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Chapter 1. General introduction 
 

This dissertation represents my doctoral journey in content and in form. The topics 

covered start off broad and gradually narrow in focus. The introduction provides a necessary 

understanding for the specific subfield of research where I position the research that makes 

up my thesis. The main body consists of three parts containing the six published studies 

performed as part of the PhD-journey. In the Discussion chapter, interpretations and clinical 

implications will be provided for the studied questions, as well as suggestions for further 

research. It concludes with a Supplement of additional considerations that will steer my post-

doctoral career. 

 

Blood and Coagulation 

Blood fascinates. It carries strong symbolic associations to life and death, ancestry 

and nobility, trust, generosity, and most of all to health.(1) Biomedical training teaches the 

many different functions blood plays in the body. Some were already known to Galen almost 

1900 years ago, many others were more recently discovered.(2) Central to this thesis is 

blood’s vital function of coagulation. This constant balancing act of prothrombotic and 

antithrombotic factors results in prothrombotic and antithrombotic states. These factors 

include soluble components present in blood, but coagulation is also dependent on the 

surrounding physical environment. Fluid dynamics (turbulence, venous stasis), and the 

composition and integrity of vessel walls are implicated in clot formation. 

  

Normal coagulation occurs after vascular endothelium becomes damaged or altered, 

for instance after trauma, in malignancy or in atherosclerosis. When it comes to platelets, 

adhesion takes place; circulating platelets are recruited to the site by collagen-bound von 

Willebrand Factor (vWF) and glycoprotein Ib-V-IX complexes.(3) Second, platelets undergo 

morphological changes, activate prothrombotic receptors, and degranulate which releases 

ADP, thromboxane A2 and thrombin. The release of these factors aids in recruiting more 
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platelets to the damaged site.(4) In the third step, platelets aggregate, forming stable bonds 

with other activated platelets and creating a hemostatic plug, concluding primary 

hemostasis.  

 

Concurrently, the coagulation cascade is activated resulting in an elaborate chain 

reaction of protease activity. This cascade is categorized into three pathways: an intrinsic 

pathway, which is activated when factor XII makes contact with negatively charged surfaces 

of polyanions, an extrinsic pathway, initiated by release of tissue factor (factor VIIa) from 

damaged vessel walls, from circulating microvesicles or on platelet surface, and a final 

common pathway, which commences with factor X activation by either the intrinsic or 

extrinsic pathway (Figure 1).(5) The last step in the final common pathway is the enzymatic 

cleavage of fibrinogen (factor I) by thrombin (factor IIa) to form fibrin (factor Ia). 

Subsequently, fibrin molecules polymerize, forming long and stable fibers to stabilize the 

hemostatic platelet plug (secondary hemostasis). 
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Figure 1. Coagulation cascade depicting blood clot formation. Intrinsic pathway illustrated 

here starting with FXI. Extrinsic (Tissue Factor) pathway starting with injury to blood vessel. 

Procoagulant and anticoagulant pathways are indicated in black and red, respectively. AT: 

antithrombin; HC II: Heparin cofactor II; TF: Tissue factor. (Figure courtesy of biorender.com) 

 

 

Thrombosis 

In 2019, before COVID-19, health issues caused by unwelcome formation of blood 

clots (i.e. thrombosis, responsible for ischemic heart disease, ischemic stroke, venous 

thromboembolism, among others) were responsible for an estimated 1 in 4 deaths, totaling 

ca. 15 of 57 million deaths annually, the highest of any cause.(6) In addition, over 3 million 

annual deaths were attributable to hemorrhagic causes of death, where blood fails to clot 

adequately, such as post-partum hemorrhage or hemorrhagic stroke. At the inception of the 

COVID-19 pandemic, which was responsible for 1 in 9 deaths in 2021, coagulation disorders 

were identified as major contributors to the disease burden and mortality.(7,8) Taken 

together, it is clear that inadequate coagulation poses an intimidating health burden.  

 

Antithrombotics 

Improved understanding of coagulation have led to giant strides towards effective 

treatment and prevention of thrombotic and hemorrhagic diseases. It is impossible to 

imagine modern medicine without antithrombotics, the umbrella term for antiplatelet and 

anticoagulant therapy. Antiplatelet agents target platelet adhesion, activation and 

aggregation, i.e. the way in which platelets interact with the vessel wall, other platelets, and 

factors altering the functionality of platelets. Antiplatelets are predominantly used to prevent 

arterial thrombosis following rupture or erosion of atherosclerosis. This thesis will focus on 

anticoagulant medication (Figure 2), which specifically targets the presence and/or activity of 

the various coagulation factors in the coagulation cascade. Anticoagulants are most 
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commonly used to treat and prevent deep venous thrombosis (DVT) and pulmonary 

embolism (PE), and to ischemic stroke in patients with cardiac arrhythmia, most commonly 

non-valvular atrial fibrillation (NVAF). 

 

When thinking of the mechanisms of antithrombotic therapy, it is important to note 

that there is not one specific starting signal leading to coagulation (or perhaps it is not yet 

discovered). Rather, one should consider the multitude of interactions between virtually all 

components of the coagulation system. Moreover, one must differentiate between the 

various contexts in which coagulation occurs, be it arterial versus venous thrombosis, sterile 

or septic, in healthy or atherosclerotic vessels, locally or diffusely, et cetera. Different steps 

in the process of hemostasis may commence simultaneously, and combinations of the 

above occur.  

 

Anticoagulant agents have a long history. Many herbal remedies are known and used 

in traditional/complementary medicine(9). Pharmaceutical development of anticoagulants 

starts formally with heparin, discovered during the first World War and commercialized in the 

Interbellum.(10) The early 1940’s and 1950’s saw the introduction of vitamin K antagonists 

(VKAs), which at the time were principally studied as a rodenticide.(11) For over half a 

century, heparin and VKAs were the only commercially available anticoagulant drugs to treat 

and prevent venous and arterial thrombosis. Over this period VKAs have become the 

mainstay of chronic oral anticoagulant therapy for patients with NVAF, the most common 

indication for chronic anticoagulation.  

 

Heparin and low molecular weight heparin (LMWH) target factors IIa and Xa, the 

activated enzymes instigating fibrin generation in the final common pathway. Vitamin K 

antagonists (VKAs) antagonize the production of vitamin K dependent factors II, VII, IX and 

X, affecting all three pathways of the coagulation cascade. Since the discovery of these 

drugs, tremendous progress has been made towards optimalization of anticoagulant 
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therapy. The risk of ischemic stroke for NVAF patients was reduced by two thirds, and the 

case-mortality rate of DVT and PE decreased from circa 30% to 5%.(12–15) However, the 

need for routine monitoring, the number of drug-drug interactions, unpredictability of 

pharmacodynamics and -kinetics, and the risk of hemorrhagic side effects meant that the 

search for alternative anticoagulant therapy never ceased. 

 

Direct Oral Anticoagulants 

It was not until 2008, however, that a new class of anticoagulant drugs was 

discovered: The Direct Oral AntiCoagulants (DOAC). The category covers drugs with two 

pharmacological mechanisms of action; direct thrombin inhibitors (DTI, targeting factor IIa) 

and factor Xa (FXa) inhibitors. Both DTIs and FXa inhibitors halt the common pathway, 

preventing fibrinogenesis, subsequently preventing cross-linking and stabilizing of 

erythrocytes in the blood clot.  

 

 

Figure 2. Coagulation cascade and anticoagulant agents and their target molecules 
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Multiple randomized controlled trials have since demonstrated superior effectiveness 

of DOACs over VKAs and low molecular weight heparin (LMWH). These trials included 

patients with indications such as stroke prevention in NVAF, thromboprophylaxis after hip 

and knee arthroplasty, and treatment of acute DVT and PE of all causes.(16–23) Moreover, 

these studies found DOACs to be associated with equal or lower rates of spontaneous 

bleeding complications. DOACs may offer more advantages still, such as more predictable 

pharmacodynamics and pharmacokinetics compared to VKAs, which obviates routine 

plasma concentration monitoring, and a favorable oral administration route compared to 

subcutaneous injections for LMWH.(24)  

 

Considering these advantages, widespread use of DOACs was to be expected, and 

surely followed.(25–28) The introduction of a new class of anticoagulants unavoidably 

resulted in new clinical problems and dilemmas, such as drug-drug interactions and dosing 

decisions. Within the field of trauma surgery, anticoagulants pose more problems still, as 

aberrant coagulation is the rule and not the exception after injury.  

 

The Influence of Physical Trauma 

Injury profoundly changes the balance of pro- and antithrombotic factors. The 

resultant state is called trauma-induced coagulopathy (TIC).(29) Trauma patients may 

present with distinct hypo- and hypercoagulable phenotypes, or with mixed presentations. 

The natural progression of TIC can be divided into early and late stages 

 

Directly post-trauma, the injury induces several processes to occur concurrently with  

negative impact on the blood’s ability to form effective clots. Various chemical factors 

combined impede the enzymatic reactions of the coagulation cascade, and mechanical 

processes prevent hemostasis. Known factors are extensive tissue injury, endothelial 
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dysfunction, acidosis, platelet dysfunction, coagulation factor depletion (including fibrinogen 

deficiency and co-factors protein C and S), dysregulated fibrinolysis, and shock. These 

factors may all result from trauma, depending on the extent and severity of the injury.(30) 

This early hypocoagulable state is associated with exsanguination, which is the most 

common pre-hospital cause of mortality at 44% of prehospital deaths. Exsanguination is also 

the number one cause of early in-hospital (<24 hours post-injury) mortality at 39% of early 

trauma deaths.  

 

Prothrombotic factors gradually start to prevail after 6-24 hours. A hypercoagulable 

phase emerges, characterized by overactive clotting, decreased fibrinolytic activity, 

development of thromboemboli, and a subsequent risk of multi-organ failure.(31) In studies 

prospectively screening trauma patients for venous thromboembolic events, rates of up to 

60% were reported.(32) Factors related to injury pattern and their treatment add further risk 

of thromboembolic events. Orthopedic fractures, major general surgery, spinal cord injury 

and associated immobilization, and major trauma have been identified as the strongest 

independent predictors of developing VTE.(33) 

 

Intervention to restore coagulation is possible both during hypo- and hypercoagulable 

states. This thesis will focus on chemical thromboprophylaxis (CTP) and treatment of 

anticoagulant-associated hypocoagulable states. Optimal CTP includes appropriate patient 

selection, effective choice, dosing, duration and timing of administration of the 

pharmacologic agent. In trauma patients, the risk of thrombosis exists simultaneously with 

hemorrhage. Starting anticoagulant medication may exacerbate an already existing 

hemorrhage or re-start a prior hemorrhage. At the same time, in-hospital VTE remains the 

leading cause of preventable in-hospital mortality, and delaying CTP is equally 

undesirable.(34) 
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In this thesis we will study several such interventions with the overall aim of 

improving trauma care and reducing the burden of VTE and anticoagulant-associated 

bleeding in trauma patients.  

 

Thesis Outline 

In Part 1, we study whether the advantages of DOACs described before apply to 

trauma patients as they do to patients undergoing elective orthopedic procedures. Drug 

choice after trauma is a distinct matter due to TIC and frequent concomitant hemorrhaging, 

and deserves separate study.  

 

To mitigate the risk of VTE, CTP guidelines for trauma patients are continually 

improved. Efforts focus primarily on the domains of patient selection, drug type and dosing 

regimen, and on timing of CTP. Since the identification of the significant risk of VTE in 

trauma patients, clinicians have relied on LMWH and heparin in thromboprophylaxis 

protocols.(35) In Chapters 2 and 3 we studied if DOACs can safely and effectively be used 

in subpopulation of orthopedic trauma patients  with a high risk of TE events, as measured 

by their effects on VTE and side effects, more specifically bleeding events. . 

 

Safety of anticoagulant therapy remains of paramount importance. Their inhibitory 

action on the common pathway hinders clot formation and thereby potentially leads to 

prolonged bleeding. This, in turn, leads to prolonged hemodynamic instability, tissue 

hypoxia, more severe neurological symptoms, and more frequent and higher transfusion 

requirements. Moreover, clinical management of DOACs requires risk assessment tools, 

reversal protocols, and clear prognostication. These risks and shortcomings were reported 

with an urgent call to action shortly after adoption of the first DOAC, dabigatran.(36) 
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And, while past RCTs on chronic DOAC use studied rates of spontaneous bleeding 

as side effects, no studies provided robust evidence on associated risks in traumatic injury. 

This critical aspect could therefore not be incorporated in the regulatory approval for any of 

the DOACs. Just two sub-analyses of randomized control trials for chronic DOAC use 

mentioned consequences in trauma, and with such small sample sizes that no conclusions 

were drawn.  

 

The safety of pre-injury DOAC exposure in trauma patients refers to a patient’s risk of 

poor outcomes in the event of trauma, usually compared to patients with no anticoagulation, 

a historical cohort, or other anticoagulant medication. Commonly used endpoints are 

mortality, surgical requirement, transfusion requirement, length of stay and functional 

outcomes.  

 

We aimed to both study the association between DOAC exposure and outcomes, as 

well as the epidemiological trends in consequences of pre-injury DOAC exposure on a 

national scale. This was done by studying the high-risk subpopulation of patients with 

traumatic intracranial hemorrhage (tICH) in both an institutional registry (Chapter 4) and a 

literature study (Chapter 5).  

 

Regardless of the relative safety of DOACs, patients presenting with DOAC-

associated bleeding require optimal treatment. As the difference between drug and poison is 

the dose, an antidote was needed against the harmful effects of DOACs. Whereas there 

exists robust evidence on the survival benefit of rapidly reversing the anticoagulant effects of 

VKAs , it is important to note that no effective reversal strategies were approved for DTIs 

and FXa inhibitors at the time of their regulatory approval.(37,38) Clinicians in dire straits 

experimented with several options, with varying success. These included dialysis, active 

charcoal, blood component transfusion, as well as prothrombin complex concentrates, but 

none of these were officially approved. 
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In 2015, evidence from an open-label, non-randomized study led to the approval of 

idarucizumab to reverse dabigatran.(39) This monoclonal antibody is an irreversible 

competitive antagonist for dabigatran, and is administered as a single dose effectuating 

complete reversal of anti-IIa activity within 10 minutes, lasting for 24 hours.(40) In 2018, 

andexanet alfa was approved by the FDA to reverse the effects of factor Xa inhibitors 

apixaban and rivaroxaban, the two most commonly prescribed DOACs. This recombinant 

factor Xa is also a competitive antagonist, binding with superior affinity to anti Xa inhibitors, 

administered as a bolus followed by continuous infusion, effectuating 95% reversal of anti Xa 

activity within XYZ minutes and lasting just as long as the infusion continues. Both drugs 

were approved under emergency authorization owing to a dire need for a reversal agent. 

These approvals were based primarily on pre-clinical and non-randomized clinical data with 

strict selection criteria.  

 

Prescribing data indicated that factor Xa inhibitors are to be expected more 

commonly in the trauma bay than thrombin inhibitors.(27) It was therefore our intention to 

study the effectiveness and safety of andexanet alfa in the real world setting (Chapter 6), 

and to compare the available outcome data of andexanet alfa with those of its alternative 

prothrombin complex concentrate (Chapter 7).   
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