interventions for reversal of  anticoagulant activity, including rFVIIa, 
PCCs and FFP, were only needed in a small minority of  patients in both groups. These 
results confirm a similar analysis performed with results from the EINSTEIN studies,(8) and 
furthermore provide novel insights into the severity and course of  major bleeding.
How could our findings be explained? Perhaps patients with LMWH/VKA present with 
more serious major bleeding because of  the unstable and often unpredictable anticoagulant 
properties of  VKA.(2) VKA recipients may therefore experience episodes of  overtreatment, 
even in between two different time-points of  laboratory monitoring, when their level of  
anticoagulation falsely appears to be within the therapeutic range. Furthermore, one of  the 

Table 4. Dynamics in major bleeding: from clinical presentation to clinical course.
A. Clinical presentation category 2

Clinical presentation 
Category 2 (%)

Clinical course Rivaroxaban LMWH/VKA

Category 1, n (%) 4 (29) 11 (39)

Category 2, n (%) 6 (43) 13 (46)

Category 3, n (%) 4 (29) 4 (14)

Category 4, n (%) 0 0

Total 14 28

B. Clinical presentation category 3

Clinical presentation 
Category 3 (%)

Clinical course Rivaroxaban LMWH/VKA

Category 1, n (%) 1 (13) 3 (13)

Category 2, n (%) 2  (25) 7  (29)

Category 3, n (%) 2 (25) 8 (33)

Category 4, n (%) 3  (38) 6  (25)

Total 8 24 
Clinical course for major bleeding events classified as clinical presentation 2 (A) and 3 (B), to give an indication of  
the dynamics in the clinical impact of  major bleeding events.
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VKAs applied in the EINSTEIN studies, warfarin, has a longer half-life than rivaroxaban 
and might therefore prolong and aggravate major bleeding. The other VKA used in the 
EINSTEIN studies, acenocoumarol, has a comparable half-life to rivaroxaban.(1,2) 
Unfortunately, for the present study there were no plasma samples to determine INR levels 
or rivaroxaban concentrations at the time of  the major bleeding, to support this theory. 
Furthermore, there is little known on clinically relevant reference levels of  rivaroxaban 
concentrations or laboratory monitoring of  rivaroxaban, so it was not feasible to investigate 
possible overtreatment with this NOAC.
The present observation that rivaroxaban causes fewer major bleeding events with a milder 
presentation is in line with studies evaluating dabigatran, which is another well-studied 
NOAC and a direct thrombin inhibitor. In comparison to VKA, dabigatran therapy is 
responsible for less intracranial bleeding.(9.10) Furthermore, dabigatran-associated bleeding 
episodes require a shorter length of  hospitalization and fewer elaborate measures.(11) The 
main difference between our findings and these studies (9-11) is that for the present analysis 
major bleeding events were assessed by two investigators blinded to the anticoagulant agent, 
and classifications with a priori-defined criteria were applied. Also, during the EINSTEIN 
studies information regarding major bleedings was recorded prospectively with specially 
designed forms. The adjudication committee made certain that these forms were filled in 
completely and if  not so, afterwards the missing information was obtained. For the present 
analysis, we had access to all narratives of  the major bleeding events. As a result, for all major 
bleeding events there was information present concerning: the severity of  the major bleeding 
at presentation; the amount of  erythrocytes transfused and prohemostatic agents applied; 
and the physical outcome of  patients following the major bleeding. This diminishes the risk 
of  information loss and sets this study apart from other retrospective analyses. There have 
been conflicting results of  post-licensing data concerning other NOACs such as dabigatran. 
Some report lower risks of  bleeding, others higher risks in comparison with the original 
trials.(9,12-14) This discrepancy may be the result of  differences in patient populations. As 
our analysis was performed on data from randomized clinical trials, we believe that this 
minimizes important differences in patient characteristics.
Our findings cannot simply be translated to clinical practice. There is evidence that the 
incidence of  bleeding in individuals using VKA who would not have been included in clinical 
trials because of  comorbidity is higher in comparison to the bleeding rate among study 
participants.(15) Perhaps their bleeding episodes require more drastic measures. However, 
the comparison between rivaroxaban and LMWH/VKA remains valid because these effects 
will have similar consequences for both agents, as already has been shown for dabigatran.
(9) On the other hand, the same dose of  rivaroxaban was studied in patients with atrial 
fibrillation (the ROCKET AF study) without witnessing a lower risk of  major bleeding 
events.(16) The ROCKET study differed from the EINSTEIN studies in that: its study 
population was older and had more comorbidities; no LMWH was used; and the study used 
a slightly different set of  criteria for major bleeding. One consistency between both studies 
was the lower risk of  intracranial bleedings for rivaroxaban vs. VKA.(16)
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Some issues warrant comment. As the assessment of  therapeutic management was used in the 
classification of  clinical course, there is a risk of  bias due to heterogeneity of  management. 
This classification therefore needs to be studied in other NOACs to confirm the robustness 
of  the findings of  the present analysis.
One might question why we have applied two classifications with potential overlap, because 
major bleeding events that are in category 3 or 4 in the presentation classification, have a 
higher chance of  being classified as category 3 or 4 in the clinical course classification. Also, 
all the bleeding events that are in category 4 for clinical presentation remain in category 4 
for clinical course. However, major bleeding events from more severe categories of  clinical 
course may shift to a less severe clinical presentation category and vice versa, indicating that 
these classifications are to some extent independent and provide insight into the dynamics 
of  major bleeding. Furthermore, it is not just the presentation that will be clinically relevant, 
but also the measures that are necessary to overcome major bleeding.(6) To learn more about 
how major bleeding events are being dealt with, it seems relevant to be informed about how 
they present themselves.
The EINSTEIN DVT and PE studies were open label trials, and consequently there is a 
risk that information concerning bleeding with rivaroxaban may have been recorded with 
more attention. Another consequence of  physicians being aware of  anticoagulant treatment 
administered, is perhaps the use of  fewer reversal methods in the case of  bleeding, as there 
is little information from patient studies related to how to treat bleeding associated with 
NOACs.(6) Only 15% of  all rivaroxaban-treated subjects were given all measures to avoid 
a bad outcome (clinical course category 3), whereas this figure was 21% in LMWH/VKA-
treated patients.
One final observation from the present analysis is that although the classification of  major 
bleeding has been standardized and used successfully in the evaluation of  NOACs vs. 
VKAs,(7) there is clear clinical heterogeneity in the presentation and outcome of  major 
bleeding. Further application of  the used classification will be needed to fully appreciate this 
heterogeneity.

CONCLUSION

The present analysis of  all major bleeding episodes observed in the EINSTEIN studies 
indicates that in addition to a lower absolute incidence of  major bleeding, initial clinical 
presentation and clinical course are milder in patients who were treated with rivaroxaban 
as compared with LMWH/VKA-treated patients. The proportion of  patients requiring 
all possible measures to avoid a bad outcome is relatively low. These results may reassure 
physicians regarding prescribing NOACs to patients. Long-term real-world experience with 
NOAC therapy is still necessary to confirm these findings.
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INTRODUCTION 

Novel (oral) anticoagulants have been developed as a replacement for vitamin K 
antagonists (VKA). Whereas VKA require frequent monitoring and dose adjustments, 
modern antithrombotic agents can be prescribed in a fixed dose, making life easier for 
patients and physicians. These drugs have been proven effective and safe for prophylaxis 
and treatment of  venous thromboembolism (VTE), and the prevention of  stroke in atrial 
fibrillation. Subsequently, several agents have been licensed for various clinical indications.
(1) One important topic brought up by many physicians is how to manage bleeding during 
anticoagulant therapy. Haemorrhage associated with any (new) anticoagulant agent can be 
life threatening and a strategy is therefore mandatory. But does it have to involve a suitable 
drug- specific antidote? And how often is this strategy required? 

ANTIDOTE OR PROHAEMOSTATIC AGENT 

The word antidote literally means a drug that counteracts a poison. When used in medical 
context, the word antidote should be reserved for those agents that inactivate the targeted 
medication directly. A procoagulant agent is therefore not an antidote in strict sense. It 
bypasses the anticoagulant effect, thereby neutralising the anticoagulant state that the 
recipient is in, but it does not inactivate or remove the concerning anticoagulant. At this 
moment, the only available antidote for a novel anticoagulant is avadin, the antidote for 
idrabiotaparinux.(2) There are no specific antidotes for the older established anticoagulant 
agents. Protaminesulfate neutralises heparin, but does not fully remove or inactivate this 
drug from the circulation. VKA can be counteracted by administration of  vitamin K, 
procoagulant agents such as prothrombin complex concentrates (PCC) or recombinant 
factor VIIa (rFVIIa).(3) VKA can, however, not be removed or fully inactivated by any 
specific agent. Nevertheless, they have been prescribed for decades all over the world. Hence, 
we may not need antidotes, as prohemostatic agents may serve as agents that can reverse the 
anticoagulant effect of  the new antithrombotic agents. 

THE SIZE OF THE PROBLEM 

Perhaps the current procoagulant agents are sufficient, especially considering the size of  the 
problem. It is likely that only a small percentage of  patients will require a method of  reversal 
because of  bleeding under modern anticoagulant therapy. Haverkamp et al. investigated the 
use of  any method of  reversal for VKA and unfractionated heparin in all patients included 
in three large clinical trials (n=1,877).(4) The total percentage of  bleedings was 9.6%, and 
major bleedings occurred in 2.5%, comparable to novel oral anticoagulants like rivaroxaban 
and dabigatran. One percent of  all subjects received a neutralising agent, accounting for 43% 
of  all major bleedings. On the critical side, analyses were performed on subjects with VKA, 
of  which a proportion had a bleeding under therapeutic levels of  INR. A neutralizing agent 
may not have been given because the INR was not above the therapeutic range, whereas such 
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monitoring cannot be performed for novel anticoagulants.(5) A recently published study 
with idrabiotaparinux for the treatment of  venous thromboembolism (CASSIOPEA) gives 
a similar impression. Idrabiotaparinux is a modified version of  idraparinux that contains 
a biotinylated part, making the drug susceptible for its specific antidote avadin. In the 
CASSIOPEA study only 0.25% of  all patients were given avadin for the management of  
bleeding. Of  the total patient population 3% were given avadin. The main other reason for 
the administration of  the antidote was prior to invasive procedures. Idrabiotaparinux has a 
known long half-life of  at least a week, and waiting until the drug has worn out before an 
intervention is less feasible. Other anticoagulants with shorter half-lives will perhaps not 
need the use of  a method of  reversal so often prior to an intervention. Therefore, in many 
circumstances it may not be necessary to give a method of  reversal, as withdrawing the 
next dose of  the anticoagulant may suffice.(2) Possible explanations for this low use of  
reversal methods are that a substantial part of  the population with a major bleeding does not 
require a method of  reversal, since they either die directly because of  the bleeding before 
any possible attempts of  reversal can be made; or because they recover from the bleeding 
prior to entering the hospital making reversal unnecessary.(5) Finally, standard transfusion 
methods with packed cells, platelets and plasma are sufficient in many patients to control 
bleeding. 

Table 1. Possible methods of  reversal for novel anticoagulants.

Anticoagulant Study Method of  reversal (antidote or prohemostatic agent)

Rivaroxaban Healthy volunteers Prothrombin complex concentrate (PCC) (6)

Apixaban Animal bleeding model Recombinant Factor VIIa (rFVIIa) and PCC reversed 
clotting assays but not blood loss (11)

Edoxaban Animal bleeding model PCC and recombinant Factor VIIa (8)

Idrabiotaparinux Phase III trial Avadin (2)

Fondaparinux Healthy volunteers Recombinant Factor VIIa (12)

Dabigatran Healthy volunteers/ ani-
mal bleeding model

*

*For dabigatran, a non-activated prothrombin complex concentrate (PCC) was not efficient in restoring coagula-
tion assays in healthy volunteers,(6) there is however evidence from an animal model that a higher dosage of  PCC 
may be more effective.(9) Furthermore, perhaps repetitive dosages or a treatment regimen with different methods 
of  reversal may be successful. 
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AVAILABLE METHODS OF REVERSAL 

There may be circumstances in which life threatening bleedings or emergency interventions 
do require a method of  reversal. In those cases, suitable available options are rFVIIa or PCC, 
either containing activated or non-activated clotting factors. There is evidence from healthy 
volunteer data and animal experiments that these prohemostatic treatments are capable of  
counteracting novel anticoagulants such as the direct factor Xa inhibitors rivaroxaban and 
edoxaban (see also Table 1).(6–8) For dabigatran, results from healthy volunteers and animal 
bleeding models are somewhat conflicting,(6, 9) but a reversal strategy using high or repeated 
dosages of  PCCs and perhaps a combination of  different agents may be successful and 
needs further investigation. Recombinant FVIIa should be administered with some caution 
though, as there is evidence that it increases the risk of  arterial thrombotic events.(10) 

CONCLUSION 

Any anticoagulant therapy comes with the risk of  bleeding, sometimes life threatening, 
leading to an unavoidable need for a method of  reversal. In practice, the number of  patients 
treated with anticoagulant agents in need of  a method of  reversal is considerably small, 
and current prohemostatic agents may suffice in counteracting bleeding under anticoagulant 
therapy. As a result, newly developed specific antidotes may be unnecessary.
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ABSTRACT

Aims 
Lack of  gadolinium-contrast wash-in on first-pass perfusion imaging, early gadolinium-
enhanced imaging, or late gadolinium-enhanced (LGE) cardiovascular magnetic resonance 
(CMR) imaging after revascularized ST-elevation myocardial infarction (STEMI) is commonly 
referred to as microvascular obstruction (MVO). Additionally, T2-weighted imaging allows 
for the visualization of  infarct-related oedema and intramyocardial haemorrhage (IMH) 
within the infarction. However, the exact histopathological correlate of  the contrast-devoid 
core and its relation to IMH is unknown.

Methods and results 
In eight Yorkshire swine, the circumflex coronary artery was occluded for 75 min by a 
balloon catheter. After 7 days, CMR with cine imaging, T2-weighted turbospinecho, and 
LGE was performed. Cardiovascular magnetic resonance images were compared with 
histological findings after phosphotungstic acid–haematoxylin and anti-CD31/haematoxylin 
staining. These findings were compared with CMR findings in 27 consecutive PCI-treated 
STEMI patients, using the same scanning protocol. In the porcine model, the infarct core 
contained extensive necrosis and erythrocyte extravasation, without intact vasculature and 
hence, no MVO. The surrounding—gadolinium-enhanced—area contained granulation 
tissue, leucocyte infiltration, and necrosis with morphological intact microvessels containing 
microthrombi, without erythrocyte extravasation. Areas with IMH (median size 1.92 [0.36–
5.25] cm3) and MVO (median size 2.19 [0.40–4.58] cm3) showed close anatomic correlation 
[intraclass correlation coefficient (ICC) 0.85, r = 0.85, P = 0.03]. Of  the 27 STEMI patients, 
15 had IMH (median size 6.60 [2.49–9.79] cm3) and 16 had MVO (median size 4.31 [1.05–
7.57] cm3). Again, IMH and MVO showed close anatomic correlation (ICC 0.87, r = 
0.93, P < 0.001).

Conclusion 
The contrast-devoid core of  revascularized STEMI contains extensive erythrocyte 
extravasation with microvascular damage. Attenuating the reperfusion-induced haemorrhage 
may be a novel target in future adjunctive STEMI treatment.
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INTRODUCTION

Although angioplasty in ST-elevation myocardial infarction (STEMI) restores epicardial 
coronary flow, the microvascular perfusion may still be inadequate. This can be demonstrated 
by diminished myocardial blush or decreased epicardial flow after angioplasty, commonly 
referred to as angiographic no-reflow,(1,2) and is known to be associated with increased 
morbidity and mortality.(3-6) Animal models of  myocardial infarction have shown that 20 
minutes after reperfusion, areas of  no-reflow contain capillaries plugged by erythrocytes, 
platelets and fibrin thrombi, and swollen intraluminal endothelial protrusions, leading to 
further obstruction of  the capillaries and the formation of  microthrombi,(1,2,7) which 
are thought to play an important role in the development of  the no-reflow phenomenon. 
Additionally, the hypoxia disrupts the endothelial barrier and damages the microvasculature, 
facilitating extravasation of  blood cells upon reperfusion, causing intramyocardial 
haemorrhage (IMH).(5,8)
Contrast-enhanced cardiovascular magnetic resonance (CMR) is a non-invasive technique 
that allows for the accurate visualization of  regions with microvascular damage within the 
infarcted area. Because of  strongly impaired myocardial perfusion, contrast wash-in into these 
areas is severely impaired.(9,10) As a result, they can be seen as contrast-devoid, low-signal-
intensity regions within the high-signal-intensity infarcted areas. Slow contrast wash-in and 
low-contrast concentration can be demonstrated with a number of  CMR techniques: first-
pass imaging (image acquisition during contrast injection), early gadolinium enhancement 
(<2–3 minutes after contrast injection), and late gadolinium enhancement (LGE, >5–10 
minutes after contrast injection).(11,12) Although LGE is generally slightly less sensitive 
for the detection of  microvascular damage due to slow but on-going contrast wash-in, 
it was shown to have the greatest clinical significance in predicting functional recovery.
(11-13) Additionally, pre-contrast T2-weighted CMR imaging allows for the visualization 
of  infarct-related oedema and reperfusion-induced IMH.(14-17) In haemorrhage, local 
accumulation of  paramagnetic haemoglobin breakdown products leads to shortening of  
T2-relaxation times, resulting in the attenuation of  the high signal intensity of  infarct-
related oedema.(14,18-21) The exact clinical relevance of  these hypointense zones and their 
correlation with microvascular obstruction (MVO) remains debated. Some studies showed 
that these phenomena were closely related,(14,16,19,21,22) whereas others claim that, in 
addition, hypointense zones on T2-weighted images reflect a more severe form of  reperfusion 
injury,(23,24) and that its presence is related to an additional increase in infarct size and 
subsequent increase in morbidity and mortality.(25) Although these studies focused on the 
clinical value of  MVO and IMH to predict functional recovery, the exact histopathological 
relation of  these two findings remains debated.(20,21,26) We investigated the histological 
correlate of  the CMR findings of  IMH and MVO in a porcine model of  coronary ischemia–
reperfusion and compared this with CMR data performed in STEMI patients.
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METHODS

Porcine model
Approval was obtained from the local Animal Ethics Committee. Eight female Yorkshire 
swine (median age 83 [68–90] days, median weight 29 [24–35] kg) were treated with 400 mg 
amiodarone 7 days before intervention. At the start of  the procedure, 400 mg amiodarone, 
5–15 mg metoprolol, and 5000 IU of  heparin were given, followed by induction (ketamine, 
10–15 mg/kg; midazolam, 0.5–2 mg/kg; and atropine, 0.5 mg i.v.). Anaesthesia was 
maintained with sevoflurane (1.2–1.8%), etomidate (15–20 mg), midazolam (0.5 mg/kg/h), 
and sufentanyl (6–7 μg/kg/h). Using a guiding catheter, an over-the-wire balloon was 
placed in the proximal left circumflex artery and inflated for 75 minutes. Total occlusion 
was monitored angiographically. After deflation, another bolus of  5000 IU of  heparin was 
given, along with 300 mg acetylsalicylic acid and 300 mg clopidogrel, with daily doses of  80 
mg acetylsalicylic acid and 75 mg clopidogrel thereafter. After 7 days, animals were again 
sedated and intubated (zolazepam-tiletamine, 6 mg/kg, Virbac, Carros, France, and xylazine, 
2 mg/kg). Cardiovascular magnetic resonance imaging was performed using a clinical 1.5 
Tesla scanner (Avanto, Siemens, Erlangen, Germany) with a phased-array cardiac receiver 
coil. Breath-holds were performed uniformly by pausing the ventilator at the end-expiratory 
phase.

Patient study
To compare the CMR myocardial tissue characteristics of  the porcine model with human CMR 
myocardial characteristics, 30 consecutive patients between 30 and 75 years old presenting 
with a first STEMI during the time of  the animal study, treated with primary PCI, were asked 
for participation. The study was conducted in accordance with the Declaration of  Helsinki 
and the protocol was approved by the Institutional Review Committee. Main exclusion 
criteria were haemodynamic instability after PCI, severe comorbidity, and contraindications 
for CMR. All patients gave written informed consent and underwent CMR between 3 and 6 
days after PCI in a clinical 1.5 Tesla scanner (Avanto, Siemens, Erlangen, Germany), similar 
to the animal study.

Cardiovascular magnetic resonance protocol
An identical CMR protocol was used in animals and patients. Cardiac function was assessed 
with ECG-gated, retrospectively triggered, segmented steady-state free precession cine 
imaging with full short-axis coverage of  the left ventricle (LV), starting at the mitral valve 
annulus and planning contiguous slices through the entire LV. From these images, LV end-
diastolic volume, end-systolic volume, stroke volume, and ejection fraction were calculated. 
Intramyocardial haemorrhage was visualized using a segmented T2-weighted turbospinecho 
(T2w) sequence with fat suppression [short-tau inversion recovery, (STIR)], at similar 
slice positions as the cine images. Late gadolinium enhancement imaging was performed 
10–15 minutes after the intravenous administration of  a gadolinium-based contrast agent 
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(0.2 mmol/kg Dotarem, Guerbet, Villepinte, France), using a two-dimensional segmented 
T1-weighted segmented inversion-recovery gradient echo pulse sequence, again at similar 
slice positions. Inversion times were individually adjusted to optimize the nulling of  the 
unaffected myocardium. Sequence parameters are mentioned in Table 1.

Table 1. Cardiovascular magnetic resonance parameters of  sequences in the porcine model and patient study.

Porcine model Patient study

Sequence Parameter

Steady-state free precession cine imaging

Spatial resolution (frequency encoding dir.) 1.3 mm 1.3-1.6 mm

Spatial resolution (phase encoding dir.) 1.6 mm 1.8-2.2 mm

Slice thickness 6.0 mm 5.0 mm

Slice gap 0 mm 5 mm

Flip angle 60° 75°

Field-of-view matrix 256 x 256 256 x 256

Percentage phase field of  view 50-100 % 80-90%

Temporal resolution 34-38 ms 34-38 ms

Short Tau Inversion-Recovery

Spatial resolution (frequency encoding dir.) 1.8 mm 1.3-1.6 mm

Spatial resolution (phase encoding dir.) 2.3 mm 2.3-2.7 mm

Slice thickness 6.0 mm 7.0 mm

Slice gap 0 mm 3.0 mm

Field-of-view matrix 256 x 256 256 x 256

Percentage phase field of  view 62-100% 80-100%

Time of  repetition (TR) 1000-1500 ms 1000-1500 ms

Echo Time (TE) 61 ms 61 ms

Inversion time (TI) 170 ms 170 ms

T1-weighted inversion-recovery gradient echo (LGE)

Spatial resolution (frequency encoding dir.) 1.3 mm 1.3-1.6 mm

Spatial resolution (phase encoding dir.) 1.6 mm 1.6-1.9 mm

Slice thickness 5.0 mm 5.0 mm

Slice gap 0 mm 5.0 mm

Flip angle 25° 25°

Field-of-view matrix 256 x 256 256 x 256

Percentage phase field of  view 62-81% 80-95%

Time of  repetition (TR) 1 x RR-interval 1 x RR-interval

Echo Time (TE) 4.4 ms 4.4 ms

Inversion time (TI) 220-390 ms 250-400 ms
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Cardiovascular magnetic resonance analysis
Volumes and function were calculated on the end-diastolic and end-systolic phases of  the 
cine images. Infarct size was calculated on LGE images by using the full-width-at-half-
maximum method and is expressed in grams.(27) Microvascular obstruction was identified in 
LGE images as hypointense recesses within the hyperenhanced myocardium (Figure 1). The 
area at risk (AAR) size was calculated from the T2w-images.(28) Myocardial tissue with signal 
intensity of  >2 SD from the unaffected myocardium was incorporated. The AAR is expressed 
in grams. Intramyocardial haemorrhage was identified on T2w-images as hypointense areas 
within the hyperintense signal of  infarct-related oedema (Figure 1). The size of  the areas 
of  IMH and MVO was calculated by manual delineation of  the hypointense areas on T2w-
images (for IMH) and the LGE images (for MVO), respectively, and was expressed in cm2. 
The total volume of  IMH and MVO in cm3 was calculated by multiplying the area size with 
[slice thickness + slice gap]. The volumes were converted into grams of  tissue by correcting 
for the myocardial tissue density (i.e. 1.05 g/cm3). To standardize the CMR parameters, the 
amounts of  IMH and MVO were expressed as a percentage of  the total infarcted area. The 
AAR and total infarct size were expressed as percentage of  the LV mass. Delineation of  
IMH and MVO was performed by consensus of  two experienced readers (L.F.H.J.R. and 
A.M.B.). Analysis of  MVO and IMH series was performed independently from, and blinded 
to, the results of  the other techniques. After measurement, the calculated areas of  IMH and 
MVO were compared for size.

Histopathological analysis
After CMR imaging, the animals were sacrificed and hearts were transversally cut into short-
axis slabs (thickness 0.3–1.5 cm). The slabs were photographed for macroscopic assessment 
of  infarct presence and location, and fixated in formaldehyde solution. The macroscopically 
infarcted area and its surrounding border zone were dissected, embedded in paraffin, 
and subsequently cut into slices of  4 μm. Slices were stained with phosphotungstic acid–
haematoxylin (PTAH) to detect the presence and extent of  vital and necrotic cardiomyocytes, 
granulation tissue, and fibrosis.(29) Two zones were identified in the PTAH slices for tissue 
analysis. The infarct core was defined as the area containing haemorrhage and positive staining 
for necrosis, without granulation tissue. The infarct border was defined as the surrounding 
area containing necrosis and granulation tissue  (Figure 2).
An immunohistochemical stain for CD31, using a mouse anti-pig CD31 antibody (1:80 
MCA1746G, Bioconnect, Huissen, the Netherlands) and Envision (Dako REAL™ Envision, 
Dako, Glostrup, Denmark), was performed to assess the presence of  endothelium and 
microthrombi in the two defined regions.(30) In both the infarct core and the aforementioned 
border zone, four adjacent sections (magnification ×100, area 31 × 103 µm2) were selected at 
random per animal. In each section, the number of  (micro)vessels and thrombi was counted. 
From the section size and the average number of  vessels and thrombi per section, the number 
of  vessels and thrombi per mm2 was estimated for the infarct core and the border zone.
For comparison of  the histopathological images and the CMR images, the histopathological 
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slices were matched with the CMR images by consensus of  four experienced readers 
(L.F.H.J.R., M.F.J., N.v.R., A.M.B.), using various anatomical landmarks and the slice position 
in relationship to the mitral valve annulus and the apex.

Statistical analysis
Categorical data are presented as frequencies (percentage) and continuous data as mean ± 
SD or median with inter-quartile range. Log transformation was applied for the area size 
of  IMH and/or MVO to achieve normal distribution for parametric testing. To determine 
the level of  agreement between continuous variables (i.e. MVO size, IMH size, and general 
infarct size parameters), intraclass correlation coefficients (ICC, single measures, absolute 
agreement) were calculated and Bland–Altman plots were made. Intraclass correlation 
coefficient values of  >0.80 were considered very good agreement between the variables. 
To compare two continuous variables, Wilcoxon’s signed-rank test or Mann–Whitney U test 
was used, due to the small number of  subjects. All P-values are two-sided and statistical 
significance was set at P < 0.05. Statistical analysis was done with the Statistical Package for 
Social Sciences software (IBM SPSS Statistics 20 for Windows).

Figure 1: Late Gadolinium Enhancement (LGE) images (top row) compared to T2-weighed turbospinecho (T2w) 
images (bottom row) in one animal [1 and 2] and one PCI-treated ST-elevation myocardial infarction patient 
(54-year old male with anterior wall infarction). Cardiovascular magnetic resonance was performed 5 days after 
PCI. Late gadolinium enhancement imaging [3] shows microvascular obstruction (arrow), consistent with the 
hypointense area of  haemorrhage on T2w-image [4]. Intramyocardial haemorrhage and microvascular obstruction 
are very comparable in size and location and show a close relationship.
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RESULTS

Close correlation of  intramyocardial haemorrhage and microvascular obstruction in 
the porcine model
The mean infarct size measured on LGE was 7.8 ± 2.5 g. Of  the eight animals, six animals 
showed both IMH and lack of  contrast wash-in (MVO); no cases of  IMH without areas 
lacking contrast wash-in or vice versa were seen. The two other animals did not show IMH, 
nor did they have a lack of  contrast wash-in in the infarct core. One animal did not have 
a substantial infarction (no systolic functional impairment, no contrast enhancement on 
LGE images, and no haemorrhage on histopathological analysis). The other animal did 
suffer a substantial infarction, but microscopic analysis of  the infarct core showed that the 
haemorrhagic area was very small (670 × 364 µm) in size.

Figure 2: Histology of  the porcine model [1] shows that the infarct core zone (red frame) is surrounded by a 
infarct border zone (green frame). The core zone corresponds to late gadolinium-enhanced (LGE) images [2] 
with the area known as ‘microvascular obstruction’. Microscopy reveals extensive haemorrhage on phospho-
tungistic acid-haematoxylin staining [3, magnification x 200] with a complete loss of  the vascular integrity on 
anti-CD31-staining [4]. The border zone corresponds with the enhanced area on late gadolinium enhancement [2]; 
this area contains myocyte necrosis, leukocyte influx and granulation tissue on phosphotungistic acid-haematoxylin  
[5], with intact vessels on anti-CD31-staining [6, magnification x 200] of  which some are plugged by microthrom-
bi (arrow).

Figure 3: Bland Altman plots of  the area size shows that in both the porcine (A) and the human group (B), 
microvascular obstruction (MVO) and intramyocardial haemorrhage (IMH) sizes are very comparable.
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In the porcine model, no significant relationship was found between the infarcted area (as 
percentage of  the LV) and the total MVO size for each animal (Spearman’s rho = 0.47, P = 
0.23). To investigate whether the relationship may exist on a per-slice basis, the correlation 
analysis was repeated in the six animals with MVO for each slice. A total number of  48 slices 
contained LGE. Within this set, 38 slices contained MVO within the enhanced area. The 
median amount of  LGE-enhanced myocardium was 15 (9–22) % of  the total slice and the 
median size of  the MVO area was 5 (4–8) % of  the slice. On a per-slice basis, a significant 
relationship was now seen between the percentage of  LGE and the percentage of  MVO 
(Spearman’s rho = 0.51, P = 0.001). However, after correcting for a cluster effect by means 
of  Spearman’s rho with repeated measures, a rho of  0.22 with a P-value of  0.32 was found.
There was an excellent anatomical correlation between the localization and extent of  MVO 
and IMH (Figure 1). Also, the total amounts of  IMH (median size 1.92 [0.36–5.25] cm3) 
and MVO (median size 2.19 [0.40–5.58] cm3) correlated very well (ICC 0.85, r = 0.85, P = 
0.03; Figure 3A).

Histological characterization
Haemorrhage was found in seven out of  eight animals by macroscopic histopathological 
analysis in the centre of  the infarction  (Figure 2). The individual infarct size characteristics 
are mentioned in Table 2. Phosphotungstic acid–haematoxylin staining showed extensive 
necrosis, cellular debris, and large areas of  extravasation of  erythrocytes in the areas defined 
as infarct core (Figure 2). Anti-CD-31 staining of  the infarct core revealed an almost complete 
disruption of  vessels (median 0, range 0–2 vessels per animal) and no microthrombi in any 
section at all, indicating that in these areas, microvessels are no longer present (Figure 2). 
Phosphotungstic acid–haematoxylin staining of  the border zone showed cellular necrosis 
and debris, granulation tissue, and granulocytes and monocytes infiltrating the tissue. In this 
area, almost no extravasation of  erythrocytes was seen (Figure 2). Anti-CD31 staining of  the 
border zone showed a median of  35 [27–44] vessels per animal and 13 [7–17] vessels per 
section (P = 0.02). A median of  10 [7–18] microthrombi were found in the microvasculature 
per animal and 3 [1–6] microthrombi per section  (Figure 2). The amount of  vessels and 
microthrombi was significantly higher in the border zone compared with the infarct core 
(infarct core versus border zone compared with Wilcoxon’s signed-rank test; vessels: P = 
0.02; thrombi: P = 0.02; Table 2, Figure 4). Representative images of  histology findings are 
shown in Figure 2.
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General characteristics of  the patient study
In 26 STEMI patients, CMR data sets were available; 1 patient did not fit in the scanner 
and 2 patients withdrew consent for CMR after inclusion. Patients had CMR examination 
5 ± 2 days after primary PCI. All patients had clinical characteristics of  a STEMI (rise in 
serum cardiac enzyme levels, impaired regional systolic function, and contrast enhancement 
on MRI images). Patients had a mean indexed LV end-diastolic volume of  92 ± 17 mL, 
indexed LV end-systolic volume of  46 ± 15 mL, LV ejection fraction of  51 ± 6%, indexed 
myocardial mass of  59 ± 13 g, and an infarct percentage of  15 ± 13% of  the LV. The general 
characteristics and the infarct parameters are provided in Table 3.

Table 2. Baseline characteristics of  the porcine model (n= 8).

Parameter

Age (days) 83 [68-90]

Weight (kg) 29 [24-35]

Functional parameters

LV end-diastolic volume (ml) 89 ± 13

LV end-systolic volume (ml) 44 ± 9

LV stroke volume (ml) 45 ± 9 

LV ejection fraction (%) 51 ± 7

LV mass (g) 50 ± 10

CMR Infarct parameters

LGE present (%) 7 (88)

AAR size (% of  LV) 27 ± 9

LGE infarct size (% of  LV) 15 ± 4

LGE infarct size (% of  AAR) 57 [46-81]

Myocardial salvage index (% of  AAR) 43 [24-57]

No. of  animals with IMH (%) 6 (75)

No. of  animals with MVO (%) 6 (75)

Total amount of  IMH* (g) 2.02 [0.37-5.51]

Total amount of  IMH* (% of  LGE infarcted area) 53 [16-7

Total amount of  MVO* (g) 2.30 [0.42-4.81]

Total amount of  MVO* (% of  LGE infarcted area) 35 [18-45]

Histological parameters

Microscopical infarct mass (g) 4.0 ± 1.8

Core microvessel density (no./mm2) 0 [0-64]

Core microthrombi density (no./mm2) 0 [0-0]

Border microvessel density (no./mm2) 1114 [859-1401]

Border microthrombi density (no./mm2) 318 [223-573]
LV: left ventricle, LGE: late gadolinium enhancement, AAR: area at risk, IMH: intramyocardial haemorrhage, 
MVO: microvascular obstruction. *Amounts calculated when present in the subject. Values are mentioned as 
mean ± SD,  median with [interquartile range] or absolute number (with percentage).

118

Chapter 7



Cardiovascular magnetic resonance tissue characteristics in patients
In two patients, T2w-images were of  insufficient quality for analysis. Of  the 25 patients with 
evaluable T2w-images, 15 patients (60%) showed IMH (median amount 6.60 [2.49–9.79] 
cm3). In one patient, a small hypointense region was seen within the hyperintense area of  
infarct-related oedema, without any signs of  MVO on LGE images.
All patients showed regional contrast enhancement on LGE images. Sixteen patients (59%) 
had MVO (median amount 4.31 [1.05–7.57] cm3) on LGE images. Patients with MVO had 
larger infarctions (MVO+: 28 ± 17 g; MVO−: 6 ± 5 g, P = 0.05) and lower LVEF (MVO+: 
48 ± 6%; MVO−: 55 ± 4%, P = 0.005) than patients without MVO. In the patient group, 
a strong correlation between the total amount of  MVO (median 2 [1–4] % of  the LV) and 
the total infarct size (median 21 [11–30] % of  the LV) was seen, with a Spearman rho value 
of  0.74 (P = 0.001). Fourteen patients had both IMH and MVO. When both present, the 
amounts of  IMH and MVO correlated well (ICC 0.87, r = 0.93, P < 0.001; Figure 4). Visual 
assessment confirmed that areas of  MVO on LGE images and areas of  IMH on T2w-images 
show a very close anatomic relationship (Figure 1).

Figure 4: On anti-CD31 stained slices, the number of  arterial vessels in the core of  the infarct zone was strongly 
reduced as compared to the border zone, using Wilcoxon’s signed rank test (p=0.02).
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DISCUSSION

Using an in vivo porcine model of  reperfused STEMI, we found that all LGE-defined areas 
of  MVO show haemorrhage on (i) T2w-images, (ii) macroscopic histological assessment, 
and (iii) microscopic histological assessment, and that areas of  MVO and IMH show close 
anatomical correlation. Histological assessment of  these areas show severe disruption of  
endothelial cells and absence of  capillaries and microthrombi, suggesting that the commonly 
used term ‘microvascular obstruction’ for the lack of  contrast wash-in on LGE images 
might not be completely appropriate. Instead, the area containing contrast enhancement, 
surrounding the infarct core, showed signs of  morphological intact microvasculature with 
microthrombi and is therefore the ‘true’ anatomical area of  MVO in the animal model.
When the myocardial tissue becomes hypoxic due to a coronary artery occlusion, the hypoxia 
disrupts the endothelial barrier and damages the microvasculature, facilitating extravasation of  
blood cells upon reperfusion.(8) Therefore, reperfusion after ischemia is a prerequisite for the 
presence of  IMH.(31,32) It seems that haemorrhage and destruction of  the vascular integrity 
are closely related. Although it is most likely that haemorrhage is preceded by destruction 
of  the vascular integrity, it is possible that activation of  inflammation and coagulation leads 
to thrombosis, endothelial activation, and subsequent consumption of  coagulation factors. 
The consequent vessel injury by this thrombus formation may aggravate the haemorrhage. 
As the border of  the infarcted area can still receive and produce coagulation factors, this may 
explain why thrombus formation was found in the border zone. Histopathology of  animals 
with a reperfused myocardial infarction showed haemorrhage as early as 30 minutes to 3 
hours after reperfusion, favouring the theory that ischemia-reperfusion injury is associated 
with early loss of  vascular integrity and subsequent haemorrhage.(8,33,34)

It should be noted that vessel injury and subsequent haemorrhage are only one component 
of  ischemia-reperfusion injury to the heart. Several other processes are considered to 
contribute, such as leucocyte activation and plugging, vasoconstriction, embolization of  
thrombotic debris, activation of  inflammatory pathways, and cellular oedema.(5,35) Studies 
already stated that regions lacking contrast wash-in—referred to as MVO—can occur 
without signs of  IMH on T2-weighted images.(21,25) More recent studies have suggested 
that these two findings are closely correlated.(14,23,24,34,36,37) Most likely, visible IMH 
on T2w-images is a reflection of  a larger infarction. A certain amount of  haemorrhage 
is needed before the paramagnetic effects are significant enough to cause signal loss on 
T2w-images. This is in concordance with earlier findings that total infarct size and severity 
of  haemorrhage are closely interdependent.(38) A recent study already showed that IMH 
and MVO show anatomic correlation, but a causal relationship was not established.(21) Our 
findings support these conclusions, but also demonstrate that at 1 week after reperfused 
STEMI, MVO and IMH are two CMR manifestations of  the same pathophysiological 
correlate, reflecting extensive coagulation necrosis with severe disruption of  endothelial 
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coherence and erythrocyte extravasation. The pathophysiology of  the porcine ischemia–
reperfusion model lacks the atherothrombotic component of  the coronary occlusion in 
human acute myocardial infarction. However, the close relation of  IMH and MVO in both 
animals and patients and the development of  MVO in the absence of  an atherothrombotic 
occlusion in the animals suggest an important role for haemorrhage in the occurrence of  
MRI-defined MVO and its associated adverse ventricular remodelling.
In one patient, a small hypointense region was seen on T2w-images, without MVO on 
LGE. This may be caused by passive diffusion of  contrast agent into the small infarct 
core, obscuring the presence of  MVO on the LGE images. This may also explain why the 
average size of  the IMH area was slightly larger than the average size of  the MVO area. 
Other studies have already demonstrated slow but ongoing contrast wash-in into areas with 
microvascular injury.(11,39) Short-tau inversion recovery (STIR) does have some limitations 
in depicting small amounts of  IMH,(15) often due to partial volume averaging; oedema-

Table 3. Baseline characteristics of  the patient group (n= 27).

Parameter

Age (years) 56 ± 13

Male gender (%) 21 (78)

Functional parameters

Indexed LV end-diastolic volume (ml/m2) 92 ± 17

Indexed LV end-systolic volume (ml/m2) 46 ± 15

Indexed LV stroke volume (ml/m2) 46 ± 6

LV ejection fraction (%) 51 ± 6

Indexed LV mass (g/m2) 59 ± 13

CMR Infarct parameters

LGE present 27 (100)

Area at risk (% of  LV) 35 ± 15

LGE infarct size (% of  LV) 15 ± 13

Infarct size (% of  AAR) 31 [16-68]

Myocardial salvage index (% of  AAR) 69 [33-84]

No. of  subjects with IMH (%) 15 (60)

No. of  subjects with MVO (%) 16 (59)

Total amount of  IMH* (g) 6.93 [2.61-10.28]

Total amount of  IMH* (% of  LGE infarcted area) 23 [19-44]

Total amount of  MVO* (g) 4.52 [1.09-7.95]

Total amount of  MVO* (% of  LGE infarcted area) 15 [10-22] 
LV: left ventricle, LGE: late gadolinium enhancement, AAR: area at risk, IMH: intramyocardial haemorrhage, 
MVO: microvascular obstruction. *Amounts calculated when present in the subject. Values are mentioned as 
mean ± SD,  median with [interquartile range] or absolute number (with percentage).
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related signal increase combined with haemorrhage-related signal decrease within one voxel 
leads to an intermediate signal intensity. Since haemorrhage and microvascular destruction 
are predictors of  adverse ventricular remodelling coinciding with an increase in morbidity 
and mortality,(11,12,25,36) assessment of  the presence and extent of  haemorrhage and 
microvascular destruction may be a more appropriate surrogate endpoint for therapeutic 
strategies than the gross infarct size or the myocardial salvage (index) in future studies.

CONCLUSION

The infarct core on histology, the area of  IMH on T2w-images, and the area of  MVO 
on LGE show close correlation in size and location. This infarct core contains disrupted 
microvasculature and large extravasated deposits of  erythrocytes, while ‘genuine’ MVO 
is found in the infarct border. Although its clinical significance remains to be established, 
our results suggest an important role for haemorrhage in the development of  myocardial 
ischemia-reperfusion injury. We therefore advocate the use of  the term ‘microvascular 
destruction’ or ‘intramyocardial haemorrhage’ for the area with impaired contrast wash-in 
on LGE images. This implies that future strategies aimed at preserving the vascular integrity 
(33) may improve the outcome in revascularized STEMI patients by reducing myocardial 
haemorrhage.
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ABSTRACT

Platelet–vessel wall interaction is mediated by von Willebrand factor (VWF), which thereby 
plays a major role in physiological hemostasis and thrombotic disease. VWF is released 
as ultralarge multimers from endothelial cells, whereupon it is cleaved by ADAMTS13 a 
disintegrin and metalloproteinase with thrombospondin type I repeats-13). The prohemostatic 
properties of  VWF are dependent of  its multimeric size; hence, ADAMTS13 activity is an 
important determinant in platelet–vessel wall interaction. Deficiency of  ADAMTS13 in its 
most classical form in thrombotic thrombocytopenic purpura can lead to severe thrombotic 
microangiopathy. However, there is a growing variety of  diseases in which ADAMTS13 levels 
have been found to be decreased and in which reduced cleavage of  VWF may play a role. 
Hence, targeting of  VWF cleavage by pharmacological modulation of  ADAMTS13 levels 
is an interesting approach in some of  these conditions. This review discusses the available 
evidence for a role of  ADAMTS13 in various disease states and the potential therapeutic 
benefit of  restoration of  ADAMTS13 levels.
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ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin type I repeats-13) 
is a protease capable of  cleavage of  (ultralarge [UL] multimers of) von Willebrand factor 
(VWF), thereby decreasing VWF’s prothrombotic properties.(1) There is a myriad of  clinical 
conditions that are associated with decreased levels of  ADAMTS13, often associated with 
thrombotic microangiopathy.(2) This review provides insight into various diseases in which 
VWF and ADAMTS13 are involved, and discusses early results of  experimental work on 
treatment with recombinant (r) ADAMTS13.

VWF AND ADAMTS13: THE BASICS

VWF allows platelets to bind to the endothelium, and stabilizes their aggregation, important 
for promoting a platelet-rich clot. Furthermore, VWF carries coagulation factor (F) VIII, 
thereby increasing its half-life. Following release from endothelial cells, VWF comprises 
of  UL VWF multimers, with ample binding sites for platelets and therefore higher 
thrombotic potential. Besides endothelium, VWF is also present in megakaryocytes and 
platelets. ADAMTS13 originates mainly from hepatic stellate cells and endothelium. The 
metalloprotease can cleave VWF at the A2 domain, diminishing the number of  platelets 
VWF can bind. Once it is cleaved, VWF folds up, and in this globular form it is protected 
from further cleavage by ADAMTS13, but its binding sites for platelets are also hidden. 
Cleavage therefore decreases the prothrombotic properties of  VWF. Under physiological 
circumstances, cleavage by ADAMTS13 is regulated by the folding–unfolding mechanism 
of  VWF. The protease itself  is always active; it is VWF that influences whether or not 
ADAMTS13 is allowed to perform its function. VWF is not only unfolded during its entry 
into the blood stream, but circulating VWF can also unwind under shear stress while passing 
damaged endothelium, or in the microcirculation, or when binding to platelets.(1)

HEMATOLOGIC DISEASES

Thrombotic Thrombocytopenic Purpura and Hemolytic Uremic Syndrome
ADAMTS13 was identified by independent investigator groups, who unraveled the 
pathophysiology behind thrombotic thrombocytopenic purpura (TTP). The deficiency of  
ADAMTS13 in TTP provided insight into its functioning in relationship to VWF.(3) In 
TTP, ADAMTS13 activity is extremely low (< 5% of  normal), and uncleaved UL VWF 
multimers can cause excessive platelet aggregation and formation of  platelet-rich thrombi. 
Consumption of  platelets will lead to thrombocytopenia and hemolytic anemia may occur 
as a consequence of  red cell fragmentation. Formation of  microvascular thrombi causes 
various clinical features depending on the organ involved, from neurologic defects to renal 
dysfunction. Occasionally, fever can also occur.(4) TTP is rare, with an annual incidence in the 
United States of  4 per 1,000,000. It can be caused by a congenital deficiency in ADAMST13 
levels and/or acquired antibodies against the protease, the latter being most common. What 
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triggers the formation of  autoantibodies in TTP is incompletely understood, but it is believed 
to be a combination of  genetic predisposition and environmental factors, mostly infections.
(2) Currently, the cornerstone of  treatment of  TTP is plasma exchange, and this has improved 
survival substantially, from 10 to 70–80%. Nevertheless, relapses occur, especially in patients 
with residual ADAMST13 activity less than 10% and higher inhibitor titers (34–41% relapses 
vs. 4% for ADAMTS13 activity ≥ 10%; p < 0.001).(5) Recombinant (r)ADAMTS13 was 
tested in a murine TTP model using ADAMTS13 knockout mice challenged with rVWF. 
rADAMTS13 decreased the number of  animals suffering from neurologic symptoms and 
tubular necrosis and lowered mean myocardial infarction. The rADAMTS13 that was used 
can, however, only serve patients with hereditary TTP, as it will also be a target for antibodies 
in acquired TTP.(6) There is evidence that antibodies in acquired TTP mainly target the 
spacer and cys domains of  ADAMTS13.(7) Therefore, treatment with an altered form of  
rADAMTS13 without these domains may be of  benefit in patients with acquired TTP.(2)
TTP and HUS (hemolytic uremic syndrome) were once considered to be a single entity. 
Both diseases share the clinical presentation of  thrombocytopenia, hemolytic anemia, and 
renal failure. Unlike TTP, ADAMTS13 activity does not decrease in HUS, and generally 
only supportive treatment with intravenous rehydration is required. HUS most often occurs 
postdiarrhoeal, when Shiga toxins produced by the Escherichia coli O157:H7 cause thrombotic 
microangiopathy. Although the mechanism behind this has not been made clear, Shiga toxins 
may cause lesions of  the vessel wall and a thrombin-independent prothrombotic state. 
Formation of  thrombi in the microvasculature will then lead to consumption of  platelets 
and hemolysis when erythrocytes are injured passing through affected small vessels.(8)

VASCULAR DISEASE

Venous Thromboembolism
VWF serves as a carrier protein for FVIII, and there is a linear relationship between VWF 
and FVIII levels, which may explain why high levels of  VWF are associated with a higher 
risk of  venous thromboembolism (VTE). But there may also be an independent role for 
VWF in VTE. VWF was detected in thrombi in patients suffering from fatal VTE. A 
possible explanation is the interaction between VWF and platelets, or perhaps via neutrophil 
extracellular traps consisting of  DNA released from neutrophil granulocytes in inflammation.
(9)

Ischemic Stroke
Patients suffering from ischemic stroke have higher VWF levels than healthy controls. 
Furthermore, high plasma VWF levels and certain VWF polymorphisms are strong 
predictors of  stroke. VWF levels also independently correlate with stroke-related mortality. 
Subsequently, low levels of  ADAMTS13 are observed in patients suffering from an ischemic 
cerebral vascular accident (CVA).(10) rADAMTS13, given to mice with transient cerebral 
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ischemia evoked by occluding the middle cerebral artery, reduced infarct volume (as 
examined in brain cryosections) by 30%. Possible explanations were a reduction in platelet-
rich thrombi, and less ischemia-reperfusion injury. The treatment effect of  rADAMTS13 
did not coincide with an increase in bleeding, which was confirmed in platelet poor mice 
given rADAMTS13.(11) In another comparable murine model of  ischemia reperfusion 
brain injury, ADAMTS13−/− mice were found to have smaller infarct volume than wild-type 
(WT) mice. ADAMTS13−/− mice also had an increased activity and infiltration of  neutrophil 
granulocytes and higher levels of  cytokines interleukin-6 and tumor necrosis factor-α in the 
brain. Interestingly, depletion of  neutrophil granulocytes in ADAMTS13−/− mice led to a 
decrease of  infarct size to comparable levels of  WT neutrophil-depleted mice, suggesting 
coagulation-independent pathways in which ADAMTS13 and VWF influence stroke.(12)

Acute Myocardial Infarction
Several studies have shown that levels of  VWF are higher in acute myocardial infarction (AMI), 
and ADAMTS13 activity is lower. Higher VWF levels are also associated with an increased 
risk of  recurrent AMI or other thrombosis.(13,14) rADAMTS13 was effective in murine 
myocardial infarction models in preventing myocardial injury,(15-17) but unfortunately, our 
group witnessed no treatment effect of  rADAMTS13 in a porcine model of  myocardial 
reperfusion injury.(18) In this porcine model, a small and borderline significant increase in 
VWF activity was observed in the treated swine, perhaps explaining why rADAMTS13 failed 
to prevent myocardial injury. Furthermore, no differences in inflammatory markers were 
witnessed in the hearts of  treated swine versus the control arm. By using this larger animal 
model, we were able to evaluate several markers of  myocardial injury (from echocardiography, 
laboratory assays to histopathology) and results were consistent for all outcomes.(18)

ADAMTS13 as an Antithrombotic and Fibrinolytic Agent
ADAMTS13 proved to be antithrombotic in murine in vivo and in vitro experiments, as 
ADAMTS13–deficient mice were found to have increased thrombus formation, similar to 
mice treated with an ADAMTS13 antibody. Furthermore, infusion of  rADAMTS13 inhibited 
thrombus growth in 5 of  13 mice after injury of  arterioles with FeCl3.(19) rADAMTS13 
was also shown to have fibrinolytic properties. In a murine model, using FeCl3 to induce 
thrombosis in venules of  dorsal skinfold chambers, rADAMTS13 was compared with 
established fibrinolytic agent recombinant tissue plasminogen activator (rtPA) and vehicle. 
rADAMTS13 caused more reduction of  thrombus size and recanalization of  occluded 
venules versus the comparator arm with vehicle. rtPA was more effective but caused 
hemorrhagic complications in the injured venules of  all treated mice, whereas rADAMTS13 
did not cause hemorrhagic complications.(20)

HELLP
HELLP (hemolysis, elevated liver enzymes, low platelets) syndrome occurs in the late phase 
of  pregnancy, often preceded by preeclampsia. The incidence is low in pregnancy (0.1–
0.6%), but it is higher in those suffering from preeclampsia (10–20%). HELLP substantially 
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increases risks of  perinatal morbidity and mortality.(21) In HELLP, platelet-fibrin thrombi 
causes a drop in platelets and thrombotic microangiopathy, inducing microangiopathic 
hemolytic anemia and elevated liver enzymes, thereby convincingly mimicking pregnancy-
associated TTP. A decrease in ADAMTS13 activity is also often found.(22,23) Possible 
explanations are the targeting of  hepatocytes and the vascular endothelium by placental-
derived angiogenic factors, where ADAMTS13 is mainly produced.(24) ADAMTS13 levels 
may also drop by consumption, as a rise in UL VWF multimers due to endothelial damage 
and shear stress in HELLP could cause an increase of  cleavage by ADAMTS13.(22) Unlike 
acquired TTP, no autoantibodies against ADAMTS13 are found in HELLP, and the drop 
in ADAMTS13 activity is usually not as substantial.(23) Furthermore, the management of  
HELLP usually involves blood lowering therapy in case of  hypertension, prophylaxis of  
convulsions, stabilization of  mother and child, and when necessary prompt delivery. Plasma 
exchange therapy as used for TTP is generally not required.(24,25)

Hypertensive Crises
When severe elevation of  the blood pressure causes target organ damage, this is called a 
hypertensive emergency (also referred to as malignant hypertension). In patients with 
hypertensive emergencies, an elevation in blood pressure leads to ischemia of  the kidneys 
and subsequent paradoxical activation of  the renin-angiotensin-aldosterone system, when 
autoregulatory mechanisms fail to protect the microvasculature.(26) Following substantial 
increases of  blood pressure, cerebral autoregulation also becomes impaired.(27) Immediate 
blood lowering therapy is necessary to prevent severe organ damage including renal failure, 
cerebral injury, retinopathy, myocardial ischemia, and acute congestive heart failure.(28) In 
hypertensive emergencies, platelet-rich thrombi formed in the microcirculation can lead to 
a drop in platelet count and hemolytic anemia. Similar to other diseases associated with 
thrombotic microangiopathy, hypertensive emergencies can therefore cause TTP-like 
features.(29) In a prospective case–control study, ADAMTS13 activity was lower in patients 
with hypertensive emergencies (80%; interquartile range, [IQR] ) 53–130) than normotensive 
controls (99%; IQR, 82–129; p < 0.01), but it was not as remarkably reduced as in other 
diseases associated with thrombotic microangiopathy (Table 1]). Furthermore, there was no 
statistically significant difference between patients suffering from hypertensive emergencies 
and those with severe hypertension (p = 0.14). Targeting ADAMTS13 levels may therefore 
not be of  help in hypertensive emergencies. In the same study, signs of  thrombotic 
microangiopathy were found in patients with hypertensive emergencies. Also, ADAMTS13 
activity was associated with platelet count and the presence of  schistocytes (fragments of  
erythrocytes caused by hemolysis). Measuring ADAMTS13 activity will therefore be helpful 
in distinguishing patients with hypertensive emergencies from patients with TTP and 
secondary severe hypertension.(30)
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INFECTIOUS DISEASE

Apart from its hemostatic properties, VWF is believed to have proinflammatory functions, 
by attracting leukocytes to damaged endothelium. In its unraveled form, VWF can become 
an adhesive surface on which leukocytes can roll. Possible mechanisms are interactions with 
P-selectin ligand-1 and β2-integrins.(9) VWF may also aid bacteria, as in a human umbilical vein 
endothelial cell model, Staphylococcus aureus adhesion to vessels was predominantly UL VWF-
dependent, and decreased substantially after addition of  rADAMTS13.(31) ADAMTS13 
could therefore not only lessen the prothrombotic actions of  VWF, but also decrease VWF’s 
proinflammatory abilities. Animal models have shown that ADAMTS13 deficiency in the 
presence of  VWF is associated with an increased proinflammatory state, and treatment with 
rADAMTS13 can decrease neutrophil granulocyte infiltration substantially.(12,16,32)

Sepsis
Ono et al studied the relation between ADAMTS13 activity and the extent of  sepsis in 
patients. They found an association between decrease in ADAMTS13 activity and increase in 
both renal failure as well as disseminated intravascular coagulation caused by sepsis. UL VWF 
multimers were detected in patients with severe sepsis-induced ADAMTS13 deficiency.(33) 
Others have confirmed the association between low ADAMTS13 levels and the severity of  
sepsis.(34,35) Hypothetically, endothelial disruption with massive release of  UL VWF and 
relative insufficient VWF cleavage due to consumption of  ADAMTS13 plays a role in the 
increased platelet–vessel wall interaction in patients with sepsis.

Table 1. Diseases associated with ADAMTS13 deficiency.

Disease Clinical features ADAMTS13 activity

Thrombotic thrombocytopenic 
purpura

Thrombocytopenia, hemolytic anemia, neurolog-
ic deficiencies, renal failure

<5 to 30%(5)

Hemolytic uremic syndrome Postinfectious (usually diarrhoea): Thrombocyto-
penia, hemolytic anemia, renal failure

Normal(8)

HELLP In pregnancy: 
Hemolysis, elevated liver enzymes, low platelets

<10 to 50%(21,22)

Hypertensive emergencies 
(malignant hypertension)

Following severely elevated blood pressure: 
Thrombocytopenia, hemolytic anemia, neurolog-
ic deficiencies, retinopathy, renal failure, myocar-
dial ischemia and acute congestive heart failure

Median 80%, IQR 53 to 
130%(29)

Malaria falciparum General symptoms caused by malaria (febrile 
illness, malaise). Thrombocytopenia, hemolytic 
anemia, neurologic deficiencies, coma, renal 
failure

Mean 23%, 95% CI 20 
to 26%(37)

Abbreviations: CI, confidence interval; HELLP, hemolysis, elevated liver enzymes, low platelets; IQR, interquartile range.
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Malaria
Another disease that has been compared with TTP is severe malaria, because both can cause 
anemia, thrombocytopenia, and renal failure. Furthermore, several studies have shown that 
malaria-infected patients have higher VWF and lower ADAMTS13 levels. The proposed 
mechanism behind the drop in ADAMTS13 activity in malaria is endothelial activation 
caused by parasitized erythrocytes. Subsequent release of  UL VWF multimers could lead to 
a decrease in ADAMTS13 levels through consumption.(36,37) Löwenberg et al measured 
ADAMTS13 activity in patients suffering from severe and uncomplicated falciparum malaria 
in Bangladesh, and in healthy controls. Severe malaria was lethal in 23%, whereas none of  the 
patients suffering from uncomplicated malaria and none of  the controls died. In the severe 
malaria group, ADAMTS13 activity had statistically significantly decreased (mean activity, 
23%; 95% confidence interval [CI], 20–26) in comparison with both uncomplicated malaria 
patients (mean activity, 56%; 95% CI, 47–65) and healthy controls (mean, 64%; 95% CI, 55–
73). There was no statistically significant difference in ADAMTS13 activity between the latter 
two groups.(38) The investigators did not find a correlation between ADAMTS13 activity 
and outcomes such as mortality, coma, renal failure; but this could be because of  the small 
study population.(38) Their study proved that ADAMTS13 activity is related to the severity 
of  malaria, and severe malaria may therefore be another therapeutic field for rADAMTS13.

ONCOLOGY

Tumor expansion in malignancies depends on mechanisms such as angiogenesis and 
spreading through metastasis, processes in which VWF is believed to be involved. Starke 
et al showed that decreased VWF expression in endothelial cells causes an increase in 
angiogenesis via vascular endothelial growth factor, both using experiments that interfered 
with endothelial cell RNA as well as in patients suffering from von Willebrand disease.(39) 
And there is suggestion of  interaction of  VWF with other angiogenesis pathways such 
as galectin-1 and galectin-3.(9) Tumor cells can leave the vasculature by interacting with 
platelets, and as VWF influences platelet aggregation it could also influence migration of  
tumor cells. Depletion of  VWF in a murine melanoma model was associated with an increase 
in metastasis and prolonged survival of  metastases.(40) There are no current publications on 
(targeting) ADAMTS13 levels in the treatment of  cancer.

LIVER DISEASE

Although liver disease is believed to induce hemorrhagic diathesis, there is growing evidence 
that bleeding complications result from vascular abnormalities and portal hypertension and 
not from coagulation deficiency.(41) Although for instance a decrease in platelet count and 
functioning often occurs, this is compensated by an increase in VWF levels parallel to the 
deterioration of  liver functioning.(42,43) VWF already rises in acute liver failure; possible 
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causes are endothelial damage, increased synthesis, and/or decreased clearance by the 
liver.(43) As ADAMTS13 is mainly produced in liver cells, one might expect ADAMTS13 
depletion in liver disease. Nevertheless there are conflicting results, as some studies report a 
decrease in ADAMTS13 activity (44,45) and others find a contradictory variability in activity 
and antigen of  ADAMTS13, in both early as well as late liver disease.(43) Nevertheless, there 
is evidence that patients with advanced chronic liver failure (with decrease in albumin levels 
and hematocrit) have an increased risk of  VTE.(46) Targeting the increased VWF levels in 
liver disease might be of  benefit in such cases, but remains to be investigated.

ALTERNATIVES TO TARGETING ADAMTS13 LEVELS

N-acetylcysteine (NAC) has long been used as a mucolytic agent in pulmonary diseases. 
It was recently discovered to cause another interesting effect: As there is proof  that NAC 
reduces the disulfide bond within UL VWF multimers, thereby decreasing their platelet-
binding sites. A possible explanation is that UL VWF multimers bear a high resemblance to 
polymeric mucins, as evidenced by the work of  Chen et al.(47) They performed in vitro and 
in vivo experiments, using human-purified VWF and human plasma to test NAC under static 
conditions, and also by injecting NAC in ADAMTS13−/− as well as WT mice. NAC caused a 
reduction of  multimer formation that was rapid and parallel to NAC plasma concentrations 
in vitro. NAC did not prevent all thrombus formation in vivo, but thrombi were significantly 
smaller, and NAC did not increase the tail-bleeding time. Besides cleavage of  VWF, NAC 
was also believed to prevent the aggregation of  platelets and binding to collagen through 
VWF, and dissolved platelet-rich thrombi. Chen et al suggest a potential treatment effect 
of  NAC in TTP.(47) A clinical trial evaluating the potential use of  NAC in TTP is ongoing 
(http://www.clinicaltrials.gov; ClinicalTrials.gov Identifier: NCT01808521). Perhaps NAC 
could also be beneficial in other diseases in which VWF and ADAMTS13 are involved.

CONCLUSION

There is more to VWF and ADAMTS13 than just platelet adhesion and aggregation, as both 
have been linked to ischemia-reperfusion injury of  the brain and heart and to diseases such 
as TTP that cause thrombotic microangiopathy. With growing evidence of  involvement of  
VWF and subsequently ADAMST13 in such diseases, and promising results from animal 
studies, targeting ADAMTS13 levels could be of  potential therapeutic benefit in many 
circumstances.
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ABSTRACT

Background
ADAMTS13, a disintegrin and metalloproteinase with thrombospondin type I repeats-13, is 
a metalloprotease that cleaves von Willebrand factor (VWF). There is considerable evidence 
that VWF levels increase and ADAMTS13 levels decrease in ST-elevation myocardial 
infarction (STEMI) patients. It is unclear whether this contributes to no-reflow, infarct size 
and intramyocardial haemorrhage (IMH). We aimed to determine the role of  ADAMTS13 in 
STEMI patients and to investigate the benefits of  recombinant ADAMTS13 (rADAMTS13) 
in a porcine model of  myocardial ischemia-reperfusion.

Methods and results 
In 49 consecutive percutaneous coronary intervention (PCI)-treated STEMI patients, 
blood samples were collected directly after through 7 days following PCI. Cardiac magnetic 
resonance was performed 4–6 days after PCI to determine infarct size and IMH. In 23 
Yorkshire swine, the circumflex coronary artery was occluded for 75 min. rADAMTS13 or 
vehicle was administered intracoronary following reperfusion. Myocardial injury and infarct 
characteristics were assessed using cardiac enzymes, ECG, and histopathology. In patients 
with IMH, VWF activity and VWF antigen were significantly elevated directly after PCI 
and for all subsequent measurements, and ADAMTS13 activity significantly decreased at 
4 and 7 days following PCI, in comparison with patients without IMH. VWF activity and 
ADAMTS13 activity were not related to infarct size. In rADAMTS13-treated animals, no 
differences in infarct size, IMH, or formation of  microthrombi were witnessed compared 
with controls.

Conclusions 
No correlation was found between VWF/ADAMTS13 and infarct size in patients. However, 
patients suffering from IMH had significantly higher VWF activity and lower ADAMTS13 
activity. Intracoronary administration of  rADAMTS13 did not decrease infarct size or IMH 
in a porcine model of  myocardial ischemia-reperfusion. These data dispute the imbalance in 
ADAMTS13 and VWF as the cause of  no-reflow.
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INTRODUCTION

In up to 40% of  ST-elevation myocardial infarction (STEMI) patients, imperfections 
in myocardial blood flow are observed despite reperfusion at the epicardial level.(1) This 
phenomenon, also referred to as no-reflow, is occasionally observed angiographically directly 
after percutaneous coronary intervention (PCI). In a majority of  cases, it is established 
several days later by cardiac magnetic resonance (CMR) as a hypoenhanced area within the 
hyperenhanced infarcted myocardium.(2,3) Both angiographic no-reflow and CMR-defined 
no-reflow are related to increased cardiac failure and death.(4-6) Various mechanisms for 
this phenomenon have been proposed including tissue oedema, distal embolization of  
atherosclerotic debris, and also local microthrombi causing occlusion of  capillaries leading 
to larger infarct size and worse outcome.(7) Recently, it was shown that CMR-defined no-
reflow actually contains intramyocardial haemorrhage (IMH) and complete microvascular 
destruction.(8-10)
von Willebrand factor (VWF) is an important factor in primary haemostasis. It attracts 
platelets to damaged endothelium, causing platelet adhesion; and it thereby initiates and 
stabilizes platelet aggregation. VWF is released from endothelium during vessel injury in 
the form of  ultra-large VWF multimers, which contain several platelet binding sites and 
are therefore more prothrombotic. ADAMTS13, a disintegrin and metalloproteinase with 
thrombospondin type I repeats-13, is a metalloprotease that cleaves VWF, reducing the size 
of  VWF multimers and diminishing their prothrombotic features.(11) In STEMI patients, 
VWF levels are increased,(12,13) but it is not known whether this is related to infarct size 
and occurrence of  no-reflow and IMH. In parallel with the increase in VWF, ADAMTS13 
decreases in STEMI patients.(12,13) Recently, it was shown that ADAMTS13 knockout mice 
developed larger myocardial infarctions after coronary occlusion and showed decreased left 
ventricular function when compared with wild-type mice. Also, treatment with recombinant 
ADAMTS13 (rADAMTS13) reduced infarct size in wild-type mice.(14,16) However, the 
potential beneficial effects of  rADAMTS13 on infarct size and infarct characteristics have 
never been tested in a large animal model of  myocardial ischemia-reperfusion.
In the present study, the relationship between ADAMTS13 and VWF levels and CMR-
derived infarct size as well as occurrence of  IMH was determined prospectively in STEMI 
patients. Also, in a porcine model of  myocardial ischemia-reperfusion, closely resembling 
the clinical scenario of  acute myocardial infarction (AMI) treated with primary PCI, 
intracoronary infusion of  rADAMTS13 was tested for its effects on infarct size, formation 
of  microthrombi, and IMH.

METHODS

Patient study
Sixty consecutive patients with acute STEMI, presenting at the catheterization laboratory 
within 6 hours after onset of  symptoms and successfully treated by primary PCI, were 
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included in a prospective study as reported earlier.(17) For the present analysis, only patients 
who underwent CMR at Days 4–6 after PCI were selected (n= 49). The study was conducted 
in accordance with the Declaration of  Helsinki and the protocol was approved by the ethics 
committee of  the VU University Medical Center. Upon arrival, daily administration of  100 
mg acetylsalicylic acid and 10 mg prasugrel was started. Bivalirudin was administered as a 
single bolus, followed by 0.25 mg/kg intravenously during 4 h. Blood was withdrawn directly 
after (T0) and at 1, 4, and 7 days (T1, T4, and T7) after PCI. VWF activity, VWF antigen, 
VWF propeptide, ADAMTS13 activity, fibrinogen, and D-dimer were measured. Further 
details on methods such as exclusion criteria and measurement of  ST-resolution can be 
found in the supplementary material at the end of  this chapter.

Cardiovascular magnetic resonance imaging
CMR was performed between 4 and 6 days after PCI using a 1.5Tesla MR-scanner (Avanto, 
Siemens, Erlangen, Germany). IMH was identified on T2w-images as hypointense areas within 
the hyperintense signal of  infarct-related oedema. Cine images were analysed by tracing the 
endocardial and epicardial myocardial borders in both end-diastolic and end-systolic phases, 
providing myocardial volumes and ejection fraction. Quantification of  infarct size was 
performed on short-axis late gadolinium-enhanced images. Further details on acquisition 
and analysis and definitions of  CMR parameters are specified in the supplementary material 
at the end of  this chapter.

Porcine ischemia-reperfusion model
Approval was obtained from the local Animal Ethics Committee of  the VU University 
Medical Center. The animal procedures were performed conform the guidelines from 
Directive 2010/63/EU of  the European Parliament on the protection of  animals used 
for scientific purposes. A full description of  animal experimental procedures, including 
continuous 12-lead electrocardiograms and transthoracic echocardiography, can be found 
in the supplementary material at the end of  this chapter. See also Figure 4A for the study 
flow chart. In brief, 23 female Yorkshire swine were included; 12 animals received vehicle 
and 11 were given rADAMTS13. An over-the-wire balloon was placed in the proximal left 
circumflex artery and inflated for 75 min. During coronary occlusion, animals received a bolus 
of  5000 IU of  unfractionated heparin and the same amount after deflation of  the balloon. 
After reperfusion, 300 mg acetylsalicylic acid and 300 mg clopidogrel were administered. All 
animals were given daily doses of  80 mg acetylsalicylic acid and 75 mg clopidogrel until their 
planned sacrifice 7 days after ischemia-reperfusion. rADAMTS13 (400 U/kg body weight = 
320 μL/kg body weight, Baxter Innovations, Vienna, Austria) or a comparable amount of  
vehicle were administered intracoronary in one single bolus 15min after reperfusion by an 
investigator blinded for treatment.

Histopathological analysis
Detailed information on histopathological methods can be found in the supplementary 
material at the end of  this chapter. In brief, on the seventh day after experimental AMI, animals 
were sedated and killed. Total infarct size and IMH were determined macroscopically and 
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microscopically (Figure 4C). Anti-CD31 staining was performed to detect (micro-)thrombi 
and (micro-)vessels. For both treatment arms, microthrombi and the number of  vessels and 
thrombi per mm² were calculated. To assess inflammatory involvement, myocardial tissue 
was stained for MPO and CD45.(18,19)

Laboratory measurements performed in the patient and porcine study
Laboratory measurements are described in detail in the supplementary material at the end 
of  this chapter. VWF factor activity (Innovance VWF Ac) was determined on a Behring 
Coagulation System according to protocols from the manufacturer (Siemens Healthcare 
Diagnostics, Marburg, Germany). ADAMTS13 activity was determined as described earlier.
(20) VWF antigen and VWF propeptide levels were measured by ELISA using commercial 
antibodies (DAKO, Denmark and Sanquin, The Netherlands, respectively). Data are 
presented in percentage activity or percentage of  antigen. The reference value is derived 
from normal pooled plasma. Our pool is composed of  >200 healthy volunteers. D-dimer 
levels were determined with a particle-enhanced immunoturbidimetric assay (Innovance 
D-dimer, Siemens Healthcare Diagnostics). Fibrinogen concentration was derived from the 
change in optical signal during prothrombin time determination. Fibrinogen antigen was 
determined by ELISA using antibodies from DAKO (Glostrup, Denmark). The ability of  
rADAMTS13 to cleave porcine VWF was determined in vitro by measuring porcine VWF 
activity in plasma of  animals before and after addition of  rADAMTS13.

Statistical analysis
Categorical data are presented as frequencies (percentage) and continuous data as mean ± 
standard error (SE) or median with interquartile range (IQR). For the patient study, missing 
values for coagulation parameters at specific time points were imputed using multiple 
imputation. The imputation model included age, sex, and all coagulation parameters, and 
20 data sets were created. Area under the receiver operator curves (AUCs) for levels of  
D-dimer, VWF activity, VWF antigen, VWF propeptide, and ADAMTS13 were determined 
using blood measurements taken at T0, T1, T4, and T7 (separately for each of  the imputed 
data sets). Mean AUCs of  patients with and without IMH were compared using independent 
samples t-tests. For comparisons of  coagulation parameters at different time points, repeated 
measures ANOVA was used with IMH/no IMH as a between-factor and time point as a 
within-factor. To determine the correlation between continuous variables, Pearson’s R was 
calculated. Estimated mean differences and P-values of  the tests were pooled over the 
imputations using the standard pooling procedures for multiple imputed data sets available 
in SPSS. For the porcine study, differences between treatment groups were compared 
with Mann–Whitney U tests for unpaired and Wilcoxon signed-rank tests for paired non-
parametric analysis. Pearson’s χ2 test was performed on categorical variables, and ANOVA 
was used for regression. Plots of  means were drawn using GraphPad Prism (GraphPad 
Software 6.00, San Diego, CA, USA). Statistical analyses were performed using SPSS software 
package (IBM SPSS Statistics 22.0, Chicago, IL, USA).
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RESULTS

General characteristics of  the patient study
Forty-nine STEMI patients underwent CMR between 4 and 6 days after PCI. Clinical 
demographics and CMR parameters of  these patients are shown in Table 1.

IMH associated with higher VWF activity and lower ADAMTS13 activity
CMR-defined IMH was found in 19 patients (39%). No significant interaction between the 
presence of  IMH and time was found for VWF activity, VWF antigen levels, ADAMSTS13 
activity, and Fibrogen levels (P = 0.61, 0.83, 0.058, and 0.229, respectively), implying a similar 
difference between the mean levels of  patients with and without IMH at all time points. Mean 
VWF activity (Figure 1A) and VWF antigen (Figure 1B) levels were found to be consistently 
higher at all time points in patients with IMH (mean difference IMH—no IMH ± SE; VWF 
activity: 35.8 ± 14.8, P = 0.020, VWF antigen levels: 35.2 ± 15.3, P = 0.026). A significant 
interaction between the presence of  IMH and time was found for VWF propeptide levels 
(P = 0.008), with mean VWF propeptide levels at T0 being significantly higher for patients 
with IMH, but not significantly different at other time points (IMH vs. no IMH; mean ± 
SE, P-value; T0: 335 ± 16% vs. 249 ± 13%, P < 0.001, T1: 127 ± 16% vs. 93 ± 13%, P = 
0.11, T4: 122 ± 16% vs. 106 ± 14%, P = 0.45, T7: 109 ± 18% vs. 117 ± 14%, P = 0.75) 
(Figure 1C). ADAMTS13 activity was lower in patients with IMH (Figure 1D) (p = 0.049). 
No difference was found in fibrinogen (Figure 1E) levels between patients with and without 
IMH (P = 0.83). A significant interaction between the presence of  IMH and time was found 
for D-dimer levels (P = 0.001), with mean D-dimer levels at T0 and T1 being lower in IMH 
group and mean levels at T4 and T7 being higher in IMH group but with post hoc tests for 
comparison of  mean levels between groups at T0, T1, T4 and T7 separately revealing no 
significant differences (IMH vs. no IMH; mean ± SE, P-value; T0: 0.42 ± 0.17 vs. 0.68 ± 
0.14, P = 0.26, T1: 0.53 ± 0.17 vs. 0.73 ± 0.14, P = 0.38, T4: 1.07 ± 0.17 vs. 1.00 ± 0.14, P = 
0.75, T7: 1.36 ± 0.18 vs. 0.94 ± 0.14, P = 0.064) (Figure 1F).

No strong correlation between VWF activity, ADAMTS13 activity and infarct size
Mean infarct size [as percentage of  the left ventricle (LV)] in STEMI patients was 17.5 ± 
12.3% and did not correlate substantially to ADAMTS13 activity measured directly after 
PCI (R= −0.162, P= 0.265) or to any other subsequent measurement (Figure 2A). VWF 
activity correlated statistically significant with infarct size (Figure 2B), but only at T4, and 
the correlation was weak (R= 0.298, P= 0.037). Also, myocardial salvage did not correlate 
significantly to ADAMTS13 activity at T0 (R= 0.032, P = 0.831) or to measurements at other 
time points. The same held true for the relationship between myocardial salvage and VWF 
activity at T0 (R= −0.159, P = 0.285) as well as T1, T4, and T7.

General characteristics of  the porcine study
In the present study, 23 animals were included (median age 83 days, IQR 79–91; median 
weight 30 kg, IQR 27–34); 12 animals received vehicle and 11 were given rADAMTS13. Two 
animals from the vehicle arm died within 24 h after the intervention. In ex vivo experiments, 
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when adding increasing concentrations of  rADAMTS13 to porcine plasma, a corresponding 
decrease in VWF activity was measured. In the porcine model, at T = 75 min after reperfusion 
fibrinogen (Figure 3A) decreased in comparison with baseline values. As all animals received 
a substantial amount of  intravenous fluids, albumin levels (Figure 3B) at baseline and after 
release of  the balloon were measured, showing clear evidence of  dilution (percentage 
decrease albumin at T = 75 min: 18%, P< 0.001, no differences between treatment groups). 
This percentage was used to correct measurements of  all coagulation assays performed 
at T = 75 min.

Table 1. Clinical demographics, angiographic characteristics and functional parameters in the patient study.

Characteristic STEMI patients 
(n= 49)

Male sex 37 (76%)

Age (years) 59 ± 9

Weight (kg) 85 ± 14

BMI (kg/m2) 27 ± 3

CAD risk factors

Diabetes 7 (14%)

Hypertension 38 (78%)

Hypercholesterolemia 8 (16%)

Smoking history 41 (84%)

Family history 33 (67%)

Functional parameters assessed by CMR at 4-6 days

LVEDV (ml) 90.5 ± 18.5

LVESV (ml) 45.5 ± 16.8

LVEF (%) 50.9 ± 8.2

Infarct size (% of  the LV) 17.5 ± 12.3

Time to reperfusion (hours) 2.6 ± 1.3

CK-MB peak (U/L) 176 ± 183

Infarct-related artery

LAD 27 (55%)

LCx 5 (10%)

RCA 17 (35%)

Thienopyridine 49 (100%)

Platelet glycoprotein IIb/IIIa inhibitors 14 (29%)

TIMI 3 flow grade post-PCI 46 (94%)
Data are N or mean ± SD. 
BMI: body mass index; CAD: coronary artery disease; CMR: cardiovascular magnetic resonance; LV: left ventricle; 
LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-systolic volume; LVEF: left ventricular 
ejection fraction; CK-MB: creatine kinase-myocardial band; PCI: percutaneous coronary intervention.
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VWF and ADAMTS13 levels in experimental myocardial ischemia-reperfusion 
Median baseline VWF activity for all swine was 150% (IQR 127–172). After correction for 
dilution, there was a trend towards increased VWF activity directly following the intervention 
(median 165%, IQR 123–183, P = 0.056). ADAMTS13 activity did not change after the 
induced AMI (baseline vs. T = 75 min: 18%, IQR 15–4 vs. 18%, IQR 16–24, P = 0.57). 
Following intracoronary infusion of  rADAMTS13 at 3 h after AMI, ADAMTS13 activity 
increased significantly to 324% (IQR 117–384, P = 0.003 in comparison with baseline, P < 
0.001 vs. control group that had a median level of  15%, IQR 11–19). ADAMTS13 activity 
remained increased in the rADAMTS13-treated group on all following measurements (P < 

Figure 1. VWF activity, VWF antigen, VWF propeptide, ADAMTS13 activity, fibrinogen and D dimer levels in 
STEMI patients treated with PCI. A) VWF activity (%), B) VWF antigen (%), C) VWF propeptide (%), D) AD-
AMTS13 activity (%), E) fibrinogen (gL) and F) D dimer levels, measured directly after PCI (T0) and at 1, 4 and 7 
days following PCI (T1, T4, T7). VWF activity (P= 0.021 for AUC) and VWF antigen levels (P= 0.020 for AUC) 
were significantly higher in patients with IMH compared to patients without IMH (n= 19, 30 for IMH, no IMH/
group). Mean AUC’s were compared using independent samples t-tests. 
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0.001 for repeated measures ANOVA in comparison with control group). There was no 
difference in VWF activity after infusion between both treatment groups for all following 
measurements (P = 0.99 for repeated measures ANOVA) (Figures 4E and 4F). 
Induction of  myocardial infarction had no direct influence on fibrinogen levels (baseline 
vs. T = 75 min: 3.3 g/L, IQR 3.0–3.5 vs. 3.3 g/L, IQR 2.7–3.7; P = 0.88). However, 
fibrinogen levels were increased at 1 and 7 days after induction of  ischemia-reperfusion (6.9, 
IQR 5.7–7.5 and 4.8, IQR 4.0–5.6, respectively; P < 0.001 vs. baseline for both) compared 
with baseline levels. There were no differences in fibrinogen measurements throughout the 
experiment between treated animals and controls (P= 0.80 for repeated measures ANOVA). 
There were no differences in red blood cell count and platelet count between rADAMTS13- 
and vehicle-treated animals throughout the study (data not shown). In vitro studies proved 
the efficacy of  cleavage of  porcine VWF by rADAMTS13 at a dosage of  <1 U/mL (Figure 
5).

Figure 2. Correlation between ADAMTS13 and VWF activity. Mean  infarct size (as percentage of  the LV) in 
STEMI patients did not correlate substantially to ADAMTS13. VWF levels correlated statistically significant with 
infarct size.
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No effects of  rADAMTS13 on ST-segment resolution, infarct size, and cardiac 
function
ST-segment resolution and cardiac enzymes were similar between treatment groups (see also 
Figure 6A; and the supplementary material at the end of  this chapter). Microscopic infarct 
size as measured by PTAH staining was comparable between rADAMTS13-treated group 
(6.7%, IQR 5.0–9.4) and control group (8.2%, IQR 2.4–10.2; P = 0.75, see also Figure 
6B). Macroscopic estimation of  infarct size from photographed cross sections of  the heart 
showed no differences between rADAMTS13-treated animals and controls (rADAMTS13 
vs. controls: 25.1%, IQR 20.6–26.6 vs. 22.2%, IQR 20.0–29.3; P= 0.97). rADAMTS13-
treated animals had an increased wall motion score index (WMSI) at 60 min after reperfusion 
(P= 0.009 for absolute values and P= 0.02 for delta 2-1,  see also supplementary Table S1 
at the end of  this chapter). No other differences were observed between first and final 
echocardiogram for all echocardiography parameters, when comparing rADAMTS13-treated 
animals and controls (see also the echocardiographic analysis in the supplementary results 
section and supplementary Table S1 at the end of  this chapter). 

No effects of  intracoronary rADAMTS13 infusion on IMH or formation of  
microthrombi
Histopathological findings showed that the core of  all infarctions contained haemorrhage. 
The size of  IMH as a percentage of  LV was similar between treatment groups (rADAMTS13 
vs. controls: 2.4%, IQR 1.2–3.7 vs. 2.1%, IQR 0.8–4.8, P= 0.97). Same results were found 
for IMH as percentage of  infarct size (rADAMTS13 vs. controls: 37.0%, IQR 27.3–43.7 vs. 
30.1%, IQR 19.0–48.3, P= 0.56) (Figure 3C).
The total number of  microthrombi in the infarct tissue did not differ between groups 
(rADAMTS13 vs. controls: 19.0 per section, IQR 17.0–27.5 vs. 21.5 per section, IQR 17.5–
28.5; P = 0.65) (Figure 3D). 
Leukocytes as detected with CD45 and MPO staining were found more often in the border 
zone (97.5, IQR 63.8–135.8) in comparison with infarct tissue (17.8, IQR 11.1–28.9, P < 
0.001) (Figure 3E).  There was no difference between rADAMTS13-treated and control 
animals with regard to the presence of  leukocytes in the infarcted tissue, the border zone, or 
the non-affected myocardium.

DISCUSSION

There is ample proof  of  the association between VWF/ADAMTS13 levels and myocardial 
infarction,(12,13) and rADAMTS13 has been effective in reducing myocardial injury in 
rodent models.(21) In the present study, VWF/ADAMTS13 levels were assessed in 49 
STEMI patients and IMH was determined using CMR. Furthermore, rADAMTS13 was 
administered with the aim to limit myocardial injury in a porcine myocardial ischemia-
reperfusion model. The main findings are the following: (i) IMH was associated with higher 
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VWF activity and (eventually) lower ADAMTS13 activity; (ii) intracoronary administration 
of  rADAMTS13 did not reduce infarct size in a porcine myocardial ischaemia-reperfusion 
model on a background of  dual antiplatelet therapy and heparin.

VWF and ADAMTS13 levels in patients with IMH: cause or consequence?
STEMI patients with IMH had higher VWF activity immediately after PCI and in all 
subsequent measurements. VWF propeptide, a cleavage product of  VWF, was significantly 
higher only in patients with IMH for the first day. This could be explained by its short 
half-life of  2–3 h.(22) Directly after PCI, there were no differences in ADAMTS13 activity 
between patients with and without IMH. Lower ADAMTS13 activity was found in patients 
with IMH at 4 and 7 days following STEMI. These findings are in line with Zhao et al. who 
showed that VWF levels in STEMI patients were higher immediately after PCI in patients 
with no-reflow, whereas ADAMTS13 levels did not differ between patients with and without 
no-reflow, until the seventh day after PCI.(23)

Figure 3. Fibrinogen and albumin levels, IMH, microthrombi and leukocytes in the animal model. A) Fibrinogen 
levels (T= 75 min), B) albumin levels (T= 0), C) IMH  in percentage of  the left ventricle (LV) and as percentage 
of  infarct size (T= 7), D) Number of  microthrombi (T= 7), E) Number of  leukocytes (T= 7) in rADAMTS13 
treated animals compared to controls. n= 11, 10 (rADAMTS13, control)/group.
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The present findings that VWF levels are increased in patients with IMH and ADAMTS13 
levels decreased are novel and counter-intuitive at first. However, a similar pattern has been 
shown in patients after hip surgery, and also patients with subarachnoid bleeding display 
increased levels of  VWF.(24-26) VWF is believed to be an acute phase protein, and its levels 
increase in various inflammatory diseases.(27-29) Possibly, the rise in VWF following AMI is 
an epiphenomenon or a necessary compensation for IMH.
VWF and ADAMTS13 may nevertheless serve as diagnostic markers to detect patients at 
risk of  developing IMH. Especially, given that no-reflow is detected angiographically in a 
minority of  cases (3) and that CMR, although more effective in detecting no-reflow,(2,3)  
cannot be performed directly in acute STEMI patients. Other frequently used markers of  
coagulation, D-dimer and fibrinogen, were similar in both patient groups.

No effect of  rADAMTS13 in reducing myocardial injury
Treatment with rADAMTS13 reduced infarct size in a murine stroke model by 30% without 
signs of  increased bleeding.(30) Furthermore, rADAMTS13 exerted antithrombotic effects 
in a model of  vessel damage in which ADAMTS13 decreased occlusion time of  mesenteric 
arterioles after FeCl3-induced thrombus formation.(31) In open chest myocardial infarction 
models, a therapeutic benefit of  rADAMTS13 was shown in both ADAMTS13 knockout 
mice and wild-type mice treated with rADAMTS13.(14-16) In all murine AMI studies, 
rADAMTS13 led to a decrease in neutrophil accumulation in the infarcted myocardium. 
Interestingly, there was no evidence of  any antithrombotic effect of  rADAMTS13. For 
instance, there was no reduction of  thrombotic occlusions in myocardial microvessels. 
Therefore, its therapeutic properties were deemed to be anti-inflammatory rather than 
antithrombotic.(14-16) The inflammatory response may have been caused by the use of  an 
open chest model, unlike the closed chest approach in our study. Possibly, a beneficial effect 
of  rADAMTS13 was not found in our study due to the fact that the model used was not 
inflammatory or thrombotic enough. VWF activity did not increase substantially after the 
infarction, and fibrinogen did not increase until 24 h. However, the model implemented in 
the present analysis has been established and proved effective in detecting treatment effect 
in myocardial injury models.(32-36) Furthermore, the medical regime used in our study was 
according to the ESC guidelines for STEMI patients, mimicking the treatment of  patients 
with AMI realistically. In the rodent studies, no antiplatelet agent, heparin, or any other 
anticoagulant was applied besides rADAMTS13.(14-16,37) Assessment of  area at risk would 
have attributed to a more standardized assessment of  ischemia-reperfusion injury. However, 
assessment of  area at risk directly after the PCI was not possible, as the pigs would have to 
have been killed immediately after the intervention.(38) For the porcine study, the choice was 
made to kill the swine 7 days after the intervention, to better assess myocardial infarct size. 
All findings from this study from several parameters (cardiac enzymes, continuous 12-lead 
electrocardiograms, echocardiography, and histopathological analysis) did point in the same 
direction, and this underlines the robustness of  the data.
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In the rodent studies and the murine stroke model, rADAMTS13 was administered prior to 
reperfusion. In the present porcine myocardial ischemia-reperfusion model, rADAMTS13 
was applied only 15 min following reperfusion. However, because rADAMTS13 primarily 
works as an antagonist for VWF, it seems unlikely that its efficacy would be less 15 min 
following reperfusion.(11) Furthermore, patients with AMI will likely be treated only with a 
therapeutic regime against no-reflow, following PCI.

Figure 4. Study flow chart of  the comprehensive study protocol, histopathological methods in the porcine 
ischemia-reperfusion model and ADAMTS13 and VWF activity in the porcine ischemia-reperfusion model. 
A) Study flow chart, B) Post-mortem sectioning of  a porcine heart C) Macroscopically visible infarcted area 
(indicated by # and *) was fixed and embedded. D) PTAH staining, which stains non-haemorrhagic infarction 
pink [1], haemorrhagic infarction dark purple [2], and viable tissue blue [3].(44).  E) ADAMTS13 activity (%) 
measured before and after 75 minutes of  balloon occlusion (T= 75 min) of  the left circumflex artery (median and 
IQR). rADAMTS13 treated animals demonstrated elevated ADAMTS13 activity levels compared to controls (P < 
0.001). F) VWF activity (%) measured before and after 75 minutes of  balloon occlusion (T= 75 min) of  the left 
circumflex artery (median and IQR). rADAMTS13 treated animals had similar VWF activity levels compared with 
controls directly after reperfusion (T= 75 min). P= 0.99 for rADAMTS13. n= 11, 10 (rADAMTS13, control)/
group. Mean AUC’s were compared using independent samples t-tests.
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Figure 5 Cleavage of  porcine VWF by rADAMTS13. In vitro studies
show that adding rADAMTS13 to porcine plasma results in a dosedependent
decrease in VWF activity.

Figure 6. Results on infarct size from the porcine study. A) Cardiac enzyme Troponin T  (μg/L) was measured 
at 3, 6 and 24 hours after the balloon occlusion. Infarct size was calculated as the AUC of  Troponin T.(45) B) 
Histopathological findings, using PTAH staining.(44) Differences between treatment groups were compared with 
Mann-Whitney U tests for unpaired and Wilcoxon signed rank tests for paired non-parametric analysis.
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High dosage, timing, and lack of  efficacy of  rADAMTS13
ADAMTS13 levels increased >15-fold immediately after rADAMTS13 administration and 
remained elevated throughout the following 7 days. It seems likely therefore that enough 
rADAMTS13 was applied. Furthermore, in vitro studies proved the efficacy of  cleavage of  
porcine VWF by rADAMTS13 at a dosage of  <1 U/mL (see also Figure 5). Pigs have an 
average circulating blood volume of  65 mL/kg body weight, and pigs in the present study had 
a median weight of  30 kg, adding up to a median circulating blood volume of  1950 mL. If  1 U/
mL rADAMTS13 would be effective in vitro, 1950 U would be effective per pig. The 400 U/kg 
body weight rADAMTS13 dosage as applied, adding up to a median of  (400 × 30 kg) 12 000 
U per pig should have to have been sufficient. Perhaps an overdose of  rADAMT13 may have 
caused a potential direct effect on myocardial performance. Even though the difference in 
WMSI was the only statistically significant finding, all echocardiographic parameters showed 
a decrease between the first and the second echocardiogram for the rADAMTS13 group, 
followed by a recovery from the second to the third (final) echocardiography (supplementary 
Table S1 at the end of  this chapter). This may indicate a negative effect of  rADAMTS13 on 
cardiac function that would not have occurred with lower dosages. However, treatment did 
not lead to an increased bleeding tendency or increased IMH. Because the first minutes of  
reperfusion are believed to be highly relevant for the development of  ischemia-reperfusion 
injury, perhaps rADAMTS13 could have been more effective when applied prior to the 
termination of  the myocardial infarction.

No-reflow and IMH
An important finding in this study was provided by results from anti-CD31 staining. 
Previously, it has been postulated that in no-reflow, distal embolization of  atherosclerotic 
debris and local microthrombi cause occlusion of  capillaries.(7) In contrast with this 
assumption, we witnessed no microthrombi and very few microvessels in the core of  the 
infarction. Instead, obstruction of  the microvasculature was more evident in the border zone, 
whereas the core of  the infarction contained IMH. These results are in line with previous 
animal studies,(8-10,37,39-43) and recent reports suggesting that the pathophysiology 
behind no-reflow is IMH rather than microvascular obstruction.(8-10) These insights in 
the pathophysiology behind no-reflow may explain why few therapeutic regimens have 
been effective in reducing the morbidity and mortality caused by no-reflow.(2) This may 
also explain why IMH size was similar in rADAMTS13-treated animals vs. controls and 
why rADAMTS13 was not beneficial in the porcine study because of  the lack of  a causal 
relationship between ADAMTS13 levels and IMH.

Limitations
The exclusion of  patients with TIMI 0–1 flow is possibly a limitation of  the present study. 
For the primary study in which this patient cohort is reported,(17) solely patients with TIMI 
2 or 3 flow were included. However, very few patients were actually excluded due to TIMI 
0–1 flow (n = 3).

157

ADAMTS13 in acute myocardial infarction

9



In the porcine model, anaesthesia was maintained using sevoflurane, an agent reported to 
have cardioprotective effects. Even though both treatment groups were given the same 
anaesthesia, this may have caused smaller infarct size in the total study group. MRI would 
have been favourable to echocardiography. Unfortunately, due to logistic reasons, it was not 
possible to perform MRI in all pigs.
We did not measure area at risk. Although total occlusion time and anatomic site of  occlusion 
were standardized, it cannot be excluded that there were differences between the two groups 
in area at risk. Also, we were not able to calculate total myocardial salvage in the present study 
but only total infarct size. Potentially, administration of  rADAMTS13 prior to initiation of  
myocardial infarction does have a beneficial effect. However, in clinical practice, this is not 
feasible and therefore was not tested in the present pre-clinical study.

CONCLUSIONS

This is the first study to show that IMH as measured by CMR is associated with increased 
VWF levels and decreased ADAMTS13 levels in STEMI patients. Administration of  
rADAMTS13 was not effective in reducing infarct size and no-reflow in a porcine model of  
myocardial ischemia-reperfusion.
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SUPPLEMENTARY MATERIAL 

METHODS

Patient study
All patients gave written informed consent within 24 hours after PCI.  Hemodynamically 
unstable patients and patients with three-vessel disease were excluded from the study. 
Other exclusion criteria were a previous myocardial infarction in the culprit coronary artery, 
previous coronary artery bypass graft (CABG) surgery, unsuccessful PCI (defined as TIMI 0 
or 1 flow after procedure) and inability or refusal to give informed consent. 

Continuous twelve leads electrocardiograms 
Continuous twelve leads electrocardiograms were performed directly after successful PCI 
during 24 hours following reperfusion. ST-segment resolution was evaluated on a 12-lead 
electrocardiogram acquired pre-PCI and 1 hour after PCI. Sums of  ST-segment elevation 
were  measured 60ms after the J point in leads I, aVL, and V1 to V6 for anterior and leads 
II, III, aVF, V5, and V6 for non-anterior acute myocardial infarctions, respectively. The 
percentage resolution of  ST-segment elevation from before to after PCI was calculated 
and categorized as complete (≥70%), partial (30% to <70%), or no (<30%) ST-segment 
resolution. Incomplete reperfusion was defined as <70% ST-segment resolution on 
electrocardiography.(1)

Cardiovascular magnetic resonance imaging protocol
CMR was performed between 4 and 6 days after PCI and at 90 days after PCI using a 1.5 Tesla 
MR-scanner (Avanto, Siemens, Erlangen, Germany) and a dedicated phased array cardiac 
receiver coil. Functional imaging was performed using retrospectively ECG-gated steady-
state free precession cine imaging with breath-holding. Standard 3 long axis orientations 
(4-, 3- and 2-chamber view) and short axis orientation with full LV coverage were obtained 
(typical parameters: voxel  size ~1.6x1.9x5.0 mm, slice thickness 5.0 mm, slice gap 5.0 mm, 
TR/TE 3.2/1.6 ms, flip angle 75º, field of  view 360x400 mm, temporal resolution <50 
ms). Intramyocardial hemorrhage (IMH) was visualized using a segmented T2-weighted 
turbospinecho (T2w) sequence with fat suppression, at similar slice positions as the cine 
images. After administration of  0.2 mmol/kg Gd-DOTA (Dotarem, Guerbet, Villepinte, 
France), LGE images were acquired after 10-15 minutes, using a 2-dimensional segmented 
inversion-recovery gradient-echo pulse sequence, with individual correction of  the inversion 
time to null the signal of  normal myocardium (slice thickness 5.0 mm, slice gap 5.0 mm, field 
of  view 360x400 mm, pixel size ~1.4x1.4 mm, TR 2x RR interval, typical inversion time 250-
400ms). Cine and LGE images of  each patient were matched by slice position. 
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Analysis and definitions of  CMR parameters
All CMR analyses were performed using dedicated off-line software (QMassMR v7.5, Medis, 
Leiden, the Netherlands). Cine images were analyzed by tracing the endocardial and epicardial 
myocardial borders in both end-diastolic and end-systolic phases, providing myocardial 
volumes and ejection fraction. Quantification of  infarct size was performed on short axis 
LGE images. IMH, representing no reflow, was identified on T2w-images as hypointense 
areas within the hyperintense signal of  infarct-related edema. Volumes were converted to 
grams of  tissue by correcting for density of  myocardial tissue (i.e. 1.05 g/cm3). Analysis of  
IMH was performed independently from and blinded to the results of  the other analyses. 
The total infarct size was standardized by dividing the infarct mass by the total left ventricular 
mass, to calculate mean infarct size (as percentage of  the LV) .

Porcine model
Approval was obtained from the local Animal Ethics Committee. 23 female Yorkshire 
swine were treated with 400mg amiodarone 7 days before intervention. Animals were fasted 
overnight and received a fentanyl plaster of  25 μg 24 hours before the beginning of  surgery. 
At the start of  the procedure, 400mg amiodarone and 10 mg metoprolol were given. Animals 
were premedicated with intramuscular administered ketamine hydrochloride (10-15 mg/
kg bodyweight), midazolam (0.5-2 mg/kg bodyweight) and atropine (0.5 mg). Oxygen was 
provided through a mask and after intratracheal intubation with 45-50% O2. Animals were 
ventilated with a tidal volume of  10 ml/kg bodyweight. Anesthesia was deepened with single 
intravenous (i.v.) administration of  etomidate (15 to 20 mg), midazolam (0.5 mg/kg), and 
sufentanyl (100 μg). During the intervention, anesthesia was maintained using sevoflurane 
(inhalation of  1.2–1.8%), midazolam (0.5 mg/kg/hr i.v.), and sufentanyl (6-7 μg/kg/hr i.v.). 
To reduce the risk of  infection, a closed chest model was used, amoxicillin/clavulanic acid 
(500/50 mg i.v.) was administered and the whole procedure was performed under sterile 
conditions. The right carotid artery was used for catheterization and an over-the-wire balloon 
was placed in the proximal left circumflex artery and inflated for 75 minutes. Total occlusion 
was confirmed angiographically and by continuous twelve leads electrocardiograms. During 
coronary occlusion, animals received a bolus of  5000 IU of  unfractionated heparin and the 
same amount after deflation of  the balloon. After reperfusion, 300 mg acetylsalicylic acid 
and 300 mg clopidogrel were administered. All animals were given daily doses of  80 mg 
acetylsalicylic acid and 75 mg clopidogrel until their planned sacrifice seven days after ischemia-
reperfusion injury. Recombinant ADAMTS13 (rADAMTS13) (400 U/kg bodyweight = 320 
μl/kg bodyweight, Baxter Innovations Vienna, Austria) or a comparable amount of  vehicle, 
both containing the same buffer, were administered intracoronarily in one single bolus 
fifteen minutes after reperfusion by an investigator blinded for treatment. rADAMTS13 was 
manufactured using the expression of  stable transfected Chinese hamster ovary cell lines in 
serum-free medium, as described in detail previously.(2) The dosage was chosen based on the 
amount used in the cerebral infarction animal model.(2) Troponin T,  (μg/L) was measured 
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at 3, 6 and 24 hours after the balloon occlusion. Infarct size was calculated as the Area Under 
the receiver operator Curve (AUC) of  Troponin T.(3) Measurements of  red blood cell count 
(10*12/L) and platelet count (10*9/L) were performed at baseline, as well as 24 hours and 
7 days after the balloon occlusion. Albumin was measured from blood samples taken at 
baseline and immediately after the balloon occlusion (t=75 minutes). ADAMTS13 activity 
(%), VWF activity (%) and fibrinogen (g/L) were measured at baseline; 75 minutes, 3 hours, 
24 hours and 7 days after the balloon occlusion.

Continuous twelve leads electrocardiograms 
Continuous twelve leads electrocardiograms were performed during the intervention, 
and during a minimum of  one hour following reperfusion, using the sum of  ST-segment 
elevations for leads II, III and aVF. ST-segment resolution was calculated as the percentage 
of  recovery at 30 and 60 minutes after reperfusion, in comparison to the ECG recorded at 
70 minutes of  balloon occlusion. ST-segment elevation was measured with a computerized 
recording of  the ST-segment at 60 ms after the J point.(1) ST-segment resolution was 
considered complete when ≥70% decrease in ST-segment elevation was achieved, partial 
when 30-70% recovery occurred and absent in case of  <30% normalization.(1)

Transthoracic echocardiography
Two-dimensional echocardiography was performed at 60 minutes of  balloon occlusion (first 
echocardiogram); 60 minutes after reperfusion (second echocardiogram); and seven days 
later on the day of  termination (third echocardiogram). Wall motion score index (WMSI), 
left ventricular ejection fraction (LVEF), and fractional area change (FAC) were calculated. 
Echocardiography was performed by a blinded observer and results were validated by 
random sampling by a second, blinded observer.

Histopathological analysis
In the porcine model, the primary endpoint was infarct size as quantified by microscopic 
histopathology analysis. On the seventh day after experimental acute myocardial infarction, 
animals were sedated with 6 mg/kg tiletamine/zolazepam i.v. and 2 mg/kg xylazine i.v.. 
Animals were killed by an intravenous injection of  200 mg/ kg bodyweight pentobarbital 
i.v.. Internal organs were inspected for macroscopic hemorrhage and the heart was excised. 
Myocardial infarction was clearly observed on gross macroscopic inspection (see also figure 
1B in the main manuscript). Using a wide margin, this area was cut into cross sections, 
photographed and measured. Measurements of  cross sections and photographs were used 
for quantification of  total left-ventricle area and wall thickness. Cross sections were then fixed 
in formaldehyde solution and embedded in paraffin. Afterwards, infarction and border zone 
were cut into sections of  4 μm. Complete slides where scanned with a digital (microscopic) 
Mirax slide Scanner system (3DHISTECH, Budapest, Hungary). The actual scan resolution 
(effective pixel size in the sample plane) at 20x was 0.23µm. Infarcted tissue and IMH were 
detected with Phosphotungstic acid-hematoxylin (PTAH) staining as previously described. 
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PTAH stains vital myocardium blue, infarcted tissue pink, hemorrhagic infarction (IMH) 
dark purple, and fibrosis red (Figure 1D in the main manuscript).(4) Total infarct size and 
IMH were determined macroscopically by planimetric tracing on photographs (Figure 1C 
in the main manuscript), and microscopically by manually tracing the area stained by PTAH 
on the 4 μm sections, both using ImageJ software (Image J 1.46, National Institutes of  
Health, USA). Microscopic measurement of  infarct size is presented as a percentage of  total 
left ventricular mass. Given that microscopical infarct size was measured on fixed tissue, 
whereas total left ventricle area was calculated using measurements and photographs of  
the freshly cut heart, microscopical infarct analysis shows systematic underestimation. The 
representation of  the measured infarct size is therefore lower than the actual infarct size. 
This is the result of  shrinkage of  the heart caused by fixation in formaldehyde solution, but 
this occurred similar for both rADAMTS13 as well as control group. 
Anti-CD31 staining was performed to detect (micro-)thrombi and (micro-)vessels. CD31, 
also known as platelet endothelial adhesion molecule-1, is present on the surface of  all 
platelets and endothelial cells.(5,6) For both treatment arms, microthrombi and the number 
of  vessels and thrombi per mm² were calculated. Due to logistic reasons, a random selection 
of  8 animals was chosen for counting microvessels and microthrombi. These were counted 
in both the infarct core as well as the border zone, each in four randomly selected circular 
sections (surface 31,416 μm2) per animal. Using section size and average number of  counted 
microvessels and microthrombi per section, the number of  vessels and thrombi per mm² was 
calculated. To assess inflammatory involvement in ischemia-reperfusion injury, myocardial 
tissue was stained for MPO, which is present in neutrophil granulocytes (7) and for CD45, a 
leukocyte specific transmembrane glycoprotein.(8) Per myocardium, three areas were chosen: 
infarcted tissue, border zone, and non-affected tissue (“normal”). Per area, three random 
microscopic photographs were taken with a 40x objective and assessed by two independent 
researchers. The mean of  their quantification of  respectively neutrophil granulocytes as 
stained with MPO and leukocytes as detected with CD45 was then compared between both 
treatment groups.

Laboratory measurements performed in the patient and porcine study
The assays Troponin T, RBC and platelet count in the porcine study were the only ones 
performed almost immediately on fresh blood samples. For all other assays measured in both 
studies, blood was collected in citrate tubes, centrifuged at 15 ºC for 20 minutes at 1700 g, 
and platelet poor plasma was then prepared and centrifuged at the same temperature for 15 
minutes at 2000 g and frozen at -80 ºC before processing. VWF factor activity (Innovance 
VWF Ac) was determined on a Behring Coagulation System according to protocols from the 
manufacturer (Siemens Healthcare Diagnostics, Marburg, Germany). ADAMTS13 activity 
was determined as described earlier.(9) In this assay, barium-activated ADAMTS13 acts on 
urea-treated VWF concentrate (Haemate P) resulting in a decreased VWF activity. Normal 
human pooled plasma was used as standard. This material was calibrated to WHO 07/316 6th 
International Standard for VWF activity, and was arbitrarily assigned 100% for ADAMTS13 
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activity. VWF antigen and VWF propeptide levels were measured by ELISA using commercial 
antibodies (DAKO, Denmark and Sanquin, The Netherlands, respectively). D-dimer levels 
were determined with a particle-enhanced immunoturbidimetric assay (Innovance D-Dimer, 
Siemens Healthcare Diagnostics). Fibrinogen concentration was derived from the change in 
optical signal during prothrombin time determination. Fibrinogen antigen was determined 
by ELISA using antibodies from DAKO (Glostrup, Denmark). The ability of  recombinant 
ADAMTS13 to cleave porcine VWF was determined in vitro by measuring porcine VWF 
activity in plasma of  animals before and after addition of  rADAMTS13, in increasing 
concentrations. For this purpose, baseline samples were used. Human pooled plasma 
underwent the same procedure for validation. In the test, porcine plasma was incubated with 
urea, and ADAMTS13 (in plasma or recombinant) was incubated with barium chloride after 
which VWF activity was determined as described above. 

RESULTS

Porcine model
Cardiac enzymes 
The AUC of  cardiac enzyme troponin T was similar for both groups (rADAMTS13 vs. 
controls: 51.6 μg/L, IQR 42.1-77.3 vs. control group: 53.2, 39.6-86.8; p= 0.85). 

Continuous twelve leads electrocardiograms 
Thirty minutes after reperfusion, 1 pig in the rADAMTS13 group had 70% or more ST-
segment recovery versus 2 animals in the control group (rADAMTS13 vs. controls: 55.8%, 
IQR 19.2-67.8 vs. 61.0, 53.2-68.3; p= 0.40). One hour after reperfusion, 9 animals had a 
recovery of  ≥ 70% in both groups (rADAMTS13 vs. controls: 83.9%, IQR 71.7-96.1 vs. 
72.8, 69.4-92.5; p= 0.22). 

Echocardiographic analysis
Echocardiographic analysis was available for 18 animals (rADAMTS13 n=8 vs. control 
n=10) due to logistic reasons. Since 2 animals in the vehicle arm died within 24 hours after 
the intervention, final echocardiography was performed in 16 animals. Because of  the small 
number of  animals, per parameter deltas between all three measurements (echocardiograms 
1, 2 and 3) were calculated per pig. See also supplementary table S1.
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Chapter 10
Summary



This thesis focuses on novel developments in anticoagulant therapy (part I), and novel 
insights on myocardial ischemia reperfusion injury (part II).

PART I - direct oral anticoagulants
Chapter 2 and 3 review the new direct oral anticoagulants (NOACs or DOACs), developed 
as  alternatives for the vitamin K antagonists (VKA), known for their unpredictable 
antithrombotic effects. DOACs’ predictable pharmacological properties, and first results 
from clinical trials with DOACs versus established treatment are described. Even though 
these findings are promising and have led to the licensing of  DOACs for various clinical 
indications, there are some remaining uncertainties. Specific patients were underrepresented 
in the particular phase II and III studies, such as patients with serious renal failure or 
extreme bodyweight, and therefore it is unclear if  dose adjustments are required in those 
cases. Furthermore, there is no standardized monitoring assay, nor one universal method of  
reversal. As DOACs can already be prescribed, the latter may be needed in case of  serious 
bleeding or when immediate surgery is obligatory. 
In chapter 4 a standard reversal method for VKA is therefore tested in healthy volunteers to 
counteract DOACs dabigatran and rivaroxaban, namely prothrombin complex concentrate 
(PCC). The PCC in this study (Cofact) contains 4 non-activated coagulation factors and 
some coagulation inhibitors, and is administered intravenously. In this particular randomised, 
double-blind, placebo-controlled crossover study, subjects were given either dabigatran 
or rivaroxaban for various days. They were then infused with PCC or saline, and after a 
substantial wash-out period the alternate anticoagulant was administered. Coagulation assays 
were significantly influenced by either anticoagulant. Infusion with PCC led to immediate 
and sustained normalisation of  coagulation assays in rivaroxaban treated subjects, whereas it 
had no influence on clotting tests measured in dabigatran recipients. Placebo had nu affect 
either. Even though these results are surrogate markers for real-life bleeding, this shows 
evidence in support of  PCC for counteracting rivaroxaban and not for dabigatran, results in 
line with previous animal studies.
To better understand real-life bleeding, and to put the need for a reversal method into 
perspective, a study was performed on bleeding associated with anticoagulant therapy, as 
outlined in chapter 5.  For this particular study results from the EINSTEIN studies were used, 
in which patients with pulmonary embolism or deep venous thrombosis were treated with 
either rivaroxaban or standard of  care (low molecular weight heparin [LMWH] and VKA). 
Major bleedings were classified into new clinical categories: clinical presentation and clinical 
outcome. Out of  all major bleeding events, only 20% of  the rivaroxaban group presented 
with real clinical emergency, versus 35% of  the LMWH/VKA. Furthermore, only 15% of  
rivaroxaban associated major bleeding events required immediate and elaborate measures 
to avoid death, versus 21% in the LMWH/VKA group. By this way, the heterogeneous 
group of  major bleedings was split into categories more illustrative to physicians, giving a 
perspective on real-life aspects of  these bleeding events. These findings were reassuring for 
DOACs, showing how major bleeding with rivaroxaban seemed to appear less severe. 
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As described in chapter 6, antidotes for DOACs may therefore not be necessary. Established 
anticoagulants VKA and LMWH never had their own specific antidotes and they have been 
the most prescribed anticoagulants for treatment of  venous thromboembolism for decades. 
In a large clinical trial with idrabiotaparinux, an anticoagulant for which an antidote has 
been developed, only 3% of  all bleedings were counteracted. Perhaps standard measures and 
universal prohemostatic agents would have been sufficient as well, like they can be for other 
antithrombotic agents.

PART II - Novel insights in ischemia-reperfusion injury of  the heart
In the second part of  this thesis, novel insights on myocardial ischemia reperfusion injury 
(no-reflow) are described. In chapter 7 results from patients with no-reflow are compared 
to results from a porcine myocardial ischemia-reperfusion injury model. In swine, the LAD 
coronary artery was occluded with an inflated balloon for 75 minutes and animals were treated 
according to the ESC guidelines for patients with acute myocardial infarction (AMI). A week 
later animals underwent CMR, were then killed and their hearts were examined immediately 
afterwards. CMR was also performed on patients treated with primary percutaneous 
coronary intervention (PCI) for their first AMI. Findings from CMR in humans and animals, 
and histopathologic results from swine show that the CMR equivalent of  no reflow, often 
incorrectly described as microvascular obstruction, contains intramyocardial haemorrhage 
(IMH). These findings are in line with other recent publications and may explain why so few 
treatment options for no-reflow have shown any therapeutic benefit. With these results, the 
pathophysiology behind no-reflow can be unraveled, leading to the development of  more 
successful treatment regimes in the future.
In chapter 8 a potential new antithrombotic candidate ADAMTS13 is reviewed. ADAMTS13, 
a disintegrin and metalloprotinease with thrombospondin type I repeats-13, is known for 
cleavage and thereby inhibition of  coagulation protein von Willebrand Factor (VWF). The 
protease was originally discovered in patients with thrombotic thrombocytopenic purpura 
(TTP), and since then many diseases were found to be associated with increased VWF 
levels and decreased ADAMTS13 activity. For example, myocardial infarction leads to such, 
and animal models with myocardial ischemia reperfusion injury show promising results for 
treatment with recombinant (r)ADAMTS13.
As shown in chapter 9, ADAMTS13 and VWF were therefore measured in patients with 
AMI treated with primary PCI. Furthermore, a study was performed using the same porcine 
translational model as mentioned above. Like previous work had already depicted, VWF 
levels were higher and ADAMTS13 activity was lower in no reflow patients versus patients 
with normal restoration of  flow following PCI for AMI. In the animal model, swine who 
underwent myocardial ischemia-reperfusion injury were treated with either rADAMT13 or 
vehicle on top of  standard treatment with antiplatelet agents. Results as assessed by cardiac 
enzymes, continuous twelve leads electrocardiograms, ultrasounds, and histopathology 
showed no treatment benefit of  rADAMTS13. As the myocardial ischemia-reperfusion 
injury itself  only caused a modest rise in VWF activity, perhaps this animal model was not 
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thrombotic enough to mimic rupture and treatment of  atherosclerotic plaques in real patients. 
On the other hand, as VWF serves as an acute phase reactant, perhaps its rise following AMI 
and no-reflow is the consequence and not the cause of  everything. As patients with AMI are 
already treated with three anticoagulant agents (heparin and two antiplatelet agents), and no 
reflow leads to IMH, more antithrombotic treatment may therefore not be beneficial. There 
were no signs of  haemorrhagic complications in animals treated with rADAMTS13. More 
insights on the mechanism of  no-reflow are needed to help develop better treatment options.
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ADDENDUM



NEDERLANDSE SAMENVATTING

In dit proefschrift worden twee onderwerpen bestudeerd in een serie onderzoekingen: de 
nieuwe bloedverdunners en het ‘no-reflow’  fenomeen. 

Nieuwe en oude bloedverdunners
De nieuwe bloedverdunners zijn ontwikkeld voor de behandeling of  het voorkomen van 
veneuze trombose, en voor patiënten met een hartritmestoornis.
Bij veneuze trombose is er sprake van een stolsel in de bloedbaan die terug naar het hart 
loopt. Ontstaat zo’n stolsel in het been dan krijgt een patiënt een trombosebeen, bij een 
stolsel in de longen spreken we van een longembolie. Een onbehandelde longembolie is 
levensgevaarlijk. 
Patiënten met een hartritmestoornis lopen risico op een beroerte: stolsels in het hart 
verplaatsen zich dan naar de hersenen waar ze de aanvoerende bloedbaan blokkeren, 
waardoor dat deel van de hersenen afsterft. 
Jarenlang was er voor deze patiënten maar een soort bloedverdunners in tabletvorm 
beschikbaar. Deze oude bloedverdunners hebben het grote nadeel dat ze geen voorspelbare 
werking hebben, waardoor ze niet in een vaste dosering voorgeschreven kunnen worden. 
Ze worden door ontelbaar veel factoren beïnvloedt, zowel door het dieet van een patiënt, 
als door talloze medicijnen en door veranderingen van de gezondheid van een patiënt. 
Vaak schommelen ze zelfs in hun werking zonder aanwijsbare oorzaak. Patiënten met deze 
bloedverdunners moeten daarom regelmatig hun bloed laten controleren en aan de hand 
daarvan wordt de dosering van deze oude bloedverdunners dan aangepast. In Nederland 
verloopt dit via de trombosedienst en krijgen patiënten desondanks maar 60% van de tijd de 
juiste dosering.
De nieuwe bloedverdunners hebben wel een voorspelbare werking waardoor ze in een 
vaste dosering voorgeschreven kunnen worden en er geen bloedcontroles plaats hoeven te 
vinden. Ze zijn bewezen even effectief  als de oude bloedverdunners. Ook geven ze minder 
hersenbloedingen. Toen ze op de markt kwamen was er echter nog niet goed nagedacht over 
wat te doen bij bloedingen. Mocht een patiënt bijvoorbeeld een ernstige hersenbloeding 
krijgen, of  mocht deze meteen geopereerd moeten worden, dan kan het nodig zijn de 
bloedverdunner uit te schakelen. Wij hebben daarom een medicijn getest dat al jaren gebruikt 
wordt om de oude bloedverdunners te stoppen. Dit medicijn, Cofact, bevat stollingsfactoren 
die de stolling voldoende herstellen bij oude bloedverdunners. Wij onderzochten dit door 
gezonde vrijwilligers om de beurt een van twee nieuwe bloedverdunners te geven. Wij 
beoordeelden aan de hand van stollingstesten het effect van de nieuwe bloedverdunners en 
gaven vervolgens Cofact of  een placebo. Bij het gebruik van de ene nieuwe bloedverdunner 
(rivaroxaban) werden de stollingstesten weer normaal na Cofact, bij de andere nieuwe 
bloedverdunner (dabigatran) bleven de stollingstesten verstoord na Cofact. Placebo deed 
uiteraard niets om de stollingstesten te herstellen. Hoewel een onderzoek met laboratorium 
testen niet hetzelfde is als onderzoek met patiënten met bloedingen, geven deze resultaten 
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wel een idee over wat te doen bij bloedingen met een nieuwe bloedverdunner. De resultaten 
komen overeen met andere studies in gezonde vrijwilligers en proefdieronderzoek.
Omdat er veel geschreven en gesproken werd over bloedingen bij nieuwe bloedverdunners, 
waren we ook nieuwsgierig naar hoe ernstig die bloedingen echt zijn. Er wordt in de grote 
patiënten studies altijd aandacht besteed aan ernstige bloedingen, maar die groep is vaag 
omschreven. Volgens die algemeen gebruikte definitie spreek je van een ernstige bloeding 
bij het ontstaan van forse bloedarmoede, een bloeding in een belangrijk orgaan, of  een 
dodelijke bloeding. Daaruit volgt dat een fikse neusbloeding of  een bloeding in het oog 
–wanneer deze gelukkig geen ernstige klachten geeft- net zo goed ernstig zijn, als een 
hersenbloeding waaraan een patiënt overlijdt. Wij ontwikkelden twee nieuwe indelingen 
van bloedingen. De eerste was gebaseerd op de klachten en de conditie van de patiënt bij 
binnenkomst in het ziekenhuis, de tweede op het beloop bij de patiënt gedurende de opname 
in het ziekenhuis. Met deze twee indelingen beoordeelden wij alle ernstige bloedingen uit een 
onderzoek met veneuze trombose waarin een nieuwe bloedverdunner (rivaroxaban) werd 
vergeleken met oude bloedverdunners. Bij de rivaroxaban bloedingen waren patiënten bij 
binnenkomst minder ziek en was het beloop minder ernstig, in vergelijking met de oude 
bloedverdunners. Verder keken we naar hoe vaak daadwerkelijk een medicijn gegeven was 
om de bloedverdunner direct te stoppen. Dit bleek zelden nodig. Deze resultaten kunnen 
artsen en patiënten geruststellen over het gebruik van een nieuwe bloedverdunner: ze lijken 
bloedingen te geven die milder verlopen en in de praktijk hoeven ze maar zelden behandeld 
te worden met een ander medicijn dat ze direct tegenwerkt.
De vraag: is er een antidotum (tegengif) nodig voor de nieuwe bloedverdunners, lijkt daarmee 
beantwoord. Een antidotum/ tegengif  is letterlijk een middel dat een medicijn uitschakelt. 
Wanneer je dit toedient zal het medicijn waar het op aangrijpt niet meer werkzaam zijn. Wij 
geven in dit proefschrift aan dat er eigenlijk geen noodzaak is voor een tegengif  voor de 
nieuwe bloedverdunners. Voor de oude bloedverdunners bestaat er ook geen tegengif, je 
stopt de werking van deze bloedverdunners door een medicijn toe te dienen dat de stolling zo 
fors stimuleert dat dit de bloedverdunner overstemt. Bij de oude bloedverdunners, die al 50 
jaar op de markt waren, is er nooit een duidelijke vraag geweest om een tegengif. Bovendien 
hebben we gezien dat in de praktijk de nieuwe bloedverdunners zelden direct uitgeschakeld 
te hoeven worden. In die spaarzame gevallen dat het toch nodig is, kan ondersteuning van 
de patiënt met bloedtransfusies en dergelijke, samen met de methodes die we voor de oude 
bloedverdunners gebruikten, voldoende zijn.

Het no-reflow fenomeen
Om het no-reflow fenomeen te begrijpen is het nodig meer te weten over hartinfarcten en 
de behandeling daarvan. Een hartinfarct ontstaat door een afsluiting van een kransslagader. 
Doorgaans gebeurt dit door een bloedprop bij slagaderverkalking. Wanneer zo’n kransslagader 
is afgesloten zal zonder behandeling een deel van de hartspier afsterven en loopt de patiënt 
een groot risico zelf  te overlijden. Een hartinfarct wordt bijna altijd behandeld met een 
Dotter procedure, ook wel een percutaneous coronary intervention genoemd. Gedurende 
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een Dotter procedure wordt het stolsel weggezogen uit de kransslagader, waarna vaak met 
een ballon het bloedvat wordt opengerekt. Vervolgens wordt veelal een stent geplaatst: een 
metalen of  kunststof  buisje dat de kransslagader openhoudt.
Met de invoering van de Dotter procedure is de overleving van een hartinfarct spectaculair 
verbeterd. Bij ongeveer de helft van de patiënten treedt echter het no-reflow fenomeen op: 
de kransslagader lijkt tijdens de Dotter procedure open, het bloed stroomt weer goed door. 
Wanneer echter later een speciale echo of  MRI van het hart gemaakt wordt, blijkt het getroffen 
gebied van het hart toch niet goed doorbloed te zijn. Patiënten met no-reflow hebben een 
groter risico om alsnog te komen overlijden, dan wel hartfalen te krijgen. Lang werd gedacht 
dat no-reflow ontstond doordat stolsels en andere viezigheid tijdens de Dotter procedure 
vooruit geduwd worden en verderop alsnog de bloedbaan afsluiten; dan wel dat afstervend 
hartspierweefsel afvalstoffen aanmaakt die de door de Dotter procedure vrijkomen in de 
bloedbaan met het vormen van stolsels tot gevolg. Men sprak van het dichtstollen van de 
kleine bloedvaatjes van het hart. Hoewel men al ongeveer 20 jaar van het probleem wist, was 
er nooit een duidelijk succesvolle therapie voor no-reflow ontwikkeld. Wij onderzochten no-
reflow in een hartinfarct model in varkens, waarbij wij na een hartinfarct een MRI van hun 
hart maakten. Vervolgens werden de harten van de varkens onderzocht. Tevens lieten wij 
MRI’s maken van patiënten met no-reflow. Bij zowel de MRI’s van varkens als van no-reflow 
patiënten zagen wij in het getroffen gebied van het hart juist bloedingen. Het onderzoek 
op de harten van varkens bevestigde dit vermoeden. Als no-reflow juist door bloedingen 
veroorzaakt wordt, kan dit verklaren waarom we nog geen goede behandeling hiervoor 
gevonden hebben. Patiënten met een hartinfarct en Dotter procedure worden met minstens 
3 bloedverdunners behandeld, een mogelijke verklaring voor deze bloedingen. Omdat de 
MRI’s pas dagen na en het onderzoek op de varkensharten pas 1 week na het hartinfarct werd 
uitgevoerd, is het nog niet precies duidelijk hoe no-reflow ontstaat.
Wij onderzochten ook een mogelijk nieuwe behandeling voor no-reflow: ADAMTS13. Dit 
enzym remt een stollingseiwit, de von Willebrand Factor en daardoor remt ADAMTS13 de 
stolling. Het werkt als het ware als een bloedverdunner via een omweg. De von Willebrand 
Factor (VWF) is bij veel ziektebeelden verhoogd waarbij ADAMTS13 dan verlaagd lijkt te 
zijn. Zo heeft onderzoek laten zien dat patiënten met hartinfarcten een verhoogde VWF en 
verlaagd ADAMTS13 hebben. 
Wij onderzochten of  onder patiënten met hartinfarcten, no-reflow nog meer zou samenhangen 
met stijging van VWF en verlaging van ADAMTS13. Inderdaad bleken patiënten met no-
reflow duidelijk nog hogere VWF waardes te hebben en nog lagere ADAMTS13 waardes. 
Daarom testten wij vervolgens in het varkens hartinfarctmodel (zie de beschrijving eerder) 
of  ADAMTS13 zou beschermen tegen no-reflow, we zagen hier echter geen aanwijzingen 
voor. Alle bepalingen die we deden:  hartenzymen, ECGs , echo’s van het hart en onderzoek 
van de harten zelf  onder de microscoop lieten zien dat ADAMTS13 niet beschermde tegen 
no-reflow. Omdat VWF bij veel ziekten stijgt, zou het kunnen dat deze stijgt door het 
hartinfarct en door no-reflow. De stijging is dan een gevolg en niet de oorzaak van no-reflow. 
De bevindingen van ons eerder onderzoek dat no-reflow veroorzaakt zou kunnen worden 
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door bloedingen in het hart, zou kunnen verklaren waarom extra remming van de stolling 
door ADAMTS13 geen effect heeft. Het zou ook kunnen dat het varkensmodel onvoldoende 
lijkt op patiënten met een hartinfarct, omdat de varkens niet lijden aan slagaderverkalking in 
tegenstelling tot patiënten. 
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