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1
General introduction

Thrombosis, the formation of a blood clot in a blood vessel, is the underlying cause 

of the three most common cardiovascular diseases; myocardial infarction, stroke 

and venous thromboembolism.1 Venous thromboembolism (VTE), the formation of a 

blood clot in a vein, refers to the diseases deep vein thrombosis (DVT) of the leg and 

pulmonary embolism (PE), as well as rarer manifestations, such as cerebral venous 

thrombosis (CVT), upper limb vein thrombosis and splanchnic vein thrombosis (SVT). 

The global annual incidence of VTE ranges between 0.8 and 2.7 per 1,000 individuals 

in the population, and increases to between 2 and 7 per 1,000 among individuals 

aged 70 years and older.1

Pathogenesis of venous thromboembolism (VTE)

The three elements currently known to contribute to the pathogenesis of VTE, i.e., 

stasis (interruption of the blood stream), endothelial injury (irritation of the vessel 

wall), and hypercoagulability (changes in blood constituents), are attributed to the 

German physician Rudolf Virchow (1856), and have been adopted as Virchow’s triad 

(Figure 1).2, 3

Ever since, the elements of Virchow’s triad have been expanded and revisited with 

more details, but the triad remains applicable.4 For instance, the discovery of the 

role of low oxygen tension and its association with VTE formation can be categorized 

under ‘stasis’, as reduced or low blood flow can induce low oxygen tension locally. 

THROMBOSIS

Stasis

Endothelial 
injury

Hyper-
coagulability

Figure 1. Schematic view of Virchow’s triad
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Local low oxygen tension can subsequently lead to endothelial injury, which can 

be detected by elevated plasma levels of markers of endothelial function, such as 

von Willebrand factor, soluble thrombomodulin and P-selectin. Endothelial injury 

can subsequently lead to proinflammatory and procoagulant conditions causing 

‘hypercoagulability’, by expression of tissue factor on the endothelial surface and 

on microparticles, or by activation of platelets, red, or white blood cells (monocytes, 

neutrophils; Figure 2).4-6 In addition, changes in blood constituents, such as low lev-

els of anticoagulant factors (e.g., protein C, protein S, or antithrombin) or very high 

levels of procoagulant factors (e.g., factor VIII), can promote hypercoagulability and 

increase the risk of thrombosis.7, 8

Neutrophil activation, neutrophil extracellular traps (NETs) and 
tnucleosomes

Recent studies have demonstrated an important role of neutrophils in coagulation 

activation. It was shown that activation of neutrophils leads to the formation of 

neutrophil extracellular traps (NETs). The exposure of nucleosomes on these NETs 

contributes to coagulation activation in vivo, and to development of DVT in animal 

models.6, 9-11 Nucleosomes exposed on NETs are essential for the prothrombotic po-

tential of NETs.6, 10, 11 Nucleosomes consist of a core octamer of 2 copies, each of the 

histones H2A, H2B, H3, and H4, around which a stretch of helical DNA of 146 base 

pairs is wrapped.12 Circulating nucleosomes have been reported to be a suitable 

marker for NET formation in plasma in baboons and humans.6, 13 In a mouse model, 

Figure 2. Mechanistic view of risk factors for venous thromboembolism
The figure depicts a venous segment near a valve. Oxygen tension may become particularly low in 
the pocket of the valve during stasis. This will result in procoagulant and proinflammatory conditions 
involving tissue factor (TF), P-selectin, platelets, microparticles (MPs), monocytes, and granulocytes. 
Damaged granulocytes may release neutrophil extracellular traps (NETs). The strength of the pro-
coagulant response is strongly dependent on the concentration of coagulation factors in the blood 
(from Reitsma et al., Arterioscler Thromb Vasc Biol 2012;4 used with permission of the authors and 
according to copyright regulations of the journal).
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1NET formation by thrombus-resident neutrophils was shown to be indispensable 

for thrombus propagation, while neutrophil depletion, as well as NETs disintegra-

tion, inhibited thrombus propagation in this model.11 Therefore, NET formation by 

neutrophil activation and nucleosome exposure on NETs seem a crucial step in the 

pathogenesis of DVT and thrombus propagation.14

Risk factors of VTE

In about 50% of cases of VTE, no direct known cause can be identified. In the other 

50%, certain risk factors can be identified that increase the risk of VTE. For most of 

these risk factors, a direct interaction with one or more of elements in Virchow’s triad 

is clear (Table).

Risk factors for VTE can be categorized as inherited, acquired, or a combination of 

both. Inherited risk factors are known as thrombophilia; there are 3 known genetic 

deficiencies of a natural anticoagulant (heterozygous deficiency of protein C, protein 

S or antithrombin), and 3 genetic prothrombotic factors (Factor V Leiden mutation, 

Table. Risk factors for venous thromboembolism and their interaction with Virchow’s triad

Risk factor Point of interaction

Inherited

Protein C deficiency Hypercoagulability 

Protein S deficiency Hypercoagulability 

Antithrombin deficiency Hypercoagulability 

Factor V Leiden mutation Hypercoagulability 

Prothrombin G20210A mutation Hypercoagulability 

Blood group non-O Hypercoagulability 

Acquired

Older age Stasis, endothelial injury, hypercoagulability 

Immobilization Stasis 

(due to surgery, trauma, or travel) Stasis, endothelial injury (hypercoagulability) 

Oral contraceptives Hypercoagulability 

Pregnancy Stasis, hypercoagulability 

Postpartum period Stasis, endothelial injury, hypercoagulability 

Infection Hypercoagulability (with illness; stasis) 

Inflammatory disease Hypercoagulability (with illness; stasis) 

Cancer Hypercoagulability, endothelial injury 

Cancer treatment Hypercoagulability, endothelial injury, stasis 

Central venous catheters Endothelial injury, stasis 

Obesity Stasis, hypercoagulability 

Smoking Hypercoagulability, endothelial injury 
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prothrombin G20210A mutation, and blood group non-O).7 Although these throm-

bophilic factors are associated with an increased risk of a first DVT or PE,15, 16 recent 

studies have indicated that testing for these factors only serves a limited purpose, 

as there is no markedly increased association with recurrent VTE.17, 18 Acquired risk 

factors are more common and include older age, immobilization (due to illness, sur-

gery or fractures), use of oral contraceptives, pregnancy or the postpartum period, 

infection, cancer, and cancer treatment (Table).

VTE and cancer

The occurrence of VTE can be the first manifestation of an underlying malignant dis-

ease, and patients with known cancer have an increased risk of VTE. This bidirectional 

relationship between cancer and VTE was first described in 1823 by Jean-Baptiste 

Bouillaud, a French physician and researcher, who described fibrin clots in veins of 

three patients with cancer.19 However, a report on moving ‘moving phlegmasia’ in 

cancer patients, written by Armand Trousseau in 1865, is more widely quoted and 

known as the ‘first’ report on the association between cancer and VTE.20 Trousseau 

himself suffered from thrombophlebitis in his left arm as an indicator of gastric can-

cer, of which he died only months later.

VTE is a common complication in patients with known cancer and forms the sec-

ond leading cause of death.21 Cancer is responsible for approximately 20% to 30% of 

all first VTE events.22 The risk of symptomatic VTE in cancer patients compared with 

non-cancer patients is about 4 to 7-fold, with similar risks for DVT of the leg and PE.23, 

24 The absolute risk of VTE in cancer patients is estimated at 13 per 1,000 person-

years, rising to an incidence rate of 68 per 1,000 person-years in patients judged as 

at high risk for VTE.25 The risk of VTE is highest during the first months after diagnosis 

of cancer (odds ratio [OR] 54) and decreases thereafter (OR 14 between 3 and 12 

months, OR 4 between 1 and 3 years).23 Due to greater awareness, improvements in 

diagnostic imaging, and longer survival of cancer patients by improved therapeutic 

options, the incidence of VTE in cancer patients is expected to rise in the future.22

Many studies have focused on the mechanisms by which cancer is able to increase 

the risk of VTE. Already in 1934, “viscid” blood with heavy fibrin deposit was de-

scribed as a characteristic of patients with cancer.26 Cancer cells can (over)express 

several coagulation proteins, such as tissue factor (TF), by which they can activate 

the coagulation system through the extrinsic pathway.27 Furthermore, cancer cells 

can spontaneously release microparticles (MPs), small membrane vesicles that are 

formed by the outward blebbing of the plasma membrane, and subsequently re-

leased as small vesicles. MPs are highly procoagulant because they express TF and 

negatively charged phospholipids on their surface.28 In addition, cancer cells can 

excrete proinflammatory and procoagulant cytokines, such as interleukin-1β, tumor 
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1necrosis factor-α (TNF-α) and vascular endothelial growth factor (VEGF), which can 

induce expression of TF on endothelial cells, and can down regulate expression of 

thrombomodulin.29 Cytokine release by cancer cells can also activate platelets and 

neutrophils, thereby promoting formation of NETs and (circulating) nucleosomes, 

which have been associated with malignancy and VTE.6, 30, 31 All abovementioned 

mechanisms contribute to the hypercoagulable state in cancer patients.

All solid and hematological malignancies are associated with an increased risk of 

VTE compared with non-cancer patients, but the risk varies among the types of 

cancer, cancer stage and location, anticancer therapy, and patient-related factors.23, 

24, 32 Although the high risk of VTE was previously more associated with solid cancers, 

recent large epidemiological studies have indicated that VTE rates among patients 

with hematological malignancies are as high as, and, in some cases, even higher than 

in patients with solid malignancies.24 Indeed, a population-based study estimated 

the highest risk of VTE among patients with hematological malignancies (OR 28), fol-

lowed by lung (OR 22) and gastrointestinal cancers (OR 20).23 Considering absolute 

risks of VTE, the highest risk of VTE is associated with pancreatic cancer (~110/1000 

person-years), followed by brain (~80/1000 person-years) and lung cancer (~45/1000 

person-years), and by hematological malignancies (~40/1000 person-years).25

VTE and hematological malignancies

Within the hematological malignancies, VTE is most commonly associated with lym-

phomas, myeloproliferative neoplasms (MPN), multiple myeloma (MM), and acute 

(lymphoblastic) leukemia.33 While VTE events in MPN are seen during the whole 

course of the disease, the greatest risk of VTE in MM and acute lymphoblastic leuke-

mia (ALL) occurs particularly in the first weeks of treatment, suggesting an important 

interplay between these diseases and specific therapeutic agents in the risk of VTE 

in these malignancies.33

VTE, myeloproliferative neoplasms (MPN) and the JAK2V617F mutation

The cumulative rate of VTE in MPN, i.e., polycythemia vera (PV), essential throm-

bocythemia (ET), and primary myelofibrosis (PMF), can be as high as 40%.33 PV and 

ET are myeloid malignancies characterized by erythrocytosis and thrombocytosis, 

respectively, and all MPN are at risk of leukemic transformation. VTE is a major 

cause of morbidity and mortality in MPN, and commonly involves DVT of the leg, 

PE, CVT and, particularly, SVT (e.g., hepatic, portal [Budd-Chiari syndrome], splenic, 

or mesenteric vein thrombosis).34 In 12% to 49% of MPN cases, VTE can occur years 

before the disease itself becomes clinically manifest. Patients with MPN also have an 

increased risk of recurrent VTE compared with non-MPN patients.35
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In early 2005, five different research groups simultaneously discovered the 

JAK2V617F mutation, a somatic gain-of-function point mutation in the Janus kinase 

2 (JAK2) gene.36 The JAK2V617F mutation causes cytokine (Epo) independent activa-

tion of the JAK2 gene, a tyrosine kinase, resulting in uncontrolled downstream signal-

ing, and subsequently unregulated cell proliferation.36 The JAK2V617F mutation  can 

be found (in >1% of cells) in virtually all patients with PV, and in approximately 50% 

to 60% of patients with ET and PMF.37 Analysis of JAK2V617F presence has therefore 

been incorporated in the 2008 WHO diagnostic criteria for MPN. The JAK2V617F 

mutation has been associated with a higher risk of arterial and venous thrombosis 

in MPN.38 Several hypotheses on the pathogenesis of the high VTE risk in MPN have 

been made, including associations with leukocytosis, high levels of microparticles, 

and increased TF expression on platelets of JAK2V617F-positive patients.34, 39, 40

Because of the high risk of VTE, therapy in PV and ET is primarily aimed at prevent-

ing VTE complications. Low-dose aspirin has been shown to be efficient and safe for 

prevention of VTE and arterial thrombosis in PV and ET.41 Additionally, in patients 

with PV, use of phlebotomy to maintain hematocrit <45% has been proven to reduce 

thrombotic risk.42 In case of symptomatic VTE, treatment with anticoagulants is indi-

cated. However, there is no consensus on the duration of anticoagulant treatment 

and the role of anticoagulants for secondary VTE prevention in MPN patients.35, 43

VTE and multiple myeloma (MM)

Patients with MM are at a 9-fold increased risk of VTE, with at least 10% of patients 

developing VTE during the course and treatment of MM.44 VTE in MM mostly con-

cerns DVT of the leg, and less frequently PE, upper limb vein thrombosis, or arterial 

thrombosis.

The pathogenesis of VTE in MM is multifactorial, with importance of both patient-

related factors, e.g., older age, immobility, as well as disease-related factors, e.g., 

blood hyperviscosity due to high levels of immunoglobulins, and cytokine excre-

tion.45 Particularly increased release of interleukin-6 and VEGF is observed in patients 

with MM, which can stimulate the coagulation system, resulting in elevated levels of 

factor VIII, von Willebrand factor, and D-dimer,46 and which can also activate neutro-

phils and platelets, thereby creating a hypercoagulable state.

Treatment agents for MM are also an important risk factor for VTE, as the incidence 

of VTE varies between different regimens. The introduction of the immunomodulatory 

drugs (IMiDs) thalidomide and its derivate lenalidomide has significantly improved 

overall response rate and clinical outcome.47, 48 However, it has also significantly 

increased the risk of VTE during MM treatment, if used in combination with dexa-

methasone or chemotherapy in newly diagnosed patients. Indeed, VTE incidence 

with the combination of thalidomide, dexamethasone and chemotherapy was 58%,49 

and increased up to 75% with the combination of lenalidomide and dexametha-
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1sone.50 In contrast, bortezomib, a more recently introduced proteasome inhibitor 

for newly diagnosed and relapsed MM patients, is associated with a low risk of VTE, 

both alone and in combination regimens.51

Due to the established high VTE risk in patients with MM, thromboprophylaxis is 

recommended.52 Prophylaxis with low-molecular-weight heparin (LMWH) or full-dose 

vitamin K antagonists (target international normalized ratio [INR] 2-3) is recommend-

ed over aspirin in patients treated with IMiDs, in combination with chemotherapy or 

dexamethasone, and more than one risk factor for VTE (e.g., previous VTE), while 

aspirin is sufficient prophylaxis if no additional risk factors are present.52

VTE and acute lymphoblastic leukemia (ALL)

Treatment of ALL is frequently complicated by VTE. Reported incidences vary from 

2% to 37%, depending on differences in populations, VTE definitions (e.g. asymp-

tomatic, symptomatic), study design, or treatments.53 Although most estimates are 

based on pediatric studies,54 VTE incidence seems higher in adult ALL patients.55, 

56 VTE in ALL commonly concerns DVT of the leg, PE and central venous catheter 

(CVC)-related VTE, but remarkably also relatively often (up to 50%) CVT.53

VTE in ALL causes direct mortality and morbidity, and it leads to suboptimal ALL 

therapy due to the necessity to interrupt, delay or prematurely discontinue chemo-

therapy. The highest VTE risk arises in the first weeks after initiation of ALL treatment, 

especially during use of steroids and asparaginase.56, 57 The risk of VTE during later 

stages of treatment seems relatively lower.58 Especially asparaginase therapy is seen 

as an important risk factor for VTE during treatment for ALL. However, asparagi-

nase is also an essential element of ALL remission induction therapy, as insufficient 

asparaginase exposure can reduce survival in ALL patients.53, 59 Asparaginase ef-

fectively destroys human lymphoblasts by depleting them of vital asparagine, but 

it also decreases plasma levels of antithrombin and fibrinogen, thereby inducing 

coagulation disorders by impaired thrombin inhibition.60, 61

Prevention of VTE during ALL treatment is complex as thrombotic and bleeding 

risk factors need to be balanced. Different measures have been described, such as 

correction of deficient natural (anti)coagulation factors by supplementation of fresh 

frozen plasma (FFP), cryoprecipitate or antithrombin concentrate, as well as the 

prophylactic use of anticoagulants such as LMWH, with inconclusive and conflicting 

results.53, 62 Therefore, the efficacy and optimal approach of thromboprophylaxis dur-

ing ALL treatment remain unclear due to a lack of prospective randomized controlled 

trials, particularly in adult patients. In absence of such evidence, various approaches 

are currently being used to prevent VTE globally, without a clear consensus. In the 

meantime, VTE remains a frequent important complication during the treatment of 

ALL.
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outline of this thesis

The overall aim of this thesis is to create awareness of the association between 

venous thromboembolism (VTE) and hematological malignancies, and to increase 

insight in the incidence, pathogenesis and prevention of VTE in patients with hema-

tological malignancies. In addition, it aims to identify risk factors and mechanisms 

of VTE, especially in acute lymphoblastic leukemia (ALL). This thesis is divided into 

three parts.

Part I focuses on the scope and clinical relevance of the association between VTE 

and cancer. Chapter 2 provides a general introduction on VTE and cancer, by re-

viewing five ‘hot topics’ in the bidirectional relationship between VTE and cancer; 

the incidence of VTE in cancer patients, the value of primary thromboprophylaxis 

in cancer patients, the use of VTE risk prediction models, the clinical relevance of 

incidental VTE, and the value of screening for cancer in patients with VTE. 

Chapter 3 is a case report of a patient with a medical history of essential throm-

bocythemia, a myeloproliferative neoplasm (MPN), who presented with recurrent 

VTE, which masked progression of her underlying malignancy. This fatal case greatly 

inspired the scope of this thesis.

Part II describes two distinct risk factors for hypercoagulability, the JAK2V617F muta-

tion and nucleosomes. The JAK2V617F mutation is specifically associated with MPN. 

MPN are frequently complicated by VTE events, and the risk of VTE is suggested to 

be higher in presence of the JAK2V617F mutation.38 However, the relevance of the 

JAK2V617F mutation in patients with VTE, but without manifest MPN, is less clear. 

Chapter 4 describes the prevalence of the JAK2V617F mutation in patients with 

objectively diagnosed deep vein thrombosis (DVT) of the leg and controls without 

DVT, of whom none had an overt MPN. Follow-up was done on JAK2V617F-positive 

patients to assess clinical relevance, e.g., the development of a MPN in patients with 

a DVT and the JAK2V617F mutation. 

In addition to a high risk of VTE, patients with MPN also have an increased risk of 

pregnancy complications, such as fetal loss and maternal complications.63 In Chapter 
5, we assess the prevalence of the JAK2V617F mutation in a well-defined group of 

women with unexplained recurrent miscarriage, to explore whether the JAK2V617F 

mutation is a clinically relevant etiologic factor in unexplained recurrent miscarriage.

NETs with exposure of nucleosomes are formed upon neutrophil activation, and are 

associated with coagulation activation, and with thrombus propagation in mouse 

models.11 In Chapter 6, we analyze the role of circulating nucleosomes and neutro-

phil activation as risk factors for VTE in humans, by examining levels of circulating 
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1nucleosomes and neutrophil activation in patients with objectively diagnosed DVT 

of the leg, and in controls without DVT. Nucleosomes and neutrophil activation are 

also associated with cancer and cancer-related VTE.31 

MM is associated with a high risk of VTE, particularly during use of IMiDs. In 

Chapter 7, we assess levels of circulating nucleosomes and neutrophil activation in 

patients with MM, treated in the HOVON-50 or HOVON-65 MM study, to investigate 

their association with VTE development during MM treatment.

Part III addresses the pathogenesis and prevention of VTE in patients with ALL. We 

performed various retrospective studies to identify incidence, risk factors (such as 

asparaginase therapy) and risk populations for VTE during ALL treatment, and to 

evaluate the value of thromboprophylaxis during ALL treatment. In Chapter 8, we 
perform a retrospective study on the incidence of VTE in children treated for ALL 

(ALL-10), using a nested case-control design to analyze potential risk factors for VTE 

within this particular pediatric population. 

Chapter 9 is a retrospective study to describe the clinical course of adults with CVT 

during treatment for ALL (HOVON-37). CVT is a rare but severe manifestation of VTE 

that is relatively common in patients treated for ALL. Risk factors and the relevance 

of early symptoms of CVT are explored. 

As CVT is such a rare manifestation of VTE, risk factors for CVT, including throm-

bophilia, have been less extensively examined than in DVT or PE. We further explore 

CVT in Chapter 10, by providing a systematic review and meta-analysis on the 

relevance of thrombophilia as risk factor for CVT, for recurrence of CVT or other VTE, 

and for the clinical outcome of CVT. 

In Chapter 11, we perform another cohort study in patients of the HOVON-37 

study, to assess the effect of used measures of thromboprophylaxis on the incidence 

of symptomatic VTE in adults treated for ALL. 

Chapter 12 is a Cochrane systematic review and meta-analysis on the use of 

thromboprophylaxis during asparaginase therapy in patients treated for ALL. Evi-

dence on the efficacy and safety of thromboprophylaxis is discussed, as well as the 

most appropriate measure for thromboprophylaxis during ALL treatment.

Chapter 13 provides the protocol of the ongoing multicenter prospective cohort 

study in adults with ALL (incorporated in the HOVON-100 study), which investigates 

the prevention of VTE by high prophylactic dose LMWH during asparaginase therapy. 

In addition, plasma samples are collected to investigate laboratory risk factors.

Finally, Chapter 14 summarizes the results and conclusions presented in this thesis. 

The new insights gained from this work are described and potential future directions 

for this research are discussed. Chapter 15 serves as a Dutch version of the summary 

presented in Chapter 14.
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