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Summary

Venous thromboembolism (VTE), a collective term for deep vein thrombosis and pulmonary
embolism, is a severe and multifactorial disease. Heritability has been found to explain up to 60% of
VTE events, however, the role of genetics on VTE in cancer is scarcely studied. VTE occurs frequently
in cancer patients and is a common cause of morbidity and mortality in this patient group. The aim of
the present thesis was to investigate the impact of individual prothrombotic genotypes and the
combination of genotypes in a genetic risk score (GRS) on the risk of VTE in cancer patients. Further,
VTE may be the first sign of an underlying malignancy, and therefore we also aimed to investigate the

effect of prothrombotic genotypes on VTE risk in subjects with an occult (i.e. undetected) cancer.

All four papers in the present thesis utilize data from the fourth survey of the Tromsg Study
(Tromsg 4), conducted in 1994-1995. The study populations in Paper | and Il are also recruited from
the second survey of the Nord-Trgndelag Health Study (HUNT 2), conducted in 1995-1997. Paper IV is
based on the Scandinavian Thrombosis and Cancer (STAC) Cohort, which consists of merged data from
the Tromsg 4 Study, the HUNT 2 Study and the Danish Diet, Cancer and Health (DCH) Study.
Participants were followed from date of enroliment (1993-1997) in the different surveys to the date of
an incident VTE event, the date of death or migration, or until end of follow-up (2007-2012). All

potential cases of incident VTE events and cancer diagnoses during this time-period were recorded.

We reported the effect of several single nucleotide polymorphisms (SNPs) on VTE risk in
subjects with and without cancer. A SNP of the GP6 gene (rs1613662), affecting platelet adhesion and
activation, displayed a decreased risk of VTE in cancer-free subjects, while an increased risk was
observed in cancer patients homozygous for GP6 SNP. The genotype was also found to be associated
with prothrombotic and metastatic cancers. These findings support a role of platelet reactivity in the

pathogenesis of VTE, which may differ according to cancer status.

The risk of VTE was also found to increase by the presence of ABO (rs8176719), and risk alleles
in F5 (rs6025), F2 (rs1799963), FGG (rs2066865), and F11 (rs2036914) in both cancer-free subjects and
in cancer patients. Moreover, a synergistic effect was discovered for the genetic variants of FGG, FVL
and ABO in combination with cancer on the VTE risk. We found a dose-response relationship between
number of risk alleles in the 5-SNP score (genetic risk score, GRS) and VTE risk in subjects with and
without cancer, and the combined effect of cancer and high-number of risk alleles (>4 risk alleles)
yielded a supra-additive effect for the risk of VTE. However, the five prothrombotic genotypes, alone

or combined, did not increase the risk of VTE in occult cancer.

Our findings suggest that the genetic risk score and prothrombotic genotypes may be useful

for identifying cancer patients at increased risk of VTE.



Sammendrag

Vengs tromboembolisme (VTE), en fellesbetegnelse for dyp venetrombose og lungeemboli, er
en alvorlig og multifaktoriell sykdom. Det er vist at opp mot 60% av VTE hendelser kan forklares av
arvelighet, likevel er genetikkens rolle lite undersgkt hos personer med VTE og kreft. VTE forekommer
hyppig blant kreftpasienter og er en vanlig arsak til sykelighet og dgdelighet i denne pasientgruppen.
Formalet med denne avhandlingen har veert 3 undersgke hvordan individuelle protrombotiske
genotyper og kombinasjonen av genotyper i en genetisk risikoskar (GRS) pavirker risikoen for VTE hos
kreftpasienter. VTE kan vaere det fgrste tegnet pa en underliggende malignitet, og vi hadde derfor ogsa
som mal a undersgke effekten av protrombotiske genotyper pa risikoen for VTE blant personer med

okkult (dvs. ikke pavist) kreft.

Alle fire artiklene i avhandlingen bruker data fra den fjerde Tromsgundersgkelsen (Tromsg 4),
gjennomfgrt i 1995-1997. Studiepopulasjonene i artikkel | og Ill er i tillegg rekruttert fra den andre
Helseundersgkelsen i Nord-Trgndelag (HUNT 2), giennomfgrt i 1995-1997. Artikkel IV er basert pa «the
Scandinavian Thrombosis and Cancer (STAC) Cohort», som bestar av sammenslatte data fra Tromsg 4
studien, HUNT 2 og den danske «Diet, Cancer and Health» (DCH) studien. Deltakere ble fulgt fra
registrering (1993-1997) i de ulike studiene til datoen for en fgrstegangshendelse av VTE, datoen for
dgd eller flytting, eller til studieslutt (2007-2012). Alle potensielle tilfeller av fgrstegangs VTE og

kreftdiagnoser i denne tidsperioden ble registrert.

Virapporterte effekten av flere ulike «single nucleotide polymorphisms» (SNPs) pa risikoen for
VTE blant personer med og uten kreft. En SNP i GP6 genet (rs1613662), som pavirker
blodplateadhesjon og blodplateaktivering, viste seg a redusere risikoen for VTE hos kreftfrie, mens en
gkt risiko for VTE ble observert hos kreftpasienter homozygote for GP6 SNP’en. Genotypen var ogsa
assosiert med protrombotiske og metastaserende krefttyper. Disse funnene stgtter at blodplater

spiller en rolle for patogenesen av VTE, hvilket kan variere i henhold til kreftstatus.

Risikoen for VTE gkte for bade kreftfrie personer og kreftpasienter med ABO rs8176719 og
risikoalleler for F5 (rs6025), F2 (rs1799963), FGG (rs2066865), and F11 (rs2036914. Videre oppdaget vi
en synergistisk effekt mellom kreft og genetiske varianter av FGG, FVL og ABO pa risikoen for VTE. Vi
fant ogsa et dose-respons forhold mellom antall risikoalleler i 5-SNP skaren (GRS) og VTE risikoen blant
personer med og uten kreft. Kombinasjonen av kreft og et hgyt antall risikoalleler (>4) utgvde en supra-
additiv effekt pa risikoen for VTE. Dog var der ingen sammenheng mellom de fem protrombotiske

genotypene, alene eller i kombinasjon, og risikoen for VTE hos personer med okkult kreft.

Vare funn tyder pa at den genetiske risikoskaren og protrombotiske genotyper kan vaere

nyttige for a identifisere kreftpasienter med gkt risiko for VTE.
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1. Introduction

Venous thromboembolism (VTE), including deep vein thrombosis (DVT) and pulmonary
embolism (PE), is a common multifactorial disease with a potentially fatal outcome.! It occurs in 1-2
per 1000 persons per year in the general population, 2 affecting all age groups, ethnicities and both
genders.*® A DVT is the formation of a thrombus in the deep veins, arising most frequently in large
veins of the lower extremities, but can also occur in deep veins of the upper extremities, abdominal
veins and cerebral veins and sinuses.” Prevalent signs and symptoms of DVT are pain, swelling and
erythema of the affected extremity.? Since autopsy studies by Virchow in the 19" century, PE has until
recently mainly been considered as a complication of DVT. A PE often occurs by embolization of the
original DVT, i.e. parts or all of the blood clot dislodges, travels via the blood stream to the pulmonary
circulation where it lodges and, subsequently, obstructs blood flow. However, imaging studies have
reported that concurrent DVT can be found in less than 50% of PE patients, indicating other etiologies
for some PE cases.>® Other possible origins for PE are de novo thrombus formation in pulmonary

910 or embolization from a right sided cardiac thrombus caused by atrial fibrillation.!* The

arteries,
clinical course of a PE ranges from asymptomatic to fatal circulatory collapse.®'? Nevertheless,
frequent signs and symptoms seen in PE patients include dyspnea, tachypnea, coughing and pleuritic

chest pain.®

The association between cancer and venous thrombosis has been known for more than a
century and is well established.’**> As the French physician Armand Trousseau is credited for
describing the relationship between VTE and cancer in 1865, the spontaneous formation of a venous
thrombus in relation to an underlying malignancy has been termed the Trousseau’s syndrome. The
term is particularly known in the field of medicine not only because Trousseau described the
association, he also diagnosed himself with a VTE secondary to gastric cancer only two years later, and
then died shortly after.'® Not many people know that Jean Baptiste Bouillaud had already reported the

association nearly half a century earlier, in 1823.1417

Since the time of Bouillaud and Trousseau, several studies have convincingly demonstrated the
link between cancer and VTE, ¥ and today cancer is acknowledged as one of the most important risk
factors for VTE in the population.'® Cancer patients who develop VTE have a shortened life expectancy
compared to cancer patients without VTE.2>?! Furthermore, the clinical consequences of VTE, such as
post-thrombotic syndrome (PTS), recurrent VTE and treatment-related bleeding, are more prevalent
in cancer patients than in cancer-free subjects.?®?? The two-way relationship between venous
thrombosis and malignancy has also been confirmed in studies describing increased risk of cancer after

a VTE event,?*?® and approximately 5% of patients with unprovoked VTE are diagnosed with cancer
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within one year.2>33 This finding has raised the question to what extent we should screen for cancer in

subjects with VTE, which has been heavily debated.?%3%34

Despite the quantity of knowledge on cancer-related VTE assembled over the last decades, the
incidence of VTE in cancer is high and increasing.?®> Cancer is a heterogeneous disease, and the risk of
VTE depends on the interaction between tumor cells, treatment regime, the hemostatic system and
individual patient characteristics. A strong hereditary component is found in VTE patients, and several
genotypes are established as patient-related risk factors for VTE.3® However, the role of prothrombotic
genotypes in the complex interplay with malignancy is not yet well established, as only a few of these

genotypes have been studied in cancer patients.

Even though VTE is a potentially preventable disease by the use of antithrombotic treatment,
current guidelines do not recommend routine anticoagulant prophylaxis to all cancer patients due to
the high risk of bleeding and uncertain benefit-to-harm ratio in these patients.?”*® The severe
complications and potentially fatal outcome of VTE in cancer stresses the need and importance of
identifying high-risk subjects, to determine who would benefit from targeted prevention. Thus, even
150 years after the death of Trousseau, there are still knowledge gaps to fill. Hence why | chose genetic

risk factors for cancer-related VTE as the topic of my thesis.

1.1. Epidemiology

1.1.1. Venous thromboembolism in cancer patients

Cancer is a strong and independent risk factor for VTE,*>* and studies have consistently
demonstrated that 20-30% of all first venous thromboembolic events are cancer-related.>**#%2 The
relative risk (RR) of VTE in subjects with active cancer ranges from 4 to 7, compared to the general
population or subjects without cancer.3>4%4344 Studies have reported an absolute risk (cumulative
incidence) of VTE in cancer, which varies widely from 1% to 12%.**” The wide range reported might
be attributable to methodological variations between studies, such as study population, follow-up
duration, definition of active cancer and assessment of outcome (i.e. cancer and VTE). Further, cancer
is a heterogeneous disease and risk estimates of VTE are highly dependent on different risk factors,
which can be broadly stratified into cancer-related, treatment-related and patient-related risk factors.
A meta-analysis from 2012 of 38 individual studies demonstrated this heterogeneity as the overall risk
of VTE in average risk patients with cancer (those representative of all patients with cancer type under

investigation or overall cancer) and high risk patients with cancer (those with high-grade or metastatic
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disease or treated with therapeutic strategies that increase VTE risk), were 13 per 1000 person-years

(95% Cl 7-12) and 68 per 1000 person-years (95% Cl 48-96), respectively.*®

The VTE incidence varies between ethnic groups, with Asian/Pacific Islanders having the lowest
risk of both first-time VTE and cancer-related VTE.* Interestingly, there appears to be little difference
in the incidence of cancer-related VTE between African-Americans, Hispanics and Caucasians.*® The
incidence of VTE in cancer is high and several studies have noted an increasing incidence of cancer-
related VTE.3>%0>1 A |arge cohort study of more than 83000 cancer patients derived from four different
United Kingdom databases presented an increase in overall incidence of VTE among cancer patients
from 10 per 1000 person-years (95% Cl 8-14) in 1997 to 19 per 1000 person-years (95% Cl 18-21) in
2006, while no similar trend was seen in the 577000 cancer-free controls.>® The rise in VTE incidence
is reported for different cancer types.® Several factors could be the explanation for the increasing
incidence, including greater awareness of cancer-related VTE and improvements in diagnostic imaging
for detection and staging of cancer, which may incidentally identify VTE events. Additionally, more
aggressive cancer treatments (e.g. chemotherapy and surgery) and increasing survival, leading to

elderly patients undergoing more cancer treatments, also increase VTE risk.

Incidental (i.e. asymptomatic) VTE is a relative common finding in cancer patients.”? Extended
use of computed tomography (CT) scan for evaluation of cancer treatment effect and improved CT
scan technology may have affected the increase in incidence of VTE over time, especially incidental
VTE. In a recent retrospective study by Di Nisio et al., 3.2% of cancer patients had asymptomatic VTE,
while 2% presented with symptomatic VTEs.>® Similar rates of recurrence and mortality have been
noted in patients with symptomatic and asymptomatic cancer-related VTE, and guidelines suggest that

incidental PE should be managed like symptomatic events.>>’

There are a limited number of studies investigating the differences in clinical presentation of
VTE between cancer patients and cancer-free subjects. Bilateral DVT seems to be more prevalent in
cancer patients than non-cancer.>® In a recent study, the rates of PE and symptomatic proximal DVT
were similar, however, rates of symptomatic thrombosis in inferior vena cava and iliac veins, upper
limb DVT and bilateral lower limb DVT were higher in cancer patients compared to cancer-free
subjects.®? It is to be noted that the relative high prevalence of upper limb DVT in cancer, could partly
be explained by the frequent use of central venous catheters (CVC) in these patients.®? Lastly, cancer
is shown to be common in rare forms of VTE such as extrahepatic portal vein obstruction, Budd-Chiari

syndrome and thrombosis of mesenteric veins.5

VTE is a serious disease in cancer patients. In general, clinical consequences such as recurrent

VTE, PTS and bleeding complications are typically more common and more severe in cancer patients
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suffering a VTE event than cancer-free VTE patients.5*% The International Initiative on Thrombosis and
Cancer (ITAC) developed the first international evidence-based clinical practice guidelines in 2013 to
provide clinicians with practical and accessible recommendations for treatment and prevention of
cancer-related VTE.®” The ITAC guidelines were updated in 2019 and recommend patients with cancer-
related VTE initial treatment with low-molecular-weight heparin (LMWH) for a minimum of 6 months,
or DOACs (direct oral anticoagulants, i.e. Rivaroxaban or Endoxaban) for the same duration of time in
cancer patients who are not at high risk of gastrointestinal or genitourinary bleeding.®” Thus, cancer
patients receive an extended duration of anticoagulant therapy. However, despite adequate
anticoagulation, treatment failure occurs frequently in cancer patients with VTE and subsequently,
cancer patients have a two to nine-fold higher risk of VTE recurrence compared to cancer-free
subjects.®45870 |n the Tromsg Study, the incidence rate of recurrent VTE per 100 person-years, were
8.5 following a cancer-related VTE versus 3.6 following a non-cancer unprovoked VTE.”! In a cohort
study of 477 subjects from Olmsted County diagnosed with cancer-related VTE, the cumulative
incidence of VTE recurrence was 18% at three months and 27% at one year.”? Furthermore, this study
also reported an increased risk of treatment-related bleeding in cancer, with the cumulative incidence

of major bleeding being 2.5% and 4.7% at three months and at one year, respectively.

Cancer-related VTE is associated with poor survival. A retrospective study by Khorana and
colleagues found that in-hospital mortality was two to five fold increased in neutropenic cancer
patients hospitalized with VTE compared to those without VTE.” Similarly, a study of the California
Cancer Registry (CCR) from 1993 to 1995, determined that VTE diagnosis was a significant predictor of
increased mortality the first year at all 12 cancer sites investigated, with hazard ratios (HRs) of 1.6-4.2
after adjustment for race, age and cancer stage.*® VTE was associated with increased mortality in
localized, regional and metastatic-stage cancers, with metastatic cancers, not surprisingly being the
strongest predictor of decreased survival. The strong association between metastatic-stage disease
and development of VTE suggests that the biological aggressiveness of the cancer itself may be the
main cause of death in cancer patients with VTE. However, it is possible that the cause of death could
be related to the VTE event itself (i.e. massive PE), VTE treatment (bleeding due to anticoagulants),
cancer treatment (i.e. major surgery, chemotherapy or radiation treatment) or presence of comorbid

conditions.

Altogether, cancer-related VTE leads to substantial increase in consumption of healthcare
resources and healthcare costs. As the incidence is increasing and VTE treatment is resource-intensive
and costly, the disease burden of VTE in cancer is not expected to decrease. More effective agents and
less costly management strategies are needed. In a retrospective study of 529 cancer patients, VTE

and VTE-related complications occupied 6% of the bed-capacity at the oncology department.”® Further,
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the mean hospitalization cost for VTE in cancer patients was more than double the cost per episode of

VTE in the general medical population.’*”®

1.1.2. Venous thromboembolism as a first sign of cancer

As described by Armand Trousseau, VTE can be the first manifestation of an occult cancer.
Several studies have shown that VTE-patients have an increased risk of subsequent cancer compared
to the general population.?*?® The reported rates of occult cancer detection in patients with
unprovoked VTE seem to have been decreasing significantly over time.”® A systematic review
published in 2008 by Carrier and colleagues based on 34 studies, reported that the prevalence of occult
cancer detection following an unprovoked VTE event was up to 10%,% and that the risk of occult cancer
detection was 7-fold increased in VTE patients compared to the general population.?> More recent
clinical studies have reported that approximately 3.7 to 5.0% of patients with unprovoked VTE are
diagnosed with cancer within the first year following a VTE event.3*7” Similarly, a large prospective
study reported a 5% rate of occult cancer detection over a follow-up period of 30 months.”® A
systematic review and individual patient-level meta-analysis from 2017 reported a prevalence of occult
cancer detection of 5.2% (95% Cl 4.1-6.5%) during 12 months in patients with unprovoked VTE.3! A
large case-control study suggested that even though the risk of occult cancer was strongest within the
first year following a VTE event, the risk remained elevated for up to six years for multiple myeloma,

colon and pancreatic cancer.”

The incidence of occult cancer detection are thought to vary widely according to the presence
or absence of provoking factors for VTE (i.e. surgery, immobilization, infection etc.). In a study by
Prandoni and colleagues, only 1.9% of patients with provoked VTE develop cancer during follow-up
compared to 7.6% in patients with unprovoked events.?® Similar findings was reported by Carrier and
coworkers in a systematic review where the one-year incidence of cancer following a VTE event was
10% (95% Cl 8.6-11.3%) and 2.6% (95% Cl, 1.6-3.6%), for unprovoked and provoked VTE, respectively.
However, using the Scandinavian Thrombosis and Cancer (STAC) cohort, the risk of cancer did not vary
as greatly in provoked and unprovoked VTE events.®! The risk of cancer was 4.5-fold (95% Cl 3.4-5.8)
increased for unprovoked VTE and 3.5-fold (95% Cl 2.4-5.2) increased for provoked events the first 12
months following a VTE event. The difference was even smaller after the initial 12 months, suggesting

that VTE may be the first sign of malignancy regardless of the presence of other provoking factors.

The risk of cancer after VTE does not differ according to the origin of the VTE event (i.e. lower
limb, upper extremities, abdominal veins etc.). A large Danish registry study presented essentially

similar risks of cancer during the first year of follow-up in subjects with superficial VTE (2.2%), DVT
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(2.7%) and PE (2.9%).2” The corresponding standardized incidence ratios (SIRs) were 2.5 (95% Cl 2.1-
2.9) for superficial VTE, 2.8 (95% Cl 2.6-2.9) for DVT and 3.3 (95% CI 3.0-3.5) for PE. Comparable results
was seen in the STAC cohort, with the risk of cancer after 12 months yielding HRs of 4.1 (95% Cl 3.1-
5.4) for DVT and 4.0 (95% Cl 2.8-5.6) for PE.®! Further, a large multicenter, prospective observational
study reported an overall incidence of cancer of 1.4% (95% Cl 0.9-2.1) for distal DVT and 1.5% (95% ClI
0.8-2.4) for proximal DVT.%2

The cancer sites found following a VTE event constitutes a large and heterogeneous
group.18232428 |n 3 meta-analysis of four large cohorts, the highest relative risk of cancer after VTE was
found for ovarian, pancreatic, liver, hematological, brain, lung and kidney cancer, while the lowest risks
was reported for cancers of breast and bladder.? Jensvoll and colleagues found the highest HRs
following a VTE event in the STAC cohort, for kidney, ovarian, lymphatic, pancreatic, stomach and lung
cancer.®! Subjects diagnosed with cancer subsequent to a venous thrombotic event have a higher
prevalence of malignant disease and advanced stages,?®**® and consequently poorer prognosis

compared to cancer patients without VTE.2%83

Several studies have investigated predictors of cancer in patients with unprovoked VTE.
Analysis of a randomized controlled trial of patients with unprovoked VTE, reported that age, previous
provoked VTE and current smoking were associated with higher HRs of cancer the following year after
a VTE event.® Using the RIETE registry (the Registro Informatizado de Pacientes con Enfermedad
TromboEmbodlica), several biomarkers for cancer were found to be independent predictors such as
patients aged 60 to 75 years, unprovoked (i.e. idiopathic) VTE, bilateral deep vein thrombosis and
anemia.®® No significant association was detected for measured platelet count, D-dimer levels, surgery
or anticoagulant treatment. However, other studies have shown a correlation between D-dimer levels

85-87

measured at the time of the VTE event and risk of subsequent cancer,**’ suggesting that high plasma
D-dimer levels at incident VTE diagnosis should be taken into consideration when the decision to

screen for underlying cancer is made.

Sgrensen and co-workers were the first to demonstrate that patients with VTE and a following
cancer diagnosis have poor prognosis compared to cancer patients without a prior or concurrent VTE
event at the time of cancer diagnosis.? In this Danish population-based study, the one-year survival
rate was found to be 12% in patients with a cancer diagnosed at the same time as the VTE event,
compared to 36% in cancer patients with no previous or concurrent VTE event. Further, the one-year
survival rate was only 38% for cancer patients diagnosed with VTE within one year after the cancer
diagnosis, compared to 47% in the cancer controls who never had a VTE, matched for cancer type, age,
sex and year of diagnosis.?’ They also found that VTE was associated with advanced stages of cancer,

with higher prevalence of distant metastasis among VTE-patients compared to those without VTE. In
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the prospective RIETE registry, VTE patients with occult cancer had a mortality rate of 20% in 80 days,

compared to 5.4% in 80 days for VTE patients without occult cancer.®

During the last decade, there has been an ongoing debate on to what extent patients with VTE
should be further examined for an occult cancer (i.e. limited vs extensive screening). Several studies
have evaluated a more extensive cancer screening strategy, which may include CT or
fluorodeoxyglucose (FDG) positron emission tomography (PET)/CT scanning.3*7888 As the clinical
benefit may increase by applying extensive screening only to patients at high risk of occult cancer, the
RIETE score and the Screening for Occult Malignancy in Patients with Idiopathic Venous
Thromboembolism (SOME) score have been introduced.?*%° In a recently published individual patient
data meta-analysis of prospective studies, Mulder and colleagues evaluated the predictive
performance of the RIETE and SOME score.?® Both scores had a poor predictive discriminatory
performance between low- and high-risk patients, which does not support the use of these scores in
daily clinical practice. In a Canadian randomized controlled trial, limited screening versus limited
screening combined with abdominal and pelvic CT scan, did not differ in average time to cancer
diagnosis, nor mortality.3® A study comparing FDG PET/CT with limited screening found that extensive
screening did not result in higher rates of cancer after unprovoked VTE.28 One could speculate that
extensive screening might result in earlier cancer detection, however, it does not seem to increase the
rate of occult cancer detection, decrease morbidity, or increase survival or cost-effectiveness.*’¢ Thus,

the mortality rates of cancer remains the same by the use of extensive and limited screening.

Currently, the limited screening approach is recommended for patients with unprovoked VTE.
Limited screening usually consists of medical history, physical examination, laboratory investigations
(complete blood count, calcium, urinalysis, and liver function tests), and chest X-ray, as well as age-
and gender specific cancer screening (colon, breast, cervix and prostate) according to national
guidelines.?? The limited screening should also be used for patients with VTE at unusual sites. Further,
patients with splanchnic vein thrombosis or cerebral vein thrombosis should be tested for an
underlying myeloproliferative disorder. Additionally, for those with splanchnic vein thrombosis and
aplasia or hemolytic anemia, and patients with Budd-Chiari syndrome, they suggest testing for
paroxysmal nocturnal hemoglobinuria. Routine cancer screening in patients with provoked VTE is not

recommended.

Few studies have evaluated the incidence of occult cancer detection in patients with recurrent
unprovoked VTE. However, the incidence of occult cancer detection seems to vary according to
whether the VTE is an initial or recurrent event. In the cohort study by Prandoni et al, it was reported
that patients with recurrent VTE had a particular higher risk of cancer (OR 2.3, 95% ClI 1.0-5.2)

compared to patients with a first lifetime unprovoked VTE. In the Tromsg Study, the majority of those
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with an incident VTE during the occult cancer period (54%) who also experienced a recurrent VTE, had

a VTE recurrence before the date of cancer diagnosis, and 69% experienced a recurrent event either

before or within 5 days of the cancer diagnosis.’® These findings indicate that the recurrent VTE often

occurs prior to cancer detection, while the patients receive anticoagulant treatment. As there is limited

knowledge on recurrent VTE and occult cancer detection, there has been some uncertainties regarding

cancer screening in these patients. Today, the limited screening is recommended for this patient group,

nonetheless, clinicians are recommended to maintain a lower threshold for cancer investigations and

extensive screening procedures than for those used for patients with an incident unprovoked VTE.3?

1.2. Pathophysiology of venous thromboembolism in cancer

Hemostasis is the physiological process that prevents

bleeding after a vascular injury while maintaining blood flow

of the general circulation, holding vital importance and

delicately balancing pro- and antithrombotic mechanisms.

Simplified, VTE occurs as a result of changes in blood flow

(stasis), changes in blood composition (hypercoagulability),

and/or damage of the vessel wall which may overcome the

protective anticoagulant pathways and trigger thrombosis.

Vessel wall injury

Hypercoagulability

Figure 1. Virchow's triad. Three main factors
contributing to thrombus formation.

The triad of pathophysiological alterations is referred to as Virchow’s triad (Figure 1, Figure 2).°%%

Figure 2 is an overview of risk factors in the pathogenesis of VTE in the general population.

Stasis

Endothelial damage

Hypercoagulability

- Immobility

- Obesity

- Tall stature

- Bulky tumors

- Atrial fibrillation

- Inflammatory disease
- Surgery

-CvC

- Trauma

- Chemotherapy

Hereditary

- Antithrombin deficiency
- Protein C/S deficiency
- Factor V Leiden

- Prothrombin G20210A

- Other prothrombotic
SNPs

Acquired

- Cancer

- Chemotherapy

- Oral contraceptives
- Estrogen therapy

- Preghancy

- Post-partum period
- Obesity

- Inflammatory bowel
disease

Figure 2. Categorization of some risk factors for venous thromboembolism.
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Primary hemostasis is the process of platelet activation and adhesion, and secondary
hemostasis refers to the initiation of the coagulation cascade. The coagulation cascade is a sequential
process of different pathways (i.e. the extrinsic, intrinsic and common pathway), culminating in fibrin

formation, which is the central stabilizing component of a blood clot (Figure 3).%

Polyphosphate Tissue Factor
- Activated - Monocytes

platelets - Microvesicles

Cellular RNA - Bacteria - Activated
endothelial cells
FXlla Extrinsic

Intrinsic '

pathway

Y
( FVilla ; FXa
A
e - FVa
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Figure 3. A simplified figure of the coagulation cascade. Pathological activation of the extrinsic pathway
(FVila and TF) occurs via expression in monocytes, microvesicles, and activated endothelial cells. Cellular
RNA and polyphosphates released by activated platelets and bacteria activate the intrinsic pathway (FXlla,
FXla, FIXa and FVllla). (Adapted from Mackman, Journal of Clinical Investigation, 2012)

Tissue factor (TF) is the main trigger for the extrinsic pathway of the coagulation cascade, and
has a key role in hemostasis.> Under pathological conditions, TF is expressed on circulating monocytes,
microvesicles (MVs) and activated endothelial cells.®* FXIl and FXI provide an alternate route of clotting
initiation through activation of FIX, in the intrinsic pathway. This pathway may also be triggered by
cellular RNA and polyphosphates (PolyP) released from activated platelets or bacteria, resulting in
formation of a venous thrombus.** The common pathway consists of FXa, FVa and thrombin (Flla),
which converts fibrinogen to fibrin.®* Tissue factor pathway inhibitor (TFPI) inhibits FXa and the
TF/FVIla complex, antithrombin inhibits all coagulation factors, and activated protein C (APC)
inactivates FVa and FVlla. The cascade is thoroughly regulated, and disorders of the coagulation

proteins can lead to excessive bleeding or thrombus formation.
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Although endothelial damage with exposure of TF is a main trigger of the coagulation cascade,
the majority of VTEs develop in the presence of intact endothelium.®*°® Autopsy and phlebography
studies have shown that most non-trauma-related VTEs originate in sinuses behind venous valves.’
This is indirectly supported by the increased risk of DVT in subjects with more valves.®® As blood travels
against gravity in veins, some is caught in a secondary vortex of the valve sinuses, leading to hypoxia
(Figure 4). Immobility can result in prolonged blood stasis and further potentiate hypoxia in these
regions.”” Localized hypoxia activates endothelial cells, and recruits and activates white blood cells and
platelets.’” Endothelial cells mobilize P-selectin and von Willebrand factor (vWF) on their surface,
which recruit leukocytes and platelets expressing TF, which then activates the coagulation cascade. In
addition, activated endothelial cells can downregulate endothelial expression of protein C receptor

and thrombomodulin, and upregulate TF expression.*

Figure 4. The venous valvular sinus as a
predilection site for DVT initiation. Blood is
trapped in a vortex of the valve pockets, and
the resultant hypoxia activates the venous
endothelium, leading to the recruitment
and binding of leukocytes, especially
monocytes (Mc), platelets (Plt) and TF-
positive microparticles (MP). Consequently,
TF  from activated monocytes and
microparticles may activate the coagulation
cascade and initiate thrombosis formation.

Changes in blood composition are essential in the pathogenesis of VTE. The term
thrombophilia describes the tendency of VTE development on the basis of a hypercoagulable state,
which can be a result of both inherited and acquired disorders of blood coagulation or fibrinolysis.
Inherited disorders may induce thrombus formation by decreasing levels of anticoagulant factors, such
as antithrombin, protein Cand protein S, or increase procoagulant factors and the thrombus formation
tendency (i.e. gene mutations such as Factor V Leiden (FVL), prothrombin G20210A and non-O blood
group).361% Several known risk factors for VTE may cause acquired thrombophilia, such as obesity,

pregnancy, oral contraceptives, and importantly, cancer.

Cancer itself represents a hypercoagulable state, and the pathophysiological mechanisms of
endothelial damage, hypercoagulability and stasis of Virchow’s tirad, are important features of cancer
in development of VTE. Coagulation activation and tumor growth and progression are closely related.
Cancer cells can activate the coagulation system through several mechanisms, (i) by production of
procoagulant, fibrinolytic, and proaggregating activities, (ii) release of proinflammatory and

proangiogenetic cytokines, and lastly, (iii) through direct interaction with vascular and blood cells (e.g.
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endothelial cells, leukocytes and platelets) by adhesion molecyles.??? Studies have shown that cancer
patients have increased levels of coagulation factors V, VI, IX, and XI as well as increased markers of
coagulation activation such as elevated plasma D-dimer levels.®? Further, cancer-induced deficiency
of the VWF cleavage protein ADAMTS-13 has been described, resulting in unusually large vWF
multimeres, which increases thrombosis risk.}%® In normal vascular cells, TF is not expressed, except
when induced. Malignant cells however, have an abnormal expression of TF. In a study by Kakkar and
colleagues, cancer patients had significantly higher levels of both TF and FVIla compared to cancer-
free subjects, suggesting a strong activation of the extrinsic pathway.’%* Interestingly, the intrinsic
pathway is found not to be as important in cancer-related VTE pathophysiology, as levels of FXlla are
only slightly elevated in cancer patients.’® Cancer cells are also found to induce hypercoagulability
through inflammatory responses with increased level of circulating proinflammatory cytokines,06-108
and inhibition of fibrinolytic activity through expression of plasminogen activator inhibitor-1 (PAI-1).1%%
111 Moreover cancer tumors release cell-free DNA and growth factors that promote release of
neutrophil extracellular traps (NETs) from neutrophils, which are suggested to play a key role in

inflammatory-mediated thrombosis.*?

Activated platelets play an important role in the hypercoagulable state of malignancies, where
they promote angiogenesis, tumor progression and metastasis.!**!* Previous studies have shown that
elevated platelet counts in cancer patients are frequently observed and associated with decreased
survival.1*3115 platelet activation by thrombin leads to release of vascular endothelial growth factor
(VEGF) and other growth factors, thereby stimulating angiogenesis and inhibiting apoptosis.t’-116
Cancer cells express P-selectin ligands and adhere to various cells including platelets, in addition to
enhance P-selectin expression in these cells. This results in enhanced adhesion to the endothelium and

a “cloak” of platelets surrounding the tumor cells, protecting them from circulatory immune cells or

natural killing cells.*”116

Venous stasis may be a result of tall stature, obesity, pregnancy, conditions preventing normal
function of the skeletal muscles and normal blood flow or atrial fibrillation. It could also occur in
patients with malignancy as a result of tumor expansion leading to compression of blood vessels
nearby. Furthermore stasis is also seen as a consequence of immobilization secondary to surgery,

cancer treatment, complications, and advanced cancer stage.!'’

Vascular trauma and endothelial damage may be a result of tumor invasion by solid tumors.
Consequently, the endothelium is activated and may increase VTE risk. Chemotherapy, radiotherapy
and surgery are all cancer treatment modalities that could result in vessel wall injury and through the
same pathway as solid tumor invasion, induce coagulation.!*® The vessel wall may also be damaged by

insertion of CVCs, or cancer treatment (i.e. surgery, chemotherapy and radiation).11%12°
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1.3.Venous thromboembolism — a multicausal disease

VTE is a multicausal disease. The thrombosis potential model proposed by Frits Rosendaal
(Figure 5), illustrates the key concepts of VTE where several factors must be present for a VTE event to
occur.'?! A risk factor can be any attribute, characteristic, or exposure of an individual that increases
the likelihood of disease development. The model by Rosendaal illustrates the complex interplay
between genetic and acquired risk factors, and how VTE occurs once a set of sufficient risk factors have
accumulated in a patient and the thrombosis threshold is exceeded. Further, the model demonstrates
the dynamics of interactions between risk factors and how risk factors can result in either additive or
synergistic effects. As the red line in Figure 5 represent, VTE has a strong age-dependency, indicating
that more risk factors have to be present for VTE to occur in children than in adults or elderly.? The
green line represents intrinsic factors that are stable over time such as the genetic variation FVL. The
orange line demonstrates the combined effect of FVL, age and other provoking factor (e.g. surgery,
cancer or immobilization), with sufficient pathophysiological changes to exceed the thrombosis
threshold. The thrombosis potential remains increased following a VTE event, and a provoking factor
may exceed the threshold again, resulting in a recurrent event. After the recurrent VTE, the risk of

another recurrent VTE event is even higher than following the incident VTE.

VTE VTE recurrence
Thrombosis threshold

---------------------------------------- FVL + age + provoking factors

Provoking factors

e

Thrombosis potential

Age

FVL

B
>

Time in years

Figure 5. The thrombosis potential model. (Adapted from Rosendaal, Lancet, 1999)

A fundamental challenge in the management of patients suffering a VTE event and prevention
of VTE occurrence, is that no obvious preceding cause or risk factor is identified in 30-50% of VTE cases
(i.e. an unprovoked event). This underlines the disease complexity and that further research is
necessary to unravel the causes of VTE and to improve strategies for VTE prevention, both in the

general population and in cancer patients.
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Risk factors for venous thromboembolism can be categorized into acquired and genetic

factors. Several acquired risk factors for VTE have been established for the general population. The

2,3,122,123 4,122

risk of VTE increases exponentially with age, and thus, VTE is mainly a disease of the elderly.

124,125

The incidence of VTE is 0.6 per 100 000 per year in children, whereas 1 per 100 in elderly.

Numerous medical illnesses and autoimmune diseases are known acquired risk factors for VTE, such

126-129 127-130 128,129,131

as congestive heart failure, acute infections, myocardial infarction, ischemic

126-129 inflammatory bowel disease,?132135 gystemic lupus erythematosus,'*¥'3** and chronic

stroke,
kidney disease.'®*'% Hospitalization for an acute medical condition is associated with an 8-fold
increased VTE risk.>” Further, anthropometric measures including obesity (i.e. body mass index (BMI)
>30 kg/m?) and tall stature, are found to have a 2- to 3-fold and 2- to 4-fold increased VTE risk,

respectively. 391 Other important and well-known risk factors include surgery,i128145

previous
VTE,%® 7! immobilization,*?%1251%6 trauma,*® pregnancy and puerperium,'#”:148 oral contraceptives,'?14>
hormone replacement therapy,'214%150 and lastly, use of CVCs.1*>*5! Cancer is one of the strongest
acquired risk factors for VTE and will later be described in detail by the stratification of different

features of the disease.

VTE is to a large extent a genetic disease. It is estimated that genetic risk factors account for
as much as 50 to 60% of VTE risk.’>>1>> Inherited thrombophilia can be the result of either gain-of-
function mutations of procoagulant factors or loss-of-function mutations of anticoagulants, with the
loss-of-function mutations being less frequent, however, tend to be associated with higher risk
estimates for VTE.?® The first discovery of inherited thrombophilia was antithrombin deficiency in a
family from Skjervgy, Norway, in 1965, where a 12 year old boy and his mother were found to have
significantly lower activity in antithrombin and heparin co-factor.®” The following decades, genetic
variations of ABO-blood group were found to affect VTE risk,*® and deficiencies of protein C and its
co-factor protein S were discovered.'>*!° Non-O blood type is present in approximately 65% of the
population and is associated with a 1.5- to 2.0-fold higher risk of VTE,®%¢2 partly mediated by higher
levels of vVWF and FVIII.83 Heterozygous protein C and protein S deficiencies occur in less than 1% of
the general population, but when present, the VTE risk is 10-fold increased.!®® Since these discoveries,
a number of relatively common prothrombotic genetic variations and single nucleotide polymorphisms
(SNPs) have been elucidated (Table 1). Factor V Leiden (FVL), also known as rs6025, is a missense
mutation (arginine to glutamine) discovered in 1994 that results in APC-resistance with abnormal
decomposition of FVIII.1551%* Heterozygous carriers of FVL have a 2- to 5-fold increased VTE risk, and
the risk is further dramatically increased in homozygous carriers.’®®> The prothrombin mutation,
G2021A or rs1799963, was identified only two years after FVL and is a gain-of-function mutation,®®
associated with higher levels of prothrombin (FIl) and thus, a 1.5- to 3.0-fold higher VTE risk.6%167

22



About ten years then passed before the discovery of a novel genetic risk factor for VTE.® In 2005, the
rs2066865 of the fibrinogen gamma gene (FGG) was discovered and found to be associated with
reduced levels of one of the three subunits of fibrinogen.'®® The T-allele of the FGG SNP has a frequency

of 0.25, and has been found to increase VTE risk by an OR of 1.61.16816°

Genome-wide association studies (GWAS) became available in the 2000s, resulting in major
advances in understanding the role of genetic variations on VTE risk. GWAS approaches allowed
identification of genotypes associated with VTE (Table 1). In 2019, GWAS and transcriptome-wide
association studies (TWAS) of larger study populations revealed several novel susceptibility loci for
VTE, whit some loci located outside the known coagulation pathways.?’° However, the majority of VTE-
associated SNPs encode proteins that are involved in the coagulation cascade, altering the function
and/or levels of proteins.'®3'"! Bezemer and coworkers were the first to conduct a large-scale
association genetic study on VTE.Y”? Although the novel SNPs identified from GWAS display weaker
associations with VTE, with OR ranging from 1.11 to 1.35, the SNPs may be of clinical significance if
they interact with other risk factors (e.g. cancer) for VTE, giving supra-additive risk estimates. Supra-
additive risk estimates are seen when two exposures have a synergistic effect (i.e. biological
interaction) on an outcome, resulting in a joint effect greater than the expected sum of the individual
exposures.'’® Biological interaction can be approached in several ways, e.g. by calculating the relative
excess risk due to interaction (RERI) or the proportion attributable to interaction (AP) or assessing the

synergy index (SI). Biological interaction will be further discussed in later sections of the thesis.

Table 1. Known prothrombotic genotypes associated with VTE.36:171

Gene Site Associated phenotype Frequency VTE OR
Genes associated with VTE identified before GWAS
F2 rs1799963 ™ F11 0.02 2.50
F5 rs6025 APC resistancy 0.05 3.00
FGG rs2066865 { Fibrinogen yy’ 0.25 1.47
ABO rs8176719 N VWF, P VI 0.3 1.50
PROCR rs867186 N sEPCR, I PC 0.07 1.22
PROS1 Multiple VTE Rare ~10
SERPINC1 Multiple VTE Rare ~10
Novel SNPs associated with VTE identified by GWAS
VWEF rs1063856 ™ VWF 0.37 1.15
STXBP5 rs1039084 ™ VWF 0.46 1.11
GP6 rs1613662 M platelet function 0.82 1.15
F11 rs2289252 ™ FXI 0.41 1.35
F11 rs2036914 ™ FXI 0.52 1.35
CABPB/CABPA rs3813948 N C4BP 0.08 1.18
KNG1 rs710446 {4 aPTT 0.45 1.2
SERPINC1 rs2227589 J antithrombin 0.10 1.29
TSPAN15 rs78707713 Unknown 0.88 1.28
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Several of the SNPs discovered through the GWAS approach got our attention. Glycoprotein VI
(GP6) rs1613662, is an A/G single nucleotide variation in amino acid 219, resulting in a serine to proline
substitution, affecting the GPVI receptor for collagen.t’® Carriers of the G-allele of the GP6 SNP have

been found to express fewer GPVI receptors on platelets,'’

causing less platelet adhesion and platelet
activation.'’® Observational studies have over the last two decades demonstrated a 20% decreased
risk of VTE in carriers of the GP6 G-allele, and inversely, that A-allele carriers have a 15% higher risk of
VTE than those not carrying the A-allele.?’”'’8 The allele frequency of the A-allele at GP6 rs1613662 is
found to be 0.82.3 Another SNP identified in recent years, is rs2036914 of F11 encoding for coagulation
factor XI. The presence of the C-allele at the F11 SNP is found to correlate to higher plasma levels of

F11 and to increase VTE risk by an OR of around 1.35,36172179,18

Furthermore, the combination of prothrombotic genotypes may improve risk prediction
models for VTE.'*81 Emerging studies have attempted to create genetic risk scores (GRS) based on
several VTE-associated SNPs to improve prediction of VTE. Using a large case-control study of cancer-
free subjects, de Haan and colleagues created a GRS based on 31 VTE associated SNPs.'8 SNPs with
the highest odds ratios of VTE were added one by one to construct a more parsimonious GRS with
fewer SNPs. This resulted in a score of five VTE-associated SNPs (ABO rs8176719, F5 rs6025, F2
rs1799963, FGG rs2066865, and F11 rs2036914), performing just as good as the score of all 31 SNPs
for VTE risk assessment (Figure 6). The 5-SNP score has been evaluated in several studies, in both
incident and recurrent VTE, with a predictive capacity ranging from 0.59 to 0.69.1818 Nonetheless,
the authors concluded that in order for the GRS’ to become useful in a clinical setting, high-risk subjects

need to be identified in whom genetic profiling will be cost effective.®!

0.80+
0.75-
0.704
0.654
0.60
0.554

0.50

T 7T 1rmrrrrrro1rrry T TrTTrT 7T rTrrTrTroryonrorTnrnrvonynr
0123456 7 8 910111213141516171819202122232425262728293031
# SNPs in risk score

Figure 6. Area under the ROC of genetic risk scores based on increasing numbers of SNPs. SNPs were added in
order of the OR as found in the literature. The figure presents how a GRS of the five SNPs with the highest OR for
VTE perform similarly to a GRS of VTE associated 31 SNPs. (Adapted from de Haan, Blood, 2012).
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1.4. Risk factors for venous thromboembolism in cancer

Risk factors for VTE in cancer can be
grouped into cancer-, treatment- and patient-
related risk factors (Figure 7). Further, several
biomarkers for VTE risk are detected in cancer
patients. A better understanding of clinical risk

factors and biomarkers in this patient group,

/Patient related
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- Medical comorbidities
- Performance status
- Prior VTE

Cancer Related
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Treatment Related )
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- Platelet count >350 x 10°9/L
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Figure 7. Categorization of risk factors for cancer-related VTE.
(Adapted from Gran, Thrombosis Research, 2018)

high-risk patients that would benefit from thrombosis-prophylaxis.

individual cancer patients, and thus, identify

1.4.1. Cancer-related risk factors for venous thromboembolism in cancer

Extensive work has been published on cancer type and subsequent risk of VTE.' Even though
the VTE incidence vary between studies, and studies might be difficult to compare due to differences
in study population, design and duration of follow-up, they have consistently reported pancreatic,
brain, lung and ovarian cancers to induce the highest VTE risks.3>4448184 Eyrther, the literature has also
reported a moderate increase in VTE risk for myeloma, lymphomas, gastrointestinal, and kidney
cancer, and a rather low VTE risk is induced by breast and prostate cancers.***>*° However, it needs to
be addressed that although breast, prostate and colorectal cancers are associated with lower risks of
VTE, they still contribute to the overall disease burden of VTE due to the high prevalence of these
cancer types. In the STAC cohort, the incidence rates of VTE per 1000 person-years were 7.5 (95% Cl
3.7-14.9), 9.0 (95% Cl 4.8-16.7) and 33.2 (23.4-47.3) 0-6 months following a cancer diagnosis date for

breast, prostate and colorectal cancer, respectively.®

Cancer stage highly correlates with VTE risk, and metastatic disease is one of the strongest risk
factors for VTE in cancer.****548 |n a large Danish follow-up study of more than 55000 cancer patients,
VTE risk was strongly dependent on cancer stage, with an adjusted RR of 2.9 for subjects with stage |
and Il, and RRs of 7.5 and 17.1 for those with stage Ill and IV, respectively.** Similar trends were seen
for 12 different cancer types in the CCR, with increased RR for VTE in metastatic cancer patients
compared to those with localized disease.*® Additionally, the Multiple Environmental and Genetic
Assessment (MEGA) Study found that patients with metastatic cancer had a 20-fold (95% CI 3-149)
increased VTE risk compared to patients with localized cancer.”® It appears that fast growing cancers,
i.e. cancer that are biologically aggressive, correlates with high VTE risk. This is evidenced by short

survival time, and in the CCR study of 13000 women with ovarian cancer, 15% of those with metastatic
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disease died within three months after the cancer diagnosis date and an additional 15% died in the
four to 12 months following the cancer diagnosis.*®® Furthermore, slow-growing cancers such as breast

and prostate cancer, have significantly lower thromboembolic tendencies.*>*8”

The histological subtype and tumor grade of cancers are also found to influence VTE
risk.185188189 |n the CCR, different subtypes of lung cancer affect the risk of VTE to different degrees,
with the risk of VTE being 2-fold higher for subjects with adenocarcinomas compared to squamous cell
lung cancer, with incidence rates of 9.9 and 4.4 per 100 person-years, respectively.'® Not surprisingly,
high grade tumors induce higher risk of VTE than low grade tumors. In an observational cohort study
of 747 cancer patients, the Vienna Cancer and Thrombosis Study (CATS), the risk of VTE was 2-fold
higher for high-grade tumors (grade 3 and 4) compared to low-grade tumors (grade 1 and 2), after

adjustment for sex, age, cancer type, cancer stage and histological type.*®

The incidence of VTE is clearly highest the first few months following a cancer diagnosis, and
time since cancer diagnosis is therefore established as a risk factor for VTE. Using the MEGA Study,
Blom and coworkers found that the risk of VTE was highest the first three months after a cancer
diagnosis (OR 53.3, 95% Cl 8.6-334.3).*® In the same study, the risk decreased to 14-fold (OR 14.3, 95%
Cl1 5.8-35.2) in the four to 12 months following the cancer diagnosis date, and a 2.4-fold increased risk
was found even up to 10 years after cancer diagnosis. In a recent report from the STAC cohort, VTE risk
was apparently highest in the 6 months after cancer diagnosis, but when mortality was taken into
account, the risk estimates were substantially lowered and became equally high in the period 6 months
before and 6 months after cancer diagnosis.'® This could indicate that the cancer itself, rather than
treatment-related factors (e.g. surgery, chemotherapy, and radiotherapy), or complications of cancer

(e.g. immobilization and infections) cause the increased VTE risk.

1.4.2. Treatment-related risk factors for venous thromboembolism in cancer

VTE is a frequent complication of surgery in both cancer and cancer-free subjects. The 30-day
cumulative risk of VTE after cancer surgery is found to be 1.6%.'°! White and colleagues found that
cancer patients undergoing major surgery had a 2- to 4-fold higher risk of VTE compared to cancer-
free patients after major surgery.’®? In a cohort study of surgical patients with cancer and benign
neoplasms, higher rates of VTE were found in cancer patients, despite the similar treatments. Further,
in a study by Gould and colleagues, the risk of cancer-related VTE was particularly high after surgery
of the abdomen and pelvis.'** Contrary, another study found no association between surgery and VTE

194

in cancer patients,”* and some studies have even found a protective effect of major surgery on VTE

risk in patients with breast, colon and ovarian cancer.'®1%1% The proposed protective effect of
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surgery might be explained by the selection of patients most eligible for surgery, such as cancer
patients with better performance status and less advanced cancers. Further, surgical removal of

tumors may increase survival, improve the disease burden and thus, reduce VTE risk in these patients.

Chemotherapy is associated with a 2- to 6-fold increased risk of VTE compared to the general
population, and several studies have convincingly demonstrated the association between
chemotherapy and VTE.*%1%* |n a case-control study of Olmsted County, the risk of VTE was 4.1 (OR 4.1,
95% Cl 1.9-8.5) for cancer patients not receiving chemotherapy, while the risk increased to 6.5-fold
(OR 6.5, 95% CI 2.1-20.2) when chemotherapy was used.*® In a recent systematic review and meta-
analysis, the pooled incidence of VTE was 7% during neoadjuvant chemotherapy.'®” The highest VTE
rates were found for patients with bladder and esophageal cancer. The incidence of VTE in cancer
patients receiving chemotherapy is increasing, from 3.9% per hospital admission in 1995, to 5.7% per
hospitalization in 2003.° Further, some chemotherapy agents are associated with higher rates of
VTE.®® Immunomodulatory drugs (e.g. thalidomide and lenalidomide) increase VTE risk, especially

when combined with dexamethasone or chemotherapy in treatment of multiple myeloma.!®

Conversely to chemotherapy, data on the epidemiology and clinical features of VTE during
radiotherapy are scarce. Radiotherapy may be initiated in early stages of cancer, when the risk of VTE
is high, or as a part of radical cancer treatments of localized tumor, in addition to or without
chemotherapy. Further, radiotherapy and chemotherapy are also used in palliative settings for pain
relief, to reduce tumor compression of surrounding tissue etc. In a prospective study using the CATS
data, 47% of cancer patients were treated with radiotherapy.’® In this study, radiotherapy yielded a
2.3-fold (95% Cl 1.2-4.4) increased VTE risk. Using the RIETE database, Guy and coworkers were the
first to use a large cohort study to investigate the association between radiotherapy and VTE.?*! They
found that 13% of cancer patients who had experienced a VTE event, received radiation therapy.
Cancer patients with VTE receiving radiotherapy in this cohort had a higher rate of cerebral bleeding,
PE recurrence and DVT recurrence during the course of anticoagulant treatment, compared with

cancer patients who had suffered a VTE but did not receive radiotherapy.

Central venous catheters (CVC) are vital components of cancer therapy in several cancer types
and those undergoing hemodialysis, parenteral feeding, and in administration of blood products,
hydration and different drugs. CVCs are associated with higher rates of DVT in the upper extremities,
and the incidence of CVC-related VTE in cancer patients varies from 0.3% to 28.3% in different
populations.?®? In a study on 400 cancer patients with a newly implanted port that were followed for
a median of 12 months not receiving thromboprophylaxis, 8.5% (95% Cl, 6.0 -11.7) had symptomatic
VTE.2® Other treatment-related factors such as blood transfusion and erythropoiesis-stimulating

agents are also found to increase VTE risk in cancer.20420
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1.4.3. Patient-related risk factors for venous thromboembolism in cancer

Acquired risk factors for venous thromboembolism in cancer

Several of the acquired risk factors for VTE in the general population apply to cancer patients.
However, while the effect of increasing age on VTE risk in the general population is clear, the impact
of high age in cancer patients is inconclusive. In a Danish population-based cohort of 57791 cancer
patients, the crude incidence rates of VTE increased with increasing age, but the adjusted relative risk
showed the opposite tendency with the VTE risk declining by increasing age.*® In an Italian prospective
observational study of cancer patients undergoing surgery, patients above the age of 60 had a 2.6-fold
higher risk of VTE compared to cancer patients under the age of 60 years.?’® Most studies have
however, found no association between age and VTE risk in cancer. In a large registry-based study of
40787000 hospitalized cancer patients, the incidence rates were essentially similar in cancer patients
aged 40-59 years and 60-79 years.’? In a study by Chew and colleagues based on the CCR, no
association was found between advancing age and overall cancer-related VTE. However, the effect of
high age differed among cancer sites, displaying a modest effect on VTE for patients suffering from
non-Hodgkin’s lymphoma, breast- and ovarian cancer.* Finally, age is not included in the Khorana risk
score for assessment of VTE risk in ambulatory cancer patients, as they have not found an association

between age and cancer-related VTE.?%’

A history of previous VTE is a risk factor for recurrent VTE in the general population.®®’! The
risk of VTE due to previous VTE is even stronger in cancer patients, and the recurrence rate is
significantly higher compared to subjects without cancer.?® In the Tromsg study, the cumulative
incidence of VTE recurrence in cancer patients was 2.7% (95% Cl 1.0-7.0) at 30 days, 8.2% (95% Cl 4.3-
15.7) at 6 months, 16.3% (95% Cl 9.9-25.9) at 12 months and 22.0% (95% Cl 16.2-41.0) at two years
following an incident VTE event. In a study by Prandoni and colleagues, the 12-month cumulative
incidence of VTE recurrence was 20.7% in cancer patients on anticoagulants, while as low as 6.8% in
cancer-free subjects receiving anticoagulant treatment.®® Active cancer is associated with a 2- to 9-fold
higher risk of VTE recurrence compared to cancer patients without VTE,®%2% and similar to cancer-

free subjects, the risk of recurrence in cancer is higher after a DVT event compared to PE events.?®

The presence of medical comorbid conditions may increase VTE risk in cancer, especially when
several comorbidities are present at the same time. In a study of hospitalized cancer patients, Khorana
and coworkers found an increased VTE risk by the presence of renal disease (OR 1.5), pulmonary
disease (OR 1.4), arterial thromboembolism (OR 1.5) and anemia (OR 1.4).%° Further, acute infection
has been proposed as an important risk factor for cancer-related VTE (OR 1.8),°° with a particularly

increased risk in neutropenic patients.>! Several studies have demonstrated that increasing number of
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comorbidities enhance VTE risk in cancer, 8618819519211 |jging the CCR study of 108255 patients with
breast cancer, three or more medical comorbidities present were found to be a predictor for VTE (HR

2.9, 95% Cl 2.4-3.5) when compared to patients with no comobidities.®

Obesity, defined as a BMI 235 kg/m?, is one of the variables in the Khorana risk model for
cancer-related VTE, displaying an OR of 2.5 (95% Cl 1.3-4.7).2%” Overweight and obesity are major risk
factors for a number of chronic diseases, and are considered a rising problem in both high- and low-
income countries. A meta-analysis reported a 2.3-fold increased risk of VTE in obese patients in the
general population.?’> However, the association between high BMI and VTE in cancer is less
established. Contradictory to the findings of Khorana et al., BMI 235 kg/m? was not associated with
cancer-related VTE in European populations included in the Vienna Cancer and Thrombosis Study
(CATS).%** Further, obesity was associated with increased VTE risk in some studies on ovarian

cancer,?*?1> while no association was seen in other studies on ovarian and prostate cancer.?1621

Immobilization is common in cancer patients as immobilization is related to surgery, cancer
treatment with chemotherapy or radiation, and end-stages of cancer. Although it is a strong predictor
for VTE in the general population, immobilization has been scarcely investigated in cancer.
Immobilization was present in 23% of cancer patients in the Tromsg Study and were found to be the
most frequent provoking factor for both cancer-related VTE and VTE in cancer-free subjects.?*® In a
prospective observational study by Agnelli and coworkers, immobilization after surgery, defined as
bedrest more than three days, displayed a 4.5-fold (95% Cl 2.5-7.8) increased VTE risk in cancer

patients.2%

Biomarkers for venous thromboembolism in cancer

The Food and Drug Administration (FDA) defines a biological marker, shortened biomarker, as
“a defined characteristic that is measured as an indicator of normal biological processes, pathogenic
processes or response to an exposure or intervention, including therapeutic interventions”.??
Molecular, histologic, radiographic, or physiologic characteristics are types of biomarkers.?'® A
biomarker is not an assessment of how an individual feels, functions or survives.?*®> A number of
subtypes of biomarkers have been identified according to their presumed applications. One single
biomarker may meet multiple criteria for different uses, and some definitions may overlap. Categories
of biomarkers include biomarkers of susceptibility/risk, diagnostic biomarkers, monitoring biomarkers,
prognostic biomarkers, predictive biomarkers, response biomarkers, and safety biomarkers.?®

Further, a biomarker that indicates the potential for developing a disease or medical condition in an

individual who does not currently have clinically apparent disease or the medical condition is classified
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as a susceptibility/risk biomarker.??® These biomarkers are fundamental for the conduct of
epidemiological studies about risk of disease.?? The most ideal biomarkers have high sensitivity and
specificity for the outcome of interest, is safe to measure and does not vary across comparable groups
(e.g. sex, ethnicity). In recent years, several biomarkers have been identified for VTE in cancer, of which

several different biomarkers have been included in prediction models for cancer-related VTE.

Studies have consistently demonstrated no association between white blood cell count??%222

and platelet count3922322% with the risk of VTE in the general population. However, both high levels of
white blood cells and platelets have been found to be associated with VTE risk in ambulatory cancer
patients.?”” The Awareness of Neutropenia in Chemotherapy (ANC) Study group registry includes
roughly 4000 cancer patients which are followed from prior to chemotherapy initiation, to a maximum
of four rounds of chemotheraphy.?”’ In this cohort, leukocytosis (>11 x 10°/L), thrombocytosis (=350 x
10°/L) and low hemoglobin levels (<10 g/dL) were identified as biomarkers for chemotherapy-
associated VTE, with a 2.2-fold, 1.8-fold and 2.4-fold increased risk of VTE, respectively. Similar findings
for leukocytosis were found for cancer patients in the RIETE registry, with a 60% increased risk of
recurrent VTE in cancer patients with leukocytosis at the VTE event.??® Further, pre-cancer diagnosis
platelet count and leukocyte values were associated with incident cancer-related VTE in the Tromsg
Study, whereas no association was found for cancer free subjects. In this study, leukocytosis (defined
as leukocytes >8.6 x 10°/L) was associated with a 2.4-fold increased VTE risk,??! and thrombocytosis
(defined as platelet count >295x 10%/L) with a 2-fold increased VTE risk.22® Moreover, in the Tromsg
Study, the combination of elevated platelet counts and leukocyte counts displayed a synergistic effect
with an age- and sex-adjusted three-fold (HR 3.0, 95% Cl 1.8-5.0) increased risk of VTE in cancer,
compared to cancer patients with low values of both platelets and leukocytes.??® These findings
suggest that platelets and leukocytes play a role in the pathogenesis of VTE in the presence of a
malignant environment.??® Both activated platelets and platelet-derived microparticles promote a

procoagulant membrane surface for thrombin activation,?’

which again enhances platelet-tumor
interaction and further tumor progression.??® Thus, elevated platelet counts may result in a larger
membrane surface facilitating an interaction between tumor cells and coagulation factors, and thereby

promoting coagulation activation.

Markers of hemostasis activation, especially D-dimer, have been found to be elevated in
cancer patients.??>22 D-dimer is a product of degradation of cross-linked fibrin, and positive measures
in blood indicate activation of both coagulation and fibrinolysis. Elevated levels of D-dimer are found

to be associated with increased risk of VTE in the general population,?33-23>

and today, D-dimer is used
in the clinical algorithm for VTE diagnostics.?® The sensitivity and negative predicting value are high,

i.e. it is unlikely that a VTE event is present if the D-dimer levels are below cutoff.?37:238 The specificity
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however, is low, as other conditions also can result in elevated D-dimer, such as infections, trauma,
cancer, and inflammation. In a cohort study of 108 lung cancer patients, Ferroni and colleagues found
that the risk of VTE was 11-fold increased for patients with lung cancer and elevated D-dimer (>1.5
ug/ml), compared to lung cancer patients with D-dimer levels below 1.5 pg/ml.%? In the prospective
CATS cohort of 821 cancer patients, elevated D-dimer levels (>75™ percentile) were associated with a

2.4-fold (95% Cl 1.4-4.0) increased risk of VTE in cancer.?®

P-selectin is a marker of activation of platelets and endothelial cells.?*®?*! |t is an adhesion
molecule stored in a-granules of platelets and Weibel-Palade bodies of endothelial cells that is
expressed on the cell surface when these cells are activated,?****! and mediates adhesion and
migration of leukocytes, platelets and cancer cells in inflammation, thrombosis and cancer growth and
metastasis.?*> Again, in the CATS Study, plasma P-selection levels above the 75 percentile was found
to be an independent risk factor for VTE with a HR of 2.6 (95% Cl 1.4-4.9) after adjustment for age, sex,

surgery, radiotherapy and chemotherapy.?®

Finally, other biomarkers suggested for VTE in cancer patients are tissue factor-positive
microparticles (TF+ MPs), factor VIIl and C-reactive protein.?**?*” Additionally, elevated levels (=358
pmol/L) of prothrombin fragments 1+2 (F1+2), i.e. products of prothrombin cleavage, have been found
to be associated with a 2.0-fold (95% Cl 1.2-3.6) increased risk of VTE in cancer, compared to cancer
patients with F1+2 levels below 358 pmol/L.2% In the same study, a combined effect was observed for
the presence of both elevated prothrombin fragments and D-dimer levels, indicating an even higher

risk of VTE when two biomarkers of a prothrombotic state are present.

Today, a few risk assessment scores that aim to stratify cancer patients by their VTE risk exist.
However, none of these risk models are recommended in current guidelines. Risk reduction for VTE is
mainly seen in high-risk patients compared to low-risk patients. Furthermore, the risk of bleeding on
anticoagulant treatment is high and the benefit-to-harm ratio should be taken into consideration.
Thus, the decision to provide anticoagulation for prevention of VTE in cancer should ideally be provided
by a valid risk stratification strategy based on the presence of risk factors and biomarkers for cancer-
related VTE.2* With a concrete and individual approach, only high-risk cancer patients of VTE would
receive thromboprophylaxis, avoiding the burden and risks of anticoagulants in low-risk cancer
patients. The Khorana Risk Score is the most recognized risk prediction score for VTE in cancer.?’ The
Khorana risk model was derived and validated in an independent cohort of 1365 patients receiving
chemotherapy in the observational Awareness of Neutropenia in Chemotherapy (ANC) Study Group
Registry.2” This score includes different clinical and laboratory parameters, with points given for
specific cancer sites (i.e. stomach, pancreatic, lung, lymphoma, gynecological, bladder and testicular

cancer), elevated platelet and leukocyte count, low hemoglobin or use of erythropoietin-stimulating
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agents (ESAs), and high BMI. The Khorana prediction score has been externally validated in the Vienna
CATS cohort and several other studies.?*2>! However, the reproducibility in some cancer patients and
populations has been questioned, and several variations of the prediction model has been proposed
to improve the Khorana risk score. Ay and coworkers found an improvement of accuracy to identify
high-risk patients when D-dimer levels and P-selectin were added to the Khorana risk prediction model
(the extended Vienna CATS Score).?>? However, P-selectin is not measured routinely in cancer patients,
which limits its clinical use. Verso and colleagues included type of chemotherapy to the Khorana risk
assessment score (the PROTECHT score), resulting in an improved ability to identify patients at high
VTE risk.2>° Further, Pelzer and coworkers replaced BMI with WHO performance status in the Khorona
score (the CONKO score) for patients with pancreatic cancer.?*! Comparison of risk prediction scores
has been made, and in a cohort study of 876 cancer patients the Vienna CATS and PROTECHT scores
appeared to discriminate better between low- and high-risk patients of VTE than the CONKO score and
the Khorana score.?® Even though today’s biomarkers and prediction models seem to be able to
differentiate between cancer patients at high and low risk of VTE, the risk assessment models are not

adequate to be used in clinical practice. There is still a need for research in this field.

Genetic risk factors for venous thromboembolism in cancer

The impact of genetic risk factors on cancer-related VTE is not well-established, as cancer
patients often are excluded from studies investigating the association between genotypes and VTE. As
discussed in the thrombosis potential model, inherited risk factors alone may only mildly increase VTE
risk, but in the presence of other provoking factors such as cancer, genetic variants may push the
patient’s thrombosis potential above threshold and thus, result in thrombus formation (Figure 5).
Prothrombotic genotypes are potential biomarkers for risk stratification of VTE in cancer, being of
particular interest as they are fixed, only need to be measures once, and are not influenced by

malignant disease, interventions or complications of cancer.

Factor V plays an important role in the coagulation cascade, functioning as a cofactor for
conversion of prothrombin to thrombin and promoting activation and degradation of factor VIII.25425
Factor V Leiden (FVL) is a gain-of-function missense mutation that results in APC resistance by
debilitated down-regulation of activated factor V by APC, and in an abnormal degradation of factor VIl
by APC.2552%8 A total of 3-7% of the European population are carriers of FVL, and the genetic variation
is very rare in Asian and African populations.?®> Several studies have reported no association between
FVL and VTE risk in different cancers such as gynecological,®® breast, %% pediatric,2®?

|260,263

gastrointestina and unselected cancers.?®*#2% The lack of associations in these studies may be
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explained by small population sizes (67-281 subjects) and the prevalence of the genetic variation.
However, later population-studies with larger study populations have found an increased VTE risk by
the presence of FVL. In a large case-control study using data from the Multiple Environmental and
Genetic Assessment (MEGA) Study, the VTE risk was 3-fold increased in subjects with FVL, 5-fold
increased in subjects with cancer, and notably, 12-fold (OR 12.1, 95% Cl 1.6-88.1) increased in subjects
with the presence of both FVL and cancer.*® Similar results were found in an Austrian cohort of nearly
1000 cancer patients, with a HR of 2.0 (95% ClI 1.0-4.0) for VTE risk in cancer patients with FVL
compared to cancer patients without FVL.2%® Further, in a case-cohort derived from the Tromsg Study,
FVL was associated with a 2-fold increased VTE risk in cancer and displayed a synergistic effect on VTE
risk when combined with cancer.?®” A meta-analysis of 10 studies showed that FVL was associated with

CVC-related VTE in cancer patients, with a pooled OR of 4.6 (95% Cl 2.6-8.1).%68

The prevalence of prothrombin G20210A mutation is found to be 0.7-4% in the general
population and varies from 0.6 to 2.6% in cancer patients.167-26426922 The genotype is a gain-of-function
mutation resulting in high plasma levels of factor Il (prothrombin).?”* Most studies have demonstrated
a positive association between G20210A and VTE with risk estimates alternating between 1.5 and
6.7,43263.274-276 \yhile some smaller studies have found no association.?®%264277 |n the MEGA Study, the
prothrombin genotype displayed an OR of 2.3 (95% Cl 1.6-3.3) for VTE risk in carriers of the risk allele
compared to non-carriers. In the same study, no analysis was done for cancer patients with the
prothrombin mutation, as there were zero control participants with the genotype in this group.
Further, the pooled OR for CVC-related VTE in cancer patients with G20210A was found to be 4.9 (95%
Cl 1.7-14.3) in a meta-analysis of seven studies.?® The F2 G20210A mutation is also associated with
slightly increased plasma levels of F11 leading to increased thrombin generation, which results in a

hypercoagulable state.’*

Non-O blood group is thought to be the most common genetic risk factor for VTE.®? Recent
studies have established that Al (about 90% of A blood) and B blood groups are associated with a 1.5
to 2-fold increased risk of VTE, while A2 (about 10% of A blood) and O blood groups have a protective
effect against VTE. 161177.278279 The ncreased risk of A1 and B blood groups is thought to be mediated
by elevated levels of VWF and FVIII, however, the association between these blood groups and VTE
remains even after adjustments for vWF and FVIII.2®3 Several SNPs, such as rs8176719, rs8176750,
rs505922 and rs817646, have been used to differentiate between O and non-O blood groups. Non-O
blood has in most studies been identified by the presence of these SNPs, and the rs8176719 has been
most widely studied with regards to VTE. Non-O blood group has been found to be an independent

280

risk factor for cancer-related VTE in pancreatic cancer,”® in children with acute lymphoblastic

leukemia®! and adults with malignant gliomas.?®? In the Tromsg Study, non-O blood was found to be

33



associated with a 30% increased risk of cancer-related VTE (HR 1.32, 95% Cl 0.95-1.83), compared to
cancer patients with O-blood group.?? In the same study, the combined effect of non-O blood group
and cancer on VTE risk was 12-fold (HR 12.29, 95% Cl 9.63-15.68) higher than in non-cancer subjects
with blood group 0.%% In a study of 219 patients with myeloproliferative disorders (essential
thrombocytosis, polycythemia vera and primary myelofibrosis), no association between the ABO SNP

rs8176719 and VTE risk was found.?®

Other SNPs have also been investigated in relation to VTE risk in cancer patients, however,
most of these studies were small and had limited statistical power.?® In a study of 78 cancer patients,
none of the nine genetic variations investigated (i.e. FVL, FV H1299R, FIl G20210A, MTHFR C677T,
MTHFR A1298C, PAI-1 4G/5G, B-fibrinogen—455 G> A, FXIII Val34Leu and Gpllla HPA-1a) were found
to be associated with VTE risk.?> Further, in 1079 tumor patients derived from the Vienna CATS Study,
the polymorphisms of fibrinogen (-455G>A) and FXllla (Val34Leu) were not found to be associated with
VTE risk.?® Finally, a study of 60 cancer patients found no association between three different genetic

variations of the FVII gene (-323ins10-bp, -401GT, and -402GA) and VTE risk.2®’

Genetic risk scores may have the potential to predict VTE risk in cancer. Preliminary data based
on 251 cancer patients undergoing chemotherapy treatment, showed that a GRS of 11 SNPs performed
better in detection of high risk patients of VTE, compared to the Khorana Risk Score (AUC 0.70 vs.
0.55).%8 Further, a Swedish population-based study of around 4000 women with breast cancer
investigated the risk of VTE based on the presence of nine established VTE loci, with the highest risk
found for subjects above 59 years in the top 5% of the polygenic risk score.?® As described in section
1.3 of this thesis, de Haan and coworkers created a GRS of 5 prothrombotic SNPs, which has been
evaluated in cancer-free populations.!®! Further, in recent years the 5-SNP score has also been tested
in combination with other conditions such as ischemic stroke, body height and family history of
myocardial infarction.?>%? However, the predictive capacity of the 5-SNP score has not been

evaluated in cancer.

During the last decades, major advances have been made in our understanding of genetic risk
factors in VTE development. However, the role of prothrombotic genotypes on VTE in cancer is scarcely
studied in larger studies, and several established prothrombotic genetic variants such as GP6
rs1613662 and FGG rs2066865 have never been investigated in cancer patients. Moreover, no previous
study have investigated any of the known prothrombotic SNPs or combination of SNPs in a GRS on VTE
risk in occult cancer. A deeper understanding of prothrombotic genotypes in cancer-related VTE might
improve risk prediction, thromboprophylaxis guidelines and thus, improve prognosis for these
patients. There is a need to adequately evaluate established and novel genetic risk factor for VTE in

cancer, and further, to develop and validate genetic risk assessment models for VTE in cancer patients.
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2. Aims of the thesis

The aims of the thesis were:

o Toinvestigate the association between GP6 rs1613662 and VTE risk in the general population
and stratified by cancer status to explore the combined effects of GP6 rs1613662 and active

cancer on the risk of VTE (Paper 1)

o Toinvestigate the joint effect of FGG rs2066865 and active cancer on the absolute and relative

risks of VTE in a population-based case-cohort (Paper Il)

o Toinvestigate the impact of increasing number of risk alleles in the 5-SNP score on the risk of

VTE in patients with and without cancer using a population-based case-cohort (Paper )

o To investigate the effect of five individual prothrombotic genotypes and a genetic risk score
(GRS) on VTE risk in occult cancer, using a large case-cohort recruited from the general

population (Paper V)
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3. Methods

3.1. Study populations

3.1.1. The Tromsg Study

The Tromsg Study is a single center prospective population-based study with repeated health
surveys of the inhabitants of Tromsg municipality, North Norway.?* Overall, seven surveys (Tromsg 1-
7) of the Tromsg Study have been conducted, ranging from 1974 to 2016. The study was first initiated
to investigate causes of the high cardiovascular mortality in northern Norway, and to develop methods
to prevent myocardial infarctions (Mls) and strokes. However, the study has evolved over four decades
and now provides information on a wide range of examinations and diseases.?®® Further, the study
offers several favorable features, such as a long-term follow-up, a longitudinal design, repeated

measurements, high attendance rates and a single center follow-up.

The fourth survey of the Tromsg Study (Tromsg 4), conducted in 1994-1995, was the Tromsg
survey used for this thesis. In Tromsg 4, all inhabitants aged 25 or older were invited, and 27158
individuals participated, yielding an attendance rate of 77%. All participants aged 55 to 74 years and a
random 5-10% sample in the other age groups were invited to a second, more extensive examination.
VTE registration started on January 1, 1994 and all incident and recurrent VTE events were registered
until December 31, 2012. Tromsg 4 was included in all four papers (I-VI) of this thesis. However, in
Paper | and lll, the Tromsg 4 survey was combined with the second survey of the Nord-Trgndelag
Health Study (HUNT 2).2%4 Finally, in Paper IV, Tromsg 4 was included as one of three cohort studies
merged into one large population-based study, the Scandinavian Thrombosis and Cancer (STAC)

cohort.?®>

3.1.2. The Nord-Trgndelag Health Study

The HUNT Study encompass health information and biologic material of the inhabitants of
Nord-Trgndelag County, Norway. The study was primarily designed to determine the prevalence of
diabetes, hypertension and undiagnosed tuberculosis, and to assess the quality of health care provided
to patients with these conditions. Data in the HUNT Study has been collected through the four
following population surveys: HUNT 1 (1984-1986), HUNT 2 (1995-1997), HUNT 3 (2006-2008) and
HUNT 4 (2017-2019). Overall, approximately 150 000 individuals have participated, and more than
100 000 subjects have provided blood samples. The main objective of the second survey of the HUNT
Study (HUNT 2) was public health issues such as cardiovascular disease and other chronic conditions

in accordance with national health priorities. In HUNT 2, all individuals aged 20 years and older living
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in Nord-Trgndelag were invited and 66 140 participated, giving an attendance rate of 71%.2%
Participants of HUNT 2 were followed from the inclusion in 1995-1997, until December 31, 2008. HUNT

2 was used for Paper | and lll, and were also included in the STAC cohort, used for Paper IV.

3.1.3. The Scandinavian Thrombosis and Cancer Cohort

In Paper IV, participants were included from the STAC cohort, which is a large population-based
cohort comprising of data from three Scandinavian cohorts: The Tromsg 4 Study, the HUNT 2 Study
and the Danish Diet, Cancer and Health (DCH) Study. The Tromsg 4 Study and HUNT 2 Study have
already been described in the sections above. The DCH Study was conducted in 1993-1997 and aimed
to assess the effect of diet and lifestyle factors on the development of cancer and several other chronic
diseases. All inhabitants aged 50 to 64 years and living in the urban areas of Copenhagen and Aarhus,
without a previous cancer diagnosis were invited to take part in the DCH Study. In total, 57 053
individuals participated, being 35% of those invited.?*® The STAC cohort was created to investigate the
epidemiology and risk factors for VTE in cancer. Study participants were followed from date of
inclusion (1993-1997) until end of follow-up (2007-2012) in the individual cohorts. Registration of VTE
events was done until December 31, 2007 in HUNT 2, April 30, 2008 in the DCH Study and December
31, 2012 in Tromsg 4. Cancer diagnoses were registered until December 31, 2008 in HUNT 2 and
December 31, 2012 in Tromsg 4 and the DCH Study. In total, 144 952 individuals aged 19 to 101 years,

without previous VTE or cancer were included in the STAC cohort.?®®

A case-cohort design was used for all the four papers in this thesis. This was done to limit the
costs and time required for genotyping in our studies. All incident VTE events during follow-up were
included as cases in the different studies, and a sub-cohort of age-weighted subjects randomly selected
from the original cohort(s) was sampled. The case-cohort design is further explained and discussed in

the section of methodological considerations.

3.2.Baseline measurements and prothrombotic genotypes

Baseline data at study inclusion in Tromsg 4, HUNT 2 or the STAC cohort, was obtained by
physical examination, non-fasting blood samples and self-administered questionnaires. Trained
personnel recorded blood pressure using an automatic device. Three measurements were performed
after two minutes at rest in Tromsg 4 and HUNT 2, and the average of the two last measurements were
chosen. In the DCH Study, blood pressure was measured twice after five minutes at rest, and the lowest

measurement was used. Body height and weight were measured in participants wearing light clothing
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and no shoes, and was used to estimate the body mass index (BMI, kg/m?) as body weight (kg) divided
by height squared (m?). Information on diabetes mellitus, smoking status, physical activity, education
level and history of cardiovascular disease (MI, angina or stroke) was obtained from standardized,

validated self-reported questionnaires.

For participants in Tromsg 4 and HUNT 2, DNA was isolated from whole blood and stored at
minus 70°C at the national CONOR (Cohort Norway) biobank, located in Levanger, Norway. All blood
samples drawn from participants in the DCH Study were processed and frozen within two hours at
minus 20°C, and at the end of the day of collection, all samples were stored in liquid nitrogen vapor
(max minus 150°C). The following SNPs were genotyped: rs1613662 in the glycoprotein 6 gene (GP6),
rs2066865 in the fibrinogen gamma gene (FGG), rs8176719 in ABO (non-0 blood type), rs6025 in F5
(FVL), rs1799963 in F2 (prothrombin G20210A), and rs2036914 in F11. In the Tromsg Study, rs1613662
(GP6), rs8176719 (ABO), rs6025 (F5), rs1799963 (F2) and rs2036914 (F11) were genotyped using the
Sequenom platform, and rs2066865 (FGG) by the TagMan platform, as previously described.?! The
HUNT Study performed genotyping using the lllumina HumanCore Exome array. In the DCH Study,
genotypes were determined using predesigned TagMan SNP genotyping array, as described

elsewhere.'”®

Participants were considered carriers of the prothrombotic risk gene when one or two risk
alleles were present. In Paper |, homozygosity for the major allele at GP6 rs1613662 was used as
reference group and risk according to carriership of the minor allele was investigated. In Paper Il, the
FGG SNP was genotyped and the presence of one or two risk alleles (minor alleles) was defined as
hetero- and homozygosity, respectively. For the last two papers, Paper lll and IV, ABO rs8176719 (non-
O blood type), F5 rs6025 (Factor V Leiden), F2 rs1799963 (prothrombin G20210A), FGG rs2066865 and
F11 rs2036914 were genotyped. The major allele of the different SNPs was used as reference group,
however, for the F11 SNP, the minor allele was used as reference as the minor allele of the F11 SNP
has been found to decrease VTE risk.'® For the ABO SNP, zero risk alleles were classified as O blood
type, and thus one or two risk alleles present were considered non-0O blood type. In Paper Ill and IV,
we did not differentiate between hetero- and homozygotes. A genetic risk score conceived by de Haan
and colleagues was created by summarizing the number of risk alleles from the five sequenced SNPs

in Paper lll and IV.8
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3.3. Cancer assessment

3.3.1. lIdentification and validation of cancer diagnoses

Incident cancer diagnoses during follow-up were identified by linkage to the Cancer Registry
of Norway (CRN) (Paper | to IV) and the Danish Cancer Registry (Paper 1V) by the use of participants’
individual unique national civil registration number, which is assigned to all residing in the Nordic
countries. The CRN and the Danish Cancer Registry are similarly organized, receiving information from
several medical sources such as general practitioners, hospital doctors, death certificates and
pathological laboratories. The registries are also linked to the Norwegian National Cause of death
Registry and the Danish Register of Cause of Death in the respective countries. Cancer registration and
reporting cancer cases has been mandatory by law since 1953 in Norway and 1987 in Denmark.%7:2%8
Reports have found both cancer registries complete and valid, reporting a completeness of 98.8% in
Norway and 95-98% in Denmark.2%”2°® The percentage of microscopically confirmed diagnoses in the
registries were 94% in Norway and 93% in Denmark, respectively.?®’?°® The two cancer registries
provide information regarding the cancer diagnosis date, cancer location (ICD10 codes C00-96 and
ICD7 codes 140-205), histological grade (ICO-3) and cancer stage (localized, regional, distant or
unknown). Subjects with non-melanoma skin cancers (ICD10 C44) and no other cancer diagnosis were

regarded as cancer-free, due to the non-metastatic potential of this disease.

3.3.2. Definition of occult cancer and active cancer

Temporal proximity to cancer is shown to be a strong predictor for VTE risk.2#358 Studies have
found an increased VTE risk already one year preceding the cancer diagnosis date, with a seven-fold
increased risk six months prior to the cancer diagnosis date.?*?>18> Further, previously undiagnosed
cancer is frequent in patients with unprovoked VTE, with a period prevalence of undiagnosed cancer
increasing from 6.1% at baseline to 10.0% from the time of VTE diagnosis to 12 months after.?® Hence,
we defined occult cancer (the presence of an undiagnosed cancer) as the 12 months prior to a cancer
diagnosis date. In Paper IV, we investigated the effect of individual and combination of prothrombotic
genotypes in a GRS on the risk of VTE in occult cancer, compared to subjects that were cancer-free.
Two sensitivity analyses were additionally performed to test the robustness of the occult cancer
variable, where the occult cancer period was defined as six months and two years preceding the cancer
diagnosis. VTE events occurring after the occult cancer period were censored from the analysis as the

main objective was to investigate VTE's related to occult cancer, and not overt cancer.
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In Paper |, Il and lll, we investigated different prothrombotic genotypes and a GRS on the risk
of VTE in active cancer. Several studies have found that nearly 50% of cancer-related VTE events occur
in a two and a half year period around the cancer diagnosis (i.e. from six months before cancer
diagnosis to two years after),2#3>8 gn observation that supports evidence suggesting that VTE risk is
closely related to the rate of cancer growth, rather than the extent of cancer.’®® We therefore chose
this timeframe to define the active cancer period. Thus, a VTE event was classified as related to active
cancer if it occurred within six months preceding a cancer diagnosis until two years following the cancer
diagnosis date. Patients who were still alive and VTE-free at the end of the active cancer period were
censored at this time, as information regarding cancer progression and remission was not available
and extending the active cancer period could result in dilution of the results by including VTE events

that were not related to cancer.

3.4. Assessment of venous thromboembolism

Only first lifetime, objectively confirmed symptomatic VTE events were included in the Tromsg
Study, the HUNT Study and the STAC cohort. Trained personal reviewed and validated the medical
records for each potential case of VTE in both in- and outpatients. A VTE event were classified as DVT
or PE, and if both conditions occurred concurrently the VTE were recorded as a PE. The VTE events
were further classified as provoked or unprovoked, depending on the presence of provoking factors at
the time of VTE diagnosis. The definitions of provoking factors were slightly different between the
three cohorts in the STAC cohort. However, in the STAC cohort, all three cohorts defined surgery,

trauma, active cancer, CVC’s and marked immobilization as provoking factors.

In Tromsg 4, all VTE events in the study period from January 1, 1994 until December 31, 2012
were identified by searching the hospital discharge diagnosis registry, the radiology procedure registry
and the autopsy registry at the University Hospital of North Norway (UNN).1*® UNN is the sole provider
for all VTE-related health care and diagnostic radiology procedures for VTE events in the area. The
discharge diagnosis codes of interest were the International Classification of Diseases, revision 9 (ICD-
9) codes 325, 415.1, 452, 453, 671.3, 671.4 and 671.9 for the period 1994 to 1998, and ICD-10 codes
126, 180, 181, 182, 167.6, 022.3, 022.5, 087.1 and 087.3 for the period 1999 to 2012.1%* A diagnosis of
VTE was verified and recorded when the presence of clinical symptoms of DVT of PE was combined
with objective confirmation by radiologic procedures (i.e. compression ultrasonography, venography,
pulmonary angiography, spiral CT, perfusion-ventilation scan, or autopsy), and resulted in a VTE
diagnosis and treatment initiation (i.e. LMWH, vitamin K antagonist or similar anticoagulant

medications, thrombolytic therapy, vascular surgery). For cases derived from the autopsy registry, a
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VTE was recorded only if the autopsy report indicated the VTE event as the cause of death or as a

significant contributing cause of death.

In HUNT 2, VTE events during follow-up from January 1, 1995 until December 31, 2007 were
identified by searching the hospital discharge registry and the radiology procedure registry at the two
local hospitals, Levanger Hospital and Namsos Hospital, and at the tertiary-care center of the region,
St Olav’s Hospital.2 The discharge diagnosis codes used were ICD-9 codes 415, 451, 452, 453, 325,
362.3, 433, 557.0, 634-638 (with decimals 6 and 7), 639.6, 639.8, 639.9, 671, 673, 674, and 997.2, and
ICD-10 codes 126, 180, 181, 182, 163.6, 167.6, K55, H34.8, 008, 022, 087, and 088.2 VTE events were
included if they presented as symptomatic and treatment requiring, and were confirmed by objective

diagnostic tests (i.e. ultrasonography, venography, CT scan or perfusion-ventilation scan).

In the DCH Study, VTE events were recorded from December 1, 1993 until April 30, 2008 using
the participants’ civil registration numbers and linkage to the Danish National Patient Registry and the
Danish National Death Registry. The discharge diagnosis codes of relevance were ICD-8 codes 450.99,
451.00, 451.08, 451.09, 451.99 and ICD-10: 126, 180.1-180.9.2° Trained personnel reviewed the medical
records for each potential VTE case including typical clinical symptoms, laboratory blood tests and
further diagnostic procedures. A verified VTE event required clinical symptoms of VTE and a
confirmatory diagnostic test (i.e. ultrasonography, echocardiography, venography, CT scan, perfusion-
ventilation scan or autopsy).?®® The Danish National Death Registry was used to identify VTE as a cause

of death, and only VTE events verified with an autopsy were included.

3.5. Statistical analyses

Statistical analyses for all four papers in the present thesis were performed using STATA
version 15.0 and 16.0 (Stata Corporation, College Station, TX, USA). Cancer was entered as a time-
varying covariate, and the data was split in relation to the date of cancer diagnosis. For Papers I-lll,
subjects who developed cancer contributed with person-time as unexposed (i.e. cancer-free) from
date of inclusion until six months prior to the cancer diagnosis, and thereafter contributed with person-
time as exposed (i.e. active cancer) until two years following the cancer diagnosis. In Paper IV, subjects
contributed with person-years as unexposed until one year prior to the cancer diagnosis date, and then
as exposed to occult cancer until diagnosed with cancer, and were thereafter censored from the
analyses. Cox proportional hazard regression models were used to estimate the hazard ratios (HRs)
with 95% confidence intervals (Cis) for incident VTE according to the presence of the different
prothrombotic genotypes or categories of genotypes in a genetic risk score and by cancer status. All

analyses were adjusted for age, sex and/or BMI.
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3.6. Calculation of biological interaction

Interaction refers to the situation where the effect of one exposure on a certain outcome is
different across strata of another exposure.3® Meaning that if interaction between two exposures is
present, these exposures are not independent in causing a certain outcome. Biological interaction can
be approached in several ways, e.g. by calculating the relative excess risk due to interaction (RERI) or
the proportion attributable to interaction (AP) or assessing the synergy index (SI) developed by KI.
Rothman.?®* RERI was calculated in Papers II-IV as HR11-HR10-HRo1+1, where HR1o was the hazard ratio
of one exposure (i.e. cancer) without the presence of the other exposure (i.e. prothrombotic
genotypes), Hox was the hazard ratio of the presence of prothrombotic genotypes only, and finally,
HR11 indicated the hazard ratio with both exposures present (cancer and prothrombotic genotypes).
RERI values below 0 indicate a negative interaction, whereas values above 0 indicate synergism. AP
was calculated as RERI/HR13, and can be interpreted as the proportion of cases in the combined groups
that is due to interaction between the two exposures (i.e. the amount of VTE events in subjects with
cancer and prothrombotic genotypes that occur due to the biological interaction between cancer and
these SNPs). AP values below 0 indicate negative interaction or less than additivity, whereas values
above 0 indicate a positive interaction. Sl indicates the excess risk from the presence of interaction,
relative to the risk from exposure when there is no interaction.*? Values of RERI and AP equal to 0 and

Sl equal to 1.0 indicate no interaction.3®
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4. Main results

4.1. Paper |

Genetic variation of platelet glycoprotein VI and the risk of venous thromboembolism

VTE is a frequent complication in patients with cancer. In recent years, several SNPs have been
found to influence VTE risk, however, these SNPs have been scarcely studied in cancer. Glycoprotein
VI (GP6) rs1613662, is a missense mutation affecting the glycoprotein VI (GPVI) receptor for collagen
and consequently affecting platelet adhesion and activation. The impact of GP6 rs1613662 on the risk
of VTE has only been investigated in case-control studies, and the combined effect of GP6 rs1613662
and cancer on VTE risk has not been previously investigated. Thus, we aimed to investigate the
association of GP6 rs1613662 on the risk of VTE in the general population and stratified by cancer
status, using a large case-cohort. Cases with incident VTE (n=1493) and a subcohort (n=13072) were
derived from the fourth survey of the Tromsg Study (Tromsg 4) and the second survey of the Nord-
Trgndelag Health Study (HUNT 2). Cox regression was used to calculate age-, sex- and body mass index-
adjusted hazard ratios for the association between GP6 variation and VTE by the presence of GP6
alleles and cancer status. During the study period, 1536 were diagnosed with cancer, of which 233
(15.2%) experienced a VTE. In cancer-free subjects, the risk of incident VTE decreased with the number
of minor alleles, and subjects homozygous for the minor GP6 allele (GG) had 34% decreased risk of
incident VTE (HR 0.66, 95% Cl 0.43-1.01) compared to subjects homozygous for the major allele (A
allele) at GP6. In contrast, cancer patients homozygous for the minor allele (GG) had an increased risk
of VTE, particularly PE (HR 1.96, 95% Cl 0.78-4.94), compared to cancer patients homozygous for the
major allele (AA). The association between homozygosity at the G-allele and VTE risk was moderately
attenuated after adjustment for cancer type and stage, as this genetic variant was associated with
prothrombotic cancers and advanced stages. In conclusion, the GP6 rs1613662 G-allele displayed a
protective effect on VTE risk in cancer-free subjects, while an increased risk of VTE was observed in
cancer patients homozygous for the G-allele. Our findings support a role of platelet reactivity in the

pathogenesis of VTE, which may differ according to cancer status.
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4.2. Paper |l

Fibrinogen gamma gene rs2066865 and risk of cancer-related venous thromboembolism

Homozygous carriers of the fibrinogen gamma gene (FGG) rs2066865 have a moderately
increased risk of VTE, but the effect of the FGG variant in cancer is unknown. We aimed to investigate
the effect of the FGG variant and active cancer on the risk of VTE. Cases with incident VTE (n=684) and
a randomly selected age-weighted subcohort (n=3931) were derived from a population-based cohort
(the Tromsg 4 Study). Active cancer was defined as six months prior to and two years following the
cancer diagnosis date, and thus, VTE events occurring in this timeframe were considered to be cancer-
related. Cox regression was used to estimate hazard ratios (HR) with 95% confidence intervals (Cl) for
VTE according to categories of cancer and FGG. During a mean follow-up of 12.6 years, 854 subjects
had active cancer, of whom 167 experienced an incident VTE. In subjects without cancer, homozygosity
at the FGG variant was associated with a 70% (HR 1.7, 95% Cl 1.2-2.3) increased risk of VTE compared
to non-carriers. Cancer patients homozygous for the FGG variant had a two-fold (HR 2.0, 95% CI 1.1-
3.6) higher risk of VTE than cancer patients without the FGG variant. Moreover, the six-month
cumulative incidence of VTE among cancer patients was 6.4% (95% Cl 3.5-11.6) in homozygous carriers
of FGG and 3.1% (95% Cl 2.3-4.7) in those without risk alleles. A synergistic effect was observed
between rs2066865 and active cancer on the risk of VTE (synergy index (SI) 1.81, 95% CI 1.02-3.21),
indicating a biological interaction between the FGG genotype and cancer. Estimation of the
attributable proportion (AP) due to interaction revealed that 43% (95% Cl 0.11-0.74) of the VTE events
in study participants with cancer and the FGG variant were due to the interaction between the two
exposures. In conclusion, homozygosity at the FGG variant and active cancer yielded a synergistic effect

on the risk of VTE.
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4.3. Paper Il

Combined effects of five prothrombotic genotypes and cancer on the risk of a first venous

thromboembolic event

The role of combined prothrombotic genotypes in cancer-related VTE is scarcely studied. We
aimed to investigate the impact of a 5-SNP score on the risk of VTE in patients with and without cancer
using a population-based case-cohort. Cases with a first VTE (n=1493) and a subcohort (n=13072) were
derived from the fourth survey of the Tromsg Study (1994-2012) and the second survey of the Nord-
Trgndelag Health Study (1995-2008). All participants were genotyped for the five SNPs in the genetic
risk score proposed by de Haan et al., including ABO (rs8176719), F5 (rs6025), F2 (rs1799963), FGG
(rs2066865), and F11 (rs2036914). Active cancer was defined as six months prior to and two years
following the cancer diagnosis date, and thus, VTE events occurring in this timeframe were considered
to be cancer-related. Cox regression were used to calculate hazard ratios (HRs) for VTE according to
cancer status, individual prothrombotic genotypes and the number of risk alleles in the 5-SNP score
(0-1, 2-3, and >4 alleles). During a median follow-up of 12.3 years, 1496 individuals were diagnosed
with cancer, of whom 232 experienced VTE. The VTE risk increased with the number of risk alleles in
the 5-SNP score among subjects without and with cancer. In cancer-free subjects, the HR was 2.17
(95% confidence interval [CI] 1.79-2.62) for >4 versus 0-1 risk alleles. In cancer patients, the
corresponding HR was 1.93 (95% Cl 1.28-2.91). The combination of cancer and >4 risk alleles yielded a
17-fold (HR 17.1, 95% Cl 12.523.4) higher risk of VTE compared with cancer-free subjects with 0-1 risk
alleles. This combined effect was higher than expected on the basis of the individual effects of cancer
and >4 risk alleles (RERI 6.72 95% Cl 1.17-12.26). The attributable proportion (AP) revealed that 39%
of the total VTE events in participants with cancer and 24 risk alleles were attributable to the
interaction between the two exposures (i.e. cancer and 24 risk alleles). In conclusion, the risk of VTE
increased with the number of prothrombotic risk alleles in subjects with and without cancer, and the
combination of prothrombotic risk alleles and cancer displayed a supra-additive effect on the risk of
VTE, indicating a biological interaction between the risk factors. Our findings suggest that the 5-SNP

score may be useful for identifying cancer patients at increased risk of VTE.
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4.4, Paper IV

Prothrombotic genotypes and risk of venous thromboembolism in occult cancer

Unprovoked VTE can be the first manifestation of an occult cancer, and around 5% of patients
with unprovoked VTE are diagnosed with cancer within one year of follow-up. Some SNPs are found
to have biological interaction with overt cancer, resulting in a synergistic effect on VTE risk. Whether
individual prothrombotic genotypes or number of risk alleles in a genetic risk score (GRS) affect VTE
risk in occult cancer have not been addressed. Thus, we aimed to investigate the individual and joint
effect of five prothrombotic genotypes and occult cancer on VTE risk in a general population. Occult
cancer was defined as one year preceding the cancer diagnosis date, and thus, VTE events occurring in
this period were defined as related to occult cancer. Cases with incident VTE (n=2141) and a subcohort
(n=14911) were sampled from the Scandinavian Thrombosis and Cancer Cohort (1993-2012). Five SNPs
previously reported in a GRS were genotyped: ABO (rs8176719), F5 (rs6025), F2 (rs1799963), FGG
(rs2066865) and F11 (rs2036914). Hazard ratios (HRs) for VTE by individual SNPs and GRS were
estimated according to non-cancer and occult cancer exposure using Cox regression. During a median
follow-up of 12.2 years, 1817 subjects developed occult cancer, and of these, 93 experienced a VTE.
The VTE risk was 4-fold higher (HR 4.05, 95% Cl 3.28-5.00) in subjects with occult cancer compared to
those without cancer. Subjects with an occult cancer and VTE had a higher proportion of prothrombotic
and advanced cancers compared to cancer patients without VTE. The VTE risk increased according to
individual prothrombotic genotypes and the GRS in cancer-free subjects, while no such effect was
observed in subjects with occult cancer (HR for 24 versus <1 risk alleles in the GRS: 1.14, 95% Cl 0.61-
2.11). In conclusion, five common prothrombotic genotypes, individual or combined, were not
associated with risk of VTE in occult cancer. Our findings suggest that prothrombotic mechanisms
related to rapidly advancing cancers at high-risk sites are prominent for VTE risk in occult cancer and

supersede the effect of prothrombotic genotypes.
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5. General discussion

5.1. Methodological considerations

5.1.1. Study design

The papers (I-IV) in this thesis are based on data from three large, prospective, population-
based cohort studies. Further, we used a case-cohort study design for all the four papers. Therefore,

both the cohort study design and case-cohort design will be discussed.

Cohort studies and case-control studies are the most commonly used observational study
designs in clinical medicine.3® Observational studies often aim to examine and quantify risk factors for
health-related outcomes and to identify preventable causes of a disease or medical condition. Contrary
to experimental studies (i.e. trials), the researchers or investigators in observational studies do not
intervene but rather observe and assess the strength of the relationship between an exposure and an
outcome.?® In cohort studies, information on exposure and various predefined characteristics are
obtained for all study participants at study enrollment, with subsequent follow-up until occurrence of
an outcome, or until migration, death or end of study period. Thereafter, the group of exposed subjects

and the group of non-exposed subjects are compared with respect to the outcome.

Cohort studies offer several advantages.3® The prospective study design makes it possible to
calculate incidence rates (IR), as a measure of the absolute risk of a disease, and relative risk estimates
of disease in exposed and unexposed individuals. Compared to other observational studies, the nature
of the cohort study design also allows several exposures and outcomes to be investigated
simultaneously. Furthermore, if the cohort study is based on a large sample size and a defined and
well-characterized population (representative sample), with a low degree of bias and confounding
(high internal validity), the results can be extrapolated beyond the source population to similar
populations (i.e. external validity). Additionally, as the information on exposure is collected prior to
the outcome in cohort studies, the criteria of temporality is met. The criteria regarding the temporal
sequence between an exposure and an outcome is one of the criteria needed to provide epidemiologic
evidence for causality.3°® Other criteria for determination of causality are for instance strength of the
association, a plausible mechanism between exposure and outcome, a biological gradient (dose-

response relationship), reversibility and consistency with other studies.3%

Results from one cohort study are not sufficient to establish causality. For this matter, a
randomized controlled trial (RCT) would be preferable. In RCTs, comparison groups are similar in all
characteristics except from the exposure or intervention, and thus considerably reducing confounding

and bias. However, even though RCTs are the most suitable study design to conclude on causality, RCTs
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require a lot of resources and are both time-consuming and expensive. Further, RCTs may rise ethical
concerns and may be impossible to perform. For example, it would be unethical and impossible to
inflict cancer on study participants for the purpose of investigating the association between cancer and
VTE. Therefore, a cohort study design would be a suitable approach to investigate cancer-related VTE.
Some limitations of the cohort study design require attention. Cohort studies and other observational
study designs are prone to bias and confounding, which can cause over- and/or underestimates or
even false assumptions if not taken into consideration. Moreover, the cohort design is poorly suited
to investigate rare outcomes with low incidence rates, since the design requires large populations and
a long-term follow-up for enough outcomes to occur and yield an adequate statistical power. However,

the outcome of interest in this thesis (VTE) occurs frequently in the general population.

A case-cohort design, a variation of the cohort study Entire cohort

design, was used for all the papers in this thesis. A case-

cohort design includes only the selected cases of an

Sub-coh
outcome (e.g. VTE) and a random age-weighted sample of ub-cohort
subjects, a sub-cohort, derived from the entire cohort study
VTE cases )
(Tromsp 4, HUNT 2 or the STAC cohort) independent of ;/thc%f;? in the

outcome status (Figure 8). The sub-cohort is meant to

reflect the occurrence of the exposure in the original cohort ~ figure 8. Case-cohort study design.

population.3%7:3% The case-cohort design is often used when large cohorts are needed to observe a
sufficient amount of cases, but it is not feasible to collect data on covariates for the whole cohort.
Prothrombotic genotypes were exposure variables in all the papers (I-1V), and genotyping had to be
done for all subjects included in the different studies. Genotyping is both time-consuming and costly.
Therefore, we chose the case-cohort design to limit the costs and time required for genotyping, as the
full covariate data (e.g. genotyping) in case-cohort designs is only required for cases and sub-cohort

members.

Similar to the cohort study design, the case-cohort study has the temporal sequence of
exposure and outcome, reducing the risk of recall bias or reverse causation. Further, the temporality
also limits reverse causation, a type of temporal bias where the outcome influences exposure status.
Like cohort studies, the incidence rates, absolute risks and relative risks can be calculated in case-
cohort studies. Every person in the original cohort, including the cases, has the same probability of
being selected to the sub-cohort regardless of how much person-time this participant has contributed
with or whether the person has experienced an outcome or not.3%® With appropriate sampling and
analyses, the risk estimates in the case-cohort are similar to those in the original cohort.3*” The case-

cohort study design also carries some limitations. The cases are often overrepresented in the case-
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cohort sample, which should be taken into consideration and accounted for. 37 In our studies, the sub-

cohort samples are large, thus limiting overrepresentation of cases.

5.1.2. Validity and generalizability

Validity refers to how accurately the results of a study represent the true findings and are free
from bias. The validity of a study can be separated into two domains, internal and external validity,
both essential in epidemiological research.3®® Internal validity is the extent to which an observed
association is true for the population studied, where bias and confounding are minimized and any
differences between the studied groups can be truly attributable to the exposure.?*®31° External
validity, often referred to as generalizability, is the extent to which the study results can be
generalized to populations outside the study population.3°%310 Further, external validity is reliant on
internal validity, however, the presence of external validity does not guarantee internal validity (i.e.
the study participants are representative for the study population, but there is a presence of
confounding or bias affecting the association between the exposure and the outcome).3!! Most
violations of internal validity are due to confounding, selection bias and/or information bias.>® Though
RCTs are designed for minimizing bias and confounding, ensuring high internal validity, the strict
inclusion criteria for participants in most RCTs limits the external validity of the trials.3!? In cohort
studies derived from general populations with well-defined inclusion and exclusion criteria, high

attendance rates and minimal loss to follow-up enhances the chance of high external validity.3!3

5.1.3. Bias and misclassification

In epidemiological research, errors in estimation can occur either random or systematic. The
random errors can be minimized by the increase in the sample size, but the systematic errors will
remain despite a large sample size. Bias is the term for systematic errors in the study design, analysis
or conduct of the study that results in incorrect estimates of the true association between an exposure
and an outcome.3® Bias can lead to either over- or underestimation of the risk estimates, depending
on the type of systematic error. Further, bias may influence both internal and external validity. There
are several types of biases and several classifications of bias with some overlap.?!* However, most

biases in epidemiology occur under the definition as either selection bias or information bias.3'%31

Selection bias refers to any systematic error in the recruitment and/or retention of study
participants, which occur when the exposure or outcome status of an individual influence the

probability of participating in the study.!”® Selection bias is mainly a problem in case-control studies,
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however, rarely lead to erroneous associations in prospective cohort studies as participants in cohort
studies are recruited prior to the outcome event.3!* Cohort studies are prone to non-response bias (or
self-selection/participation bias), a type of selection bias which is introduced when subjects who
volunteer to participate differ from those who do not. In cohort studies, the non-responders are often
less concerned about health, more often institutionalized elderly or patients suffering from different
medical conditions than the responders. Overall, participation in epidemiological studies have declined
over the past years, and attenders are more likely to have higher socioeconomic status and education,
be female and married.3!®> This is also seen in the latest surveys of the Tromsg Study, where the
attendance rate has decreased from approximately 83% in Tromsg 1-3 to 66% in Tromsg 6, and the

non-responders being younger, more often unmarried and men.?*

In the largest survey of the Tromsg Study, Tromsg 4 (Papers I-IV), all inhabitants aged 25 or
older were invited, and the attendance was 77%.2%3 The HUNT 2 survey (Papers |, lll and IV) had a
similarly high attendance rate of 71%, with participants aged above 19 years and living in Nord-
Trgndelag.?®* As the participation rates were high, selection bias was likely minimized. However, the
non-responders will always be an issue. In both Tromsg 4 and HUNT 2, some groups were less
represented than others. Participation rates were lower among those under the age of 40 years and
above 80 years, threatening the generalizability in the youngest and oldest populations.?®*2** Further,
men were less represented than women in both studies.?®® However, the age-specific IRs of cancer in
both men and women in Tromsg 4 and HUNT 2, were similar to those reported nationally in Norway,*'®
indicating that our study populations are representative for the inhabitants of Norway. In our studies,
the generalizability of the youngest would not be a large issue, as the incidence of VTE and cancer in
this age group is low. However, it could be a concern for the oldest populations as VTE and cancer
occur frequently in elderly, and an underrepresentation of this population would diminish the
generalizability of the results for these subjects. A study on non-responders of HUNT 2 revealed that
the main reason for not attending among the youngest was lack of time or having moved to another
country, and for the oldest the main reason were already having many health-related visits or medical
consultations and no need for further examinations.?** Around 10% did not attend the health survey

due to medical immobilization.?%.

For Paper IV, we also used data from the DCH Study. In the DCH Study, people from urban
areas of Copenhagen and Aarhus aged 50 to 64 years were invited to partake, and the attendance rate
was 35%.%% It is to be noted that age standardized IRs for cancer in Denmark and in the DCH Study
were comparable.?® The DCH Study had high proportions of participants with high education level and
high socioeconomic status.?® Cancer is thought to occur more frequent in individuals with lower

socioeconomic status, and an underrepresentation of participants with low socioeconomic status
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could result in a lower incidence of cancer. This could indicate that participants who develop cancer in
our study are more health-aware than cancer patients in general, being more aware of symptoms,
resulting in earlier cancer detection, earlier treatment and thereby lowering the risk of VTE. However,
some cancers develop with vague symptoms or with late developing symptoms, and so, symptoms are
presented first in advanced cancer stages and late detection despite increased health-awareness.
Nevertheless, as the age standardized incidence rates (SIR) of cancer in the DCH Study did not differ
from the general Danish population,?®® the low participation rate in subjects with lower socioeconomic
status should not have considerable impact on the validity in this cohort study. The equal SIRs of cancer
seen in study participants of the DCH Study and the general population of Denmark might be due to
the small differences between social classes in Scandinavian countries, compared to the rest of the

world.

The incidence of VTE ranges from 1 to 2 per 1000 person-years in other studies.>>?2 The IRs
of VTE per 1000 person-years in Tromsg 4 (IR 1.7, 95% Cl 1.6-1.9), HUNT 2 (IR 1.5, 95% Cl 1.4-1.6) and
the DCH Study (IR 1.2, 95% Cl 1.1-1.3)*" are approximately of the same size, and thus, our cohorts are
comparable to other Western populations. Additionally, the incidence of cancer in all the cohorts used
in this thesis seems to be similar to reports from the Norwegian Cancer Registry and Danish Cancer
Registry.2®316 All of these findings indicate that the study populations in our studies are representative
for the general Norwegian and Danish population. However, the majority of the study participants in
our cohorts are of Caucasian ethnicity, and consequently, generalizing our results to populations with

other ethnicities must be done with caution.

In this thesis, we used genotyping information for the following prothrombotic SNPs:
rs1613662 in GP6, rs2066865 in FGG, rs8176719 (non-O blood type) in ABO, rs6025 (FVL) in F5,
rs1799963 (prothrombin G20210A) in F2, and rs2036914 in F11. As there are large global variations in
the human genome, the distribution of prothrombotic genotypes may vary greatly.3!” Yet, the allele
frequency of the different SNPs investigated in our studies (Papers I-1V), is essentially similar to other
Western reference populations, indicating that our results on genetics and VTE risk could be

generalizable to both Scandinavian and other Western populations.?63

Differential losses to follow-up is another type of selection bias, that occurs when the
participants lost to follow-up (i.e. censored or dropped out) differ from those who remain in the

311 especially for cancer and

study.?”® This type of selection bias is always a concern in cohort studies,
VTE, where competing risk of death has been found to overestimate the associated risk for some
cancers.3!® |n survival analysis, death is handled as a censoring event the same way as for migration,
meaning that people who move or die do not contribute with person-time after this date because it is

unknown whether the outcome occurs in these subjects or not. An assumption of survival analysis is
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that participants who are not censored, have the same probability or risk of the outcome as those who
are censored (also called non-informative or independent censoring). In all of the four papers in this
thesis, subjects were censored for migration or death. Censoring for migration rise no concerns, as
there is no reason to believe that those who moved from either Tromsg, Nord-Trgndelag, Copenhagen
or Aarhus had a different risk of cancer or VTE than those who remained in the areas. However, death
naturally prevents future outcomes to occur, and when mortality differs between groups, death is
consequently considered a competing event. As cancer patients have higher mortality than people
who do not develop cancer, they also have a higher probability of being censored by death. Thus, the
censoring affects exposed (cancer patients) and non-exposed (cancer-free subjects) differently, and
further, could result in less person-time of cancer patients at risk and an overestimation of the risk of
cancer-related VTE. One way of dealing with competing risk of death is the statistical method
introduced by Fine and Gray where death is considered a competing event rather than a censoring
event.3'® This method presents the ‘true’ probability of an outcome to occur, regardless of competing
mortality, theoretically resulting in unbiased and meaningfully interpretable results.3®® Ay and
colleagues performed a study using the CATS cohort, comparing the performance of traditional
analysis (e.g. Kaplan-Meier and Cox regression) to competing risk of death analysis on the risk of VTE
in cancer patients.3!® They found that VTE risk was overestimated when using the traditional analysis
compared to competing risk of death regression in cancers with high early mortality (e.g. pancreatic,
gastric and lung cancer). However, minimal differences between the analyses were found for cancers
with lower mortality rates (e.g. lymphoma and breast cancer). This study conclude that competing risk
of death should be taken into account for biomarker studies with high mortality, RCTs with
interventions in groups with different mortality rates, non-randomized trials with differences in risk
factors for death between groups, and in prognostic studies (e.g. studies on risk prediction models)
that can have an impact on clinical decision making.3!® However, when investigating causality between
an exposure and an outcome (etiological research), the exposed and unexposed individuals alive and
actually at risk of an outcome to occur are compared. In these situations, the censored participants
contribute with exposed or unexposed person-time before the censoring event, and do not affect the
hazard ratio after being censored.3? In other words, in studies investigating etiological questions,
traditional analysis methods can be used. This is what we have done for all of the four papers included
in the present thesis, with subjects contributing with non-exposed person-time and exposed person-
time (when diagnosed with cancer). Further, we did Cox regression analysis stratified by cancer status,
with cancer patients carrying genetic risk factors being compared to cancer patients without risk
alleles, and cancer-free carriers compared to cancer-free non-carriers. The presence of the
prothrombotic SNPs is not known to be associated with mortality. Consequently, we would not expect

the risk of death to differ in cancer patients with and without the presence of the SNPs. In Paper |, we
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implemented the competing risk of death analysis. Not surprisingly, the hazard ratios (Cox regression)
and sub-distribution hazard ratios (competing risk regression) were nearly identical for cancer patients

with and without the presence of GP6 rs1613662.

In Paper VI, we investigated the association between prothrombotic genotypes and VTE in
occult cancer. In order to be registered with occult cancer, patients had to survive until their date of a
cancer diagnosis. Thus, subjects with occult cancer who died from either a VTE, a underlying cancer or
other causes before a cancer was diagnosed would be misclassified as cancer-free (immortal time bias).
Such misclassification could cause an underestimation of the VTE risk in occult cancer. However, the
five prothrombotic SNPs are not expected to increase the death-rate in the general population 322323,

and thus, we believe that such misclassification, if present, would have negligible impact on our results.

Information bias refers to an error in the methods used for data collection on the study
participants that leads to in inaccurate or erroneous information about the exposures or outcome.
Information bias may result in misclassification, which occurs when the study participants are placed
in the wrong exposure or outcome category. There are two types of misclassification: differential/non-
random and non-differential/random misclassification.3%® Differential misclassification occurs when
the misclassification is dependent on the exposure or outcome status, resulting in one of the groups
more often being misclassified than the comparison group, altering the degree of association between
an exposure and an outcome.'’® Differential misclassification can result in either overestimation or
underestimation of the true association. In the three cohorts used in this thesis, the study participants
were included prior to the exposure and outcome assessment, and thus, differential misclassification
is unlikely. Non-differential misclassification is a misclassification of the exposure that is independent
of the outcome, which results in equal probability of misclassification in cases and non-cases. Non-
differential misclassification tends to bias the association towards the null hypothesis, underestimating
the true association. Several variables used in our studies are self-reported through questionnaires
(e.g. smoking habits, physical activity, diabetes), which may introduce misclassification. However, the
main exposures (prothrombotic genotypes and cancer) and outcome variables (VTE) in the present
thesis are extracted from the patients’ medical records by trained personnel (VTE), derived from well-
validated national registries (cancer) or laboratory testing (genetics). Therefore, the degree of
misclassification should be limited. Even though information in medical records rely on reporting from
doctors, nurses and health care professionals, the main exposure and outcome variables in this thesis
are major clinical events less likely to be unreported and thereby misclassified. Further, several Cox
regression models in this thesis were adjusted for age, sex and BMI, which are variables not likely to
be wrongly reported. In addition, BMI was calculated from trained professionals measuring height and

body weight in participants wearing light clothing and no shoes.
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In Papers I-IV, we performed genotyping of different exposure variables of prothrombotic
SNPs. As for all laboratory testing, there is always some risk of technical errors during the process of
measuring and testing. To minimize misclassification, DNA testing were repeated if the cell rates were
low. Further, we excluded SNPs that were out of the Hardy-Weinberg Equilibrium for allele frequencies
or with allele frequencies inconsistent with those previously reported. If measurement errors did occur
in this process, it would be by chance and thus, defined as random errors and not systematic. The other
main exposure in our studies was cancer. Incident cancer diagnoses were identified by linkage to the
Cancer Registry of Norway (CRN) (Papers | to IV) and the Danish Cancer Registry (Paper 1V). Cancer
registration and reporting cancer cases is mandatory by law in Norway and Denmark,2*’?%® and reports
have found both cancer registries complete and valid, with a completeness of 98.8% and 95-98% in
Norway and Denmark, respectively.?®”2% Further, a cancer diagnosis is regarded as more accurate if it
is based on morphological verification, and the percentage of microscopically confirmed diagnoses in

the registries has been found to be 94% in Norway and 93% in Denmark.2972%8

In all the four papers in the present thesis, VTE was the main outcome variable of interest.
Misclassification of VTE cases as false-positives in our studies were largely avoided by the use of strict
validation criteria. The four criteria included radiological evidence, signs and symptoms of VTE that
resulted in a clinical diagnosis and treatment of DVT or PE. We therefore assume that there is a limited
amount of misclassification concerning the most important variables in our studies. Thus, information

bias would only have a minor influence on the risk estimates.

Medical surveillance bias refers to when a exposure variable leads to closer surveillance and
increased probability of detection of the outcome of interest.32* This is especially a potential problem
when the outcome is subclinical (i.e. symptoms develop over time or there are no symptoms at all)
and exposed people are more frequently examined. This type of bias often result in an overestimation
of the risk. As the risk of cancer increase the risk of VTE and vice versa, one of them occurring increases
the probability of the other to be detected. Cancer patients are frequently examined by health
personnel, and undergo frequent imaging, and thus, the close medical surveillance increases the
probability of VTE detection. For instance, patients with suspected PE are examined with CT, which
may also detect lung cancer. Further, guidelines recommend cancer screening in patients with
unprovoked VTE that could result in cancer detection, which may have overestimated the IR and HR
according to the exposure in our studies. Another consideration is the detection of asymptomatic VTE
cases when subjects for instance undergo imagining (e.g. CT of the thorax) due to an underlying cancer.
However, to avoid differential bias, the asymptomatic VTEs were not included as VTE cases in our
cohorts because this could have overestimated the VTE events in cancer patients compared to cancer-

free subjects, as cancer-free subjects would not have had the same medical surveillance and imaging.
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Thus, the thorough validation process and strict criteria of VTE events were important to avoid
wrongful classification of VTE events. There are however, some cases where it might be difficult to
differentiate symptoms of an underlying cancer and symptoms of VTE, for instance when they occur
from the same organ. An example of such a situation is when a person with lung cancer undergoes
imaging due to dyspnea. Dyspnea could be a symptom of both the lung cancer itself and a newly
developed PE, and thus, a PE may be detected as the patient are being examined and undergo imaging.
In these situations it might be difficult to define the causes of dyspnea (i.e. lung cancer or the PE event),

and the classification of the PE events as either asymptomatic or symptomatic.

5.1.4. Biological interaction

Biological interaction refers to when the combined effect of two or more variables on a given
outcome results in deviance from an additive effect.3?® Interaction on an additive scale means that the
combined effect of two exposures is larger (or smaller) than the sum of the individual effects of the
two exposures, whereas interaction on a multiplicative scale means that the combined effect is larger
(or smaller) than the product of the individual effects.3° Several epidemiologists have argued that
biological interaction should be assessed on an additive scale rather than a multiplicative scale.3®° A
departure or deviance from additivity implies that the number of cases attributable to the joint effect
of exposure variables is more or less than the sum of the number of cases that would be caused by
each exposure variable separately.3® In other words, the observed combined effect of the exposure
variables on an outcome differs from what is expected based on their independent effects.!”® Most
importantly, this would imply that in absence of bias, some subgroups would obtain a greater absolute

risk reduction from the intervention than others would.3?¢

We assessed the presence of synergism, a positive biological interaction, in subjects with
different prothrombotic genotypes and cancer on VTE risk in Papers IlI, Il and IV. Synergism was
assessed by calculating the relative excess risk due to interaction (RERI), the proportion attributable to
interaction (AP), and assessing the synergy index (Sl). These measures of interaction (i.e. RERI, AP and
Sl), were developed by K.J. Rothman to assess biological interaction for risk factors rather than
preventive factors, and the measures are designed for estimates pointing in the same direction.3® Risk
factors meaning that the relative risk of the factor with the outcome is larger than one (i.e. from one
to infinite), and preventive factors meaning that the relative risk of the factor with the outcome is
smaller than one (i.e. ranging from zero to one).3® These scales, which are 0-1 and 1-infinite, are not

suitable to be combined. In a study by Knol et al., they showed that calculating measures of interaction
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on an additive scale using preventive factors can give inconsistent results, and they suggested that

preventive factors should be recoded to risk factors before calculating RERI, AP and SI.3%

In Paper Il, we investigated a genetic variant of FGG and active cancer on the risk of VTE. In this
paper, both hetero- and homozygosity of the FGG SNP, as well as cancer, displayed an increased risk
of VTE and thus, we were able to calculate biological interaction. The risk of VTE due to the combined
effect of active cancer and the FGG SNP were 22.2-fold (HR 22.2, 95% Cl 12.9-38.1) increased when
compared to cancer-free subjects without the presence of the FGG SNP. The 22.2-fold increased risk
was much more than what would be expected from summarizing the individual effects of active cancer
(HR11.9, 95% Cl 9.3-15.2) and presence of the FGG SNP (HR 1.7, 95% Cl 1.2-2.3). In Paper |, we did not
aim to assess biological interaction. However, it would not be possible to do measures of biological
interaction for the GP6 SNP and cancer, as the risk estimates of the GP6 SNP rs1613662 pointed in
different directions for subjects with and without cancer. Further, the risk estimates also differed in
heterozygous (AG) and homozygous (GG) subjects of the GP6 SNP in cancer patients, being protective

of VTE by the presence of one G-allele, and increasing the VTE risk by the presence of two.

It is also to be noted that, RERI, AP and S| are all measurements based on the risk estimates
(i.e. hazard ratios) of the exposures. This indicates that if the hazard ratios calculated for the different
exposures have wide confidence intervals and lack of statistical power, it results in wide confidence
intervals also for the measurements of interaction. In Paper Il, the hazard ratios for VTE by the
presence of cancer and the presence of two risk alleles of the FGG SNP, were 11.9 (95%Cl 9.3-15.2)
and 1.7 (95% Cl 1.2-2.3), respectively. In the same paper, calculations of RERI had low statistical power
as the confidence intervals ranged from -2.4 to 21.6 (RERI 9.6). Even though there are some
uncertainties, the effect size and not the statistical significance level, should be the main focus.

However, it is to be noted the results must be interpreted with caution.

5.1.5. Confounding

Confounding represents a threat to the

. . . . Confounder
evaluation of causal relationships in cohort
studies.’” In epidemiology, confounding refers to
a situation where a non-causal association
between an exposure and an outcome is observed

. . Exposure Qutcome

as a result of the influence of a third, known or
unknown, variable (Figure 9).17® The confounding

Figure 9. The concept of confounding.
variable (i.e. a confounder) has to be associated
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with both the exposure and the outcome, to be unevenly distributed between the groups of interest
and cannot be an intermediate variable in the causal pathway from the exposure to the
outcome.®3%327 A variable that represents an intermediate step in the causal chain between the
exposure and the outcome should not be handled as a confounder but treated as an intermediate
factor (i.e. a mediator).3%%32” Confounding may strengthen, weaken or even change the direction of the
true association. In RCTs, the participants are randomly assigned to intervention groups, and all
potential confounders are thought to be evenly distributed among the comparison groups, not
affecting the risk estimates.3?” Unlike RCTs, cohort studies and other observational studies are not able
to randomize the exposure variables and are particularly vulnerable to residual confounding.
Accordingly, all associations observed in cohort studies must be assessed for possible confounders in

the statistical analysis. There are several strategies to deal with confounding in cohort studies.

Common strategies to minimize confounding in epidemiological studies include regression
techniques and stratification.3?®32° Regression techniques, adjustments for confounders, is the most
frequently used method to reduce confounding in cohort studies.3® In such regression models,
confounding variables are included as covariates in multivariable analysis.”® Further, regression
models use data to estimate how confounders are related to the outcome and are used to minimalize
the effect of confounders on the risk estimates.'’® Several types of regression exist, such as linear,
logistic-, and Cox regression. The main advantage of this approach compared to stratification, is that
data from all subjects are taken into account, and thus, the statistical power of the study is not
reduced.?® In Papers I-1V in the present thesis, the hazard ratios of the outcome (VTE) were adjusted
for age and sex in Cox regression models, and additionally, more complex multivariable models
including age, sex, BMI and other potential confounders were also used. In Paper |, we investigated
the effect of the genetic variation in glycoprotein VI (GP6 rs1613662) on the risk of VTE in subjects with
and without cancer. In cancer patients, the presence of advanced stages could potentially be a
confounder, as higher cancer stages are associated with increased VTE risk.’> In this study, the
percentage of distant metastasis were higher in subjects heterozygous for the G-allele at GP6
compared to those without G-alleles. Furthermore, carriers of the G-allele were found to be associated
with more prothrombotic cancers (i.e. lung, colorectal, hematological cancer and lymphomas).
However, including the variables ‘cancer type’ and ‘cancer stage’ (i.e. localized disease, regional spread
and distant metastasis) in a multivariable regression model the risk estimates were only moderately
attenuated, and accordingly, cancer type and cancer stage were not considered as confounders. Some
variables in cancer patients, such as chemotherapy and hospitalization, may also be intermediates in
the causal pathway. Adjusting for such mediators could result in an overestimation and also potentially

obscure the results.
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As mentioned, stratification is a second method to reduce confounding in cohort studies.’® In

stratified analyses, the study population is divided into strata, or sub-groups, of the confounder, and
the effect of the exposure is estimated in each separate sub-group. However, stratification is not
always practical if there are small numbers of outcome cases in the sub-groups, which could reduce
the statistical power. Another disadvantage of stratification is the possible additional confounding of
other variables that suddenly differ between the sub-groups by stratification. It is of importance to
specify that even though we used both regression techniques and stratification to minimize

confounding, unknown confounding factors may still be present and result in residual confounding.

Matching could be viewed as a type of stratification, where study participants are as equal as
possible between groups. A case-cohort design was used in the present thesis for all the four papers.
When creating the case-cohorts, the sub-cohorts were randomly sampled from the original cohorts
(i.e. Tromsg 4, HUNT 2 and the DCH Study). The sub-cohort members were matched to the VTE cases
by five-year age categories. This matching was done as the incidence of VTE differ in age groups, and
the average age of people with a VTE event is higher than the mean age of the populations in the

original cohorts.

Even though various methods for dealing with confounding factors were applied in our
analysis, residual confounding is always a concern. This type of confounding refers to a situation where
the effect of a confounder is not fully resolved due to incomplete handling of confounding.'’® Residual
confounding in cohort studies can occur when confounders are unknown, misclassified or
unmeasured, or when the stratification leads to imbalance of characteristics between sub-groups. Due
to the randomization of exposure/intervention in RCTs, they are the golden standard for minimizing
confounding and establishing a causal relationship. Unfortunately, residual confounding will always be

a challenge in observational studies.

5.1.6. Statistical power and precision

Statistical power can be defined as the probability of rejecting a false null hypothesis (Ho). A
null hypothesis implies that no difference or association exists on the outcome variable of interest
between the groups being compared.33® An alternative hypothesis (H.), the opposite of the null
hypothesis, typically implies that a difference in the population studied does exist between groups that
are compared on the outcome of interest.3* Epidemiological studies often seek to either reject or
confirm the null hypothesis (i.e. statistical hypothesis testing), based on the belief that the alternative

hypothesis might be true. A type | error (also known as false positive) is the incorrect rejection of a
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true null hypothesis, whereas type Il error (also known as false negative) is the non-rejection of a false

null hypothesis.

Statistical tests were developed in the early 1900s and became popular, especially in the field
of medicine, because they provided clear-cut conclusions about whether an association existed or
not.®! Since the 1980s, an opposition against the use of statistical tests and clear cutoff p-values has
been growing.33! Several papers have debated on the division of results as “significant” or “non-
significant” according to the commonly used threshold of P-values of 0.05.33! The P-value is a function
of the strength of the true association and the sample size.?! This leads to a potential problem both in
studies based on large sample sizes and studies based on small sample sizes. In an extremely large
sample size, even the smallest differences becomes significant. Further, in a small sample size, large
effects might not reach significant levels and thus, misleadingly, not be considered to be a true
association. For instance, an intervention which reduces VTE risk by 1% could provide statistically
significant results when tested in a large sample size. Contrary, an intervention that reduces the risk of
VTE by a total of 50% tested in a small sample size could display a non-significant p-value, and thus,
not be considered for clinical use. Thus, interpretation of the results in light of effect size and sample

size is essential.

In the four papers in the present thesis, we analyzed our data using Cox regression models.
The statistical power provided by Cox regression models depends on the number of events (i.e. VTE
events). In all papers, we investigated different prothrombotic genotypes and the risk of VTE, also in
relation to cancer status. For subgroups analysis, especially for rare genetic variations further
categorized by cancer status, the number of VTE cases were low. For instance, there were only 10 VTE
events in cancer patients homozygous for the GP6 SNP in Paper I. Thus, the analyses did not reach
statistical significance, and the confidence intervals ranged from 0.85 to 3.07. The low statistical power
is unfortunately seen in all papers, resulting in broad and overlapping confidence intervals. Our limited
statistical power increases the risk of type Il errors, a wrongfully rejection of the alternative hypothesis.
Let’s say that the finding of a 22.2-fold increased VTE risk by homozygosity of the FGG SNP and cancer
investigated in Paper Il, is in fact true. A low statistical power and a rejection of this finding could result
in the prothrombotic genotype not to be further investigated or included in future prediction models.
For small studies, confidence intervals can remind us that results are consistent with both the null

hypothesis and the alternative hypothesis, indicating that both hypotheses can reflect the actual truth.

In a paper by J. Sterne and G.D. Smith, the authors describe how results of medical research
should not be reported as “significant” or “non-significant” but should rather be interpreted in the
context of the type of study and other available evidence.?¥? In the paper “No P Please” by F.R.

Rosendaal and P.H. Reitsma, the authors encourage to show effect sizes with confidence intervals and
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limit the use of statistical hypothesis tests.33! Several publications support their point of view, that
presentation of statistical analysis should be done by presenting confidence intervals in addition to, or
in place of, P-values, moving away from a mechanistic accept-reject dichotomy.33? As stated in all the
articles in the present thesis, the results should be interpreted with caution due to the wide confidence
intervals. However, the low statistical power is a result of a low number of cases in subgroup analysis,
and we consider the risk estimates to be representative. We therefore chose to focus on the risk
estimates and the effect size and not only the significance levels as one should be seen and interpreted

in the light of the other.

5.2. Discussion of main results

5.2.1. Effect of prothrombotic genotypes on venous thromboembolism in overt cancer

Prior to the present thesis, family and twin studies indicated that heritability explains up to
60% of VTE events,'™ and in recent years, several genetic variations have been found to influence the
risk of VTE.?® The majority of the genetic studies have, however, excluded individuals with cancer and
thus, several of the known prothrombotic SNPs have never been investigated in cancer patients.
Further, studies investigating different SNPs on VTE risk in cancer, are often small, with case-control

designs and of selected populations, limiting the validity and generalizability of the results.

In Paper |, we reported that the risk of VTE decreased with the number of minor alleles at GP6
rs1613662 in the total case-cohort (i.e. including both subjects with and without cancer), with a 21%
decreased risk of incident of VTE in carriers of the minor allele (i.e. AG/GG) at GP6. In cancer-free
subjects, we found that homozygous carriers (GG) had a 34% decreased risk of incident VTE compared
to subjects homozygous for the major allele (AA) at GP6. These findings are similar to previous
observational case-control studies which have consistently demonstrated that carriers of the G-allele
at GP6 have a 20% decreased VTE risk and inversely, that A-allele carriers are at a 15% higher risk of
VTE than non-carriers. 7178 |n 2008, Bezemer and colleagues reported an OR of 1.15 (95% Cl 1.01-
1.30) for DVT risk for A-allele carriers of the GP6 SNP in the MEGA Study, including 1314 cases and
2877 controls.’2 In a report published in 2009, Tregouet et al. evaluated the effect of the GP6 SNP
(rs1613662) on VTE risk in the three following case-control studies: The Marseille Thrombosis
Association Study (MARTHA), the FARIVE Study, and a GWAS screening of 453 cases and 1327 controls
recruited from four different French centers.?’” The OR of VTE according to the presence of the A-allele
at the GP6 SNP in the three case-control studies ranged from 1.08 to 1.27.Y”7 Further, in a case-control

study using data from the Genetic Attributes and Thrombosis Epidemiology (GATE) Study, Austin et.al
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reported an OR of 1.04 for VTE by the presence of the A-allele at GP6 in 546 VTE cases and 663 controls

of white Americans.'’®

GP6 rs1613662 distinguishes isoforms of the GP6 gene, which encodes the platelet receptor
GPVI. GPVI is considered to play a crucial role in platelet adhesion and activation.33? Platelets carrying
the minor allele (G-allele/Pro219) at GP6 rs1613662 express fewer GPVI receptors,'’> which leads to
attenuated platelet adhesion and activation.'’® Experimental animal studies have shown that platelets
play a fundamental role in the formation of venous thrombi.3**33¢ Using the Tromsg Study, Braekkan
et al. have demonstrated that subjects with high MPV, a phenotype associated with increased platelet
reactivity,373%% had 30% and 50% increased risk for total- and unprovoked VTE, respectively.??* Further,
Tsai et al. have reported that subjects with high levels (the highest quartile) of von Willebrand factor
in plasma, a factor instrumental for adhesion of platelets to the vascular wall, have an almost 5-fold
higher risk of future VTE compared to subjects in the lowest quartile.??? In addition, randomized clinical
trials have shown that treatment with the platelet inhibitor aspirin is associated with 20-30% reduced
risk of recurrent VTE. 3*3%2 QOur findings that carriers of the G allele(s) at GP6 have lowered risk of

incident VTE provide further evidence that platelet function is involved in thrombus formation in VTE.

To the best of our knowledge, we were the first to investigate the effect of GP6 rs1613662 on
VTE risk in cancer. We found that among cancer patients, subjects heterozygous for the minor GP6
allele (AG) exhibited decreased VTE risk of similar magnitude to that found in subjects without cancer.
In contrast, cancer patients homozygous for the G-allele displayed an increased risk of VTE, when
compared to cancer patients homozygous for the A-allele (AA). We also reported that the G-allele was
associated with more prothrombotic cancers (i.e. lung, colorectal, hematological cancer and
lymphomas) and presented with more severe stages of cancer (i.e. distant metastasis), when
compared to subjects heterozygous or homozygous for the A-allele. The inverse effect may be
explained by a differential impact of the G-allele at GP6 rs1613662 on the cancer type, cancer stages
and mortality rates. However, variants at the GP6 rs1613662 may also have differential impact on
platelet reactivity under various conditions. When we adjusted for cancer types and stages, the risk
estimates were only moderately attenuated, indicating that the prothrombotic and metastatic cancers
cannot be the whole explanation for the opposite effects observed in hetero- and homozygous carriers

of the GP6 SNP.

Our findings support a role of platelet reactivity in the pathogenesis of VTE, which may differ
according to cancer status. Elevated platelet counts are frequently observed in cancer patients, have

been found to be associated with decreased survival, 131>

and have been shown to predict future risk
of cancer-related VTE events. 22%3*3 |n contrast, no association between platelet count and the VTE risk

has been observed in general populations. 139223224226 |n addition, mean platelet volume (MPV) has
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shown differential association with VTE risk in subjects without and with cancer. Whereas high MPV is

224 it is associated with a lower VTE

associated with an increased risk of VTE in the general population,
risk and improved survival in cancer patients.3** The mechanism(s) underlying the combined, but
apparent opposite effect of homozygosity at the G-allele of GP6 rs1613662 and cancer on VTE risk
remains elusive. Of note, we cannot rule out the possibility of a chance finding, as there are only 10

VTE cases in cancer patients homozygous for the G-allele at GP6.

Even though the role of prothrombotic genotypes in the pathogenesis of VTE in malignant
disease have been scarcely studied, previous studies have found that some prothrombotic genotypes
(e.g. factor V Leiden and prothrombin G20210A) are associated with increased risk of VTE in cancer
patients.?64266271 Eyrther, the combined effect of cancer and factor V variants (e.g. factor V Leiden
rs6025 and rs4524) has been found to exceed the sum of the individual effects of the genetic variants
and cancer, implicating a biological interaction on the risk of VTE.***7 Due to the findings of a
synergistic and supra-additive effect of prothrombotic genotypes and cancer, we were interested in

investigating the joint effect of other prothrombotic SNPs and cancer of the risk of VTE.

In paper Il, we reported that homozygosity of the risk allele (C-allele) at FGG rs2066865 was
associated with an increased risk of VTE. In 2005, Uitte de Willige et al. were the first to propose FGG
rs2066865 as a novel risk factor for VTE in the Leiden Thrombophilia Study.'®® In this study, they
demonstrated that the FGG polymorphism influences VTE risk merely in Caucasian populations, and
not in African-Americans.'® Further, the FGG SNP has not been found to influence VTE risk in Chinese
populations.®® Since 2005, several observational studies have reported an association between
homozygosity of the FGG SNP risk alleles and an increased risk of VTE in Caucasians.6816%34¢ |n 3 meta-
analysis of seven observational studies, the OR was 1.61 for VTE in subjects with two risk alleles at the
FGG SNP. In correspondence with these results, we reported that subjects without cancer had a HR

for VTE of 1.7, when compared to cancer-free subjects with zero risk alleles.

We also reported the combined effect of the FGG SNP and cancer on VTE. The combination of
homozygosity (CC) at rs2066865 and active cancer displayed a synergistic effect on VTE risk on an
additive scale, and the effect was particularly increased for the risk of PE. The finding might indicate
that the FGG variant plays a more important role in the pathogenesis of PE than DVT in the presence
of cancer. The underlying mechanism(s) for the latter observation is unknown, but may imply that
rs2066865 is associated with fragile thrombi, which are more prone to embolization and manifest

clinically as PE rather than DVT in cancer patients.

The mechanism by which the rs2066865 affects susceptibility to VTE is not fully elucidated.

However, the current hypothesis is that it acts through a phenotype with altered fibrinogen
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composition and formation. The FGG rs2066865 is thought to tag the FGG-H2 haplotype, meaning that
the prothrombotic SNP is inherited along with other specific genotypes. Carriers of the FGG-H2
haplotype are found to have lower levels of y’ fibrinogen and y’ fibrinogen/total fibrinogen,®® without
altering the total fibrinogen level.3*” Fibrinogen y’ inhibits thrombin activity and thus, lower levels of y’
fibrinogen results in less inhibition of thrombin-mediated activation of FVIII, FV and platelets.3*¥3! |n

addition, fibrinogen y’ has been found to increase the sensitivity for activated protein C (APC),**? and

thus, presence of FGG SNP resulting in lower levels of y’ fibrinogen, results in a reduced APC sensitivity.

Similarly to the findings of Gran et al. in a case-cohort of the Tromsg Study, where the two
SNPs of F5 (FVL and rs4524) had a strong impact on cancer-related VTE directly surrounding the cancer
diagnosis date,?®” we found that the cumulative incidence of VTE was substantially increased the first
six months following the cancer diagnosis in subjects homozygous for the FGG SNP. These findings are
in accordance with the thrombosis potential model (Figure 5), where several risk factors need to be
present for a VTE event to occur. Alone, inherited risk factors may only mildly increase VTE risk,
however, in the presence of cancer, the thrombosis potential is further increased and may results in a
VTE event. In the time period following a cancer diagnosis, the patients often undergo treatment, such
as surgery, radiation and/or chemotherapy, and treatment-related complications (e.g. acute infections
and immobilization) occur frequently. The occurrence of these additional risk factors might explain
some of the substantial increase in VTE incidence the first months following the cancer diagnosis date.
However, studies have shown a substantially increased risk of VTE already six months prior to the
cancer diagnosis, which cannot be explained by treatment-related risk factors.'® The increased VTE
risk prior to cancer diagnosis might be a result of an interplay between prothrombotic genotypes and

the prothrombotic state of the cancer itself.

In Paper lll, we investigated the risk of VTE in patients with overt cancer by the presence of
prothrombotic genotypes, both as individual SNPs and as categories of the 5-SNP score (0-1, 2-3, and
>4 risk alleles).’! Further, we investigated whether the combination of cancer and prothrombotic
genotypes displayed a biological interaction (i.e. synergistic effect) on VTE risk. For each prothrombotic
genotype, ABO (rs8176719), F5 (rs6025), F2 (rs1799963), FGG (rs2066865), and F11 (rs2036914), the
VTE risk increased in subjects with and without cancer. The risk of VTE was particularly increased for
the genotypes in F5, FGG and ABO, where we reported a more than additive effect in combination with
cancer. These findings were in accordance with previously published studies on prothrombotic
genotypes and risk of cancer-related VTE. Factor V Leiden,*?%” ABO rs505922 and rs8176746,° ABO
rs8176719,%% prothrombin G20210A,25274276 and FGG rs2066865°>* have all been found to increase
the risk of VTE in cancer patients. Genotypes of F5 (FVL and rs4525) and FGG have previously been

found to exert a more than additive effect on VTE risk when combined with cancer.?7:353 Accordingly,
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we found a positive RERI for the genotypes of ABO, FVL and FGG, indicating a biological interaction

between these SNPs and cancer on VTE risk.

The 5-SNP score by de Haan and colleagues has been found to be associated with VTE risk in
the general population,*® and in subjects with ischemic stroke.?®® When we applied the 5-SNP score in
Paper lll, we found a dose-response relationship between the number of risk alleles and VTE risk in
subjects with and without cancer. Further, the combined effect of cancer and the high-risk category of
the GRS (24 risk alleles) yielded a more than additive effect on VTE risk, with a HR of 17 compared to
those without cancer in the low-risk category (0-1 risk alleles). Measures of biological interaction
revealed that 39% of the VTE events occurring among cancer patients with >4 risk alleles could be
attributed to the interaction between the risk factors (i.e. cancer and SNPs). Our findings suggest that
the GRS of the five prothrombotic SNPs could be a useful tool for identifying cancer patients at high
risk of VTE. However, the predictive performance of the GRS in cancer patients remains to be

determined.

Further, the finding of a more than additive effect on VTE risk when combining cancer and the
SNPs, could indicate that the prothrombotic genotypes act through pathophysiological pathways that
further increases the procoagulant state of malignancy. The five prothrombotic SNPs are all related to
functions of the coagulation system and enhance its performance. Malignant tumors release cell-free
DNA, tissue factor and growth factors that promote the release of neutrophil extracellular traps (NETs)
from neutrophils.!'? These are main triggers of the intrinsic and extrinsic pathways of the coagulation
system that in combination with prothrombotic genotypes will facilitate downstream coagulation
activation with subsequent increased risk of thrombus formation. Moreover, acquired resistance to
activated protein C is common in cancer patients, and may contribute to further increase the risk in

patients with FVL.2>

5.2.2. Effect of prothrombotic genotypes on venous thromboembolism in occult cancer

Studies have shown that the risk of VTE is increased already one year prior to a cancer
diagnosis. 2#*% This finding might be explained by the prothrombotic state of the occult cancer alone,
or the combination of occult cancer and other patient-related predisposing factors for VTE. It is not
known to what extent individual prothrombotic genotypes and/or a GRS of five prothrombotic

genotypes affect the risk of VTE in occult cancer as no study prior to ours have investigated this topic.

In Paper IV, we reported the risk of VTE by the presence of ABO rs8176719 (non-0 blood type),
F5 rs6025 (Factor V Leiden), F2 rs1799963 (prothrombin G20210A), FGG rs2066865 and F11

rs2036914, both as individual SNPs and number of risk alleles in a GRS in subjects with and without
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181183 we confirmed that the risk

cancer using the STAC cohort. Similar to Paper Ill and previous studies,
of VTE increased by the individual SNPs and the number of risk alleles in the GRS in subjects without
cancer.’! In contrast, the prothrombotic SNPs were not associated with the risk of VTE in subjects with
occult cancer, and accordingly, the combination of occult cancer and individual risk alleles or number
of risk alleles in the GRS, did not display any biological interaction or synergism on the risk of VTE. The

risk estimates were similar in sensitivity analyses where we altered the occult cancer period to six

months and two years before the cancer diagnosis.

Previous studies have shown that VTE patients with occult cancer are more often diagnosed
with prothrombotic cancers such as pancreatic, lung, gastrointestinal and hematological

can CerS,24’29’35’79’91'354

and more advanced stages (higher degree of regional and distant metastasis) at
the time of cancer diagnosis.?*#°>3>> Accordingly, we reported that subjects who developed VTE during
the occult cancer period had a higher proportion of regional and distant metastasis, as well as a higher
proportion of cancers at high-risk sites, when compared with those who did not develop VTE during
the occult cancer period. The mechanisms for VTE in cancer are multifactorial and involve overlapping

pathways related to the cancer itself and patient-related factors.?*®

Our findings might indicate that the prothrombotic mechanisms related to VTE in occult cancer
(i.e. aggressive and prothrombotic cancers) supersede the effect of the prothrombotic genotypes.
Upregulation of tissue factor, which is found to be involved in cancer-progression, has been reported
in advanced cancer stages,'® as well as in high-risk sites for VTE.3*¢37 |n addition to TF expression,
inflammatory responses with increased levels of circulating proinflammatory cytokines,°1% jnhibition
of fibrinolytic activity through expression of plasminogen activator inhibitor-1 (PAI-1),%! and
formation of NETs from neutrophils,''? may substantially contribute to a prothrombotic state in rapidly
developing, aggressive, occult cancers. Thus, the combination of several prothrombotic pathways
induced by an advancing occult cancer, is likely sufficient to push an individual's thrombotic potential
above the threshold for thrombus development, regardless of the presence of inherent prothrombotic

risk factors.
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6. Conclusions

o The G-allele at GP6 rs1613662 displayed a protective effect on VTE risk in cancer-free subjects,
while an increased risk of VTE was observed in cancer patients homozygous for the G-allele.
Our findings support a role of platelet reactivity in the pathogenesis of VTE, which may differ

according to cancer status.

o Homozygosity at FGG rs2066865 was associated with an increased risk of VTE in both subjects
with and without cancer. The combination of homozygosity for the rs2066865 genotype and
active cancer displayed a synergistic effect on VTE risk on an additive scale, particularly on the
risk of PE. Our findings may suggest that FGG is an attractive gene biomarker to pursue in

future research on prediction models for VTE risk in cancer patients.

o For each of the five prothrombotic genotypes, ABO (rs8176719), F5 (rs6025), F2 (rs1799963),
FGG (rs2066865), and F11 (rs2036914), the VTE risk increased in both cancer-free subjects and
cancer patients. When the 5-SNP score was applied, we found a dose-response relationship
between number of risk alleles and VTE risk in subjects with and without cancer. Further, the
combined effect of cancer and the high-risk category of the GRS (24 risk alleles) yielded a
supra-additive effect of VTE risk, indicating a biological interaction between the risk factors.
These findings may suggest that the 5-SNP score may be useful for identifying cancer patients

at increased risk of VTE.

o Five well-established prothrombotic genotypes (ABO (rs8176719), F5 (rs6025), F2 (rs1799963),
FGG (rs2066865), and F11 (rs2036914)), alone or in combination, were not associated with the
risk of VTE in subjects with occult cancer. Subjects with VTE in the occult cancer period had a
higher frequency of prothrombotic cancer types and more advanced cancers at the time of
cancer diagnosis. These findings might indicate that the potency of prothrombotic
mechanisms related to rapidly advancing cancers at high-risk sites in occult cancer supersede

the effect of prothrombotic genotypes on VTE risk.
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7. Future perspectives

Malignancy is one of the most important risk factors for VTE.> Cancer patients who develop
VTE have shortened life expectancy compared to cancer patients without VTE.2%2 Further, the clinical
consequences such as recurrent VTE, post-thrombotic syndrome and bleeding complications are
typically more common and more severe in cancer patients suffering a VTE event compared to cancer-
free VTE patients.®* VTE is a potentially preventable disease by the use of anticoagulant treatment,
however, current guidelines do not recommend routine thromboprophylaxis to all cancer patients due
to the high risk of bleeding and uncertain benefit-to-harm ratio in these patients.?’3 The severe
complications and potentially fatal outcome of VTE in cancer stresses the need and importance of
identifying high-risk subjects, to determine who would benefit from targeted prevention. In our
studies, we found that the combination of established genetic risk factors, individual or combined in a
GRS, and cancer displayed a supra-additive effect on the risk of VTE. This implies that genetic variations
might be genetic biomarkers to pursue in future research on prediction models for VTE in cancer
patients. As some biomarkers, such as platelet count3%207,223.224226 5nq VPY224344 hehave differently
as risk markers of VTE in cancer and non-cancer, future studies should search for novel and specific

genetic variants associated with cancer-related VTE.

Several risk prediction models for VTE risk in cancer have been proposed, such as the Khorana
score,?”” the Vienna CATS score,?®? the PROTECHT score,?*® and the CONKO score.?** However, these
risk scores focus mainly on clinical risk factors and modifiable biomarkers, and currently, they are not
recommended in international guidelines due to their inadequate ability to discriminate between
subjects of high and low VTE-risk and their unsatisfying performances in validation studies. As
prothrombotic genotypes are fixed, not influenced by disease, interventions or complications, they are
attractive candidates as biomarkers for VTE in cancer. New prediction models combining acquired and

genetic risk factors for VTE may improve risk stratification.

In 2018, the TiC-Onco risk score was proposed for cancer patients of VTE risk, being the only
score including prothrombotic genotypes combined with clinical factors.3*® The GRS of the TiC-Onco
score is based on rs2232698, rs6025, rs5985 and rs4524, and the clinical factors included were high
BMI (>25kg/m?), family history of VTE and primary tumor site.3*® A recent study including 71 VTE
events, showed that the TiC-Onco risk score performed significantly better at identifying high-risk
patients of VTE than the Khorana risk score (AUC 0.73 vs 0.58, sensitivity 49 vs 22%, specificity 81 vs
82%, PPV 37 vs 22% and NPV 88 vs 82%).3°® Future studies should investigate if the genetic risk factors
found to display a synergistic effect on VTE risk in combination with cancer, could improve the

discriminatory ability of already established prediction models of VTE in cancer patients.

67



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Heit JA. Venous thromboembolism: disease burden, outcomes and risk factors. J Thromb
Haemost. 2005;3(8):1611-1617.

Naess IA, Christiansen SC, Romundstad P, Cannegieter SC, Rosendaal FR, Hammerstrom J.
Incidence and mortality of venous thrombosis: a population-based study. J Thromb Haemost.
2007;5(4):692-699.

Cushman M, Tsai AW, White RH, et al. Deep vein thrombosis and pulmonary embolism in two
cohorts: The longitudinal investigation of thromboembolism etiology. American Journal of
Medicine. 2004;117(1):19-25.

Silverstein MD, Heit JA, Mohr DN, Petterson TM, O'Fallon WM, Melton LJ, 3rd. Trends in the
incidence of deep vein thrombosis and pulmonary embolism: a 25-year population-based
study. Arch Intern Med. 1998;158(6):585-593.

Heit JA, Ashrani A, Crusan DJ, McBane RD, Petterson TM, Bailey KR. Reasons for the persistent
incidence of venous thromboembolism. Thromb Haemost. 2017;117(2):390-400.

White RH, Zhou H, Murin S, Harvey D. Effect of ethnicity and gender on the incidence of venous
thromboembolism in a diverse population in California in 1996. Thromb Haemost.
2005;93(2):298-305.

Tait C, Baglin T, Watson H, et al. Guidelines on the investigation and management of venous
thrombosis at unusual sites. Br J Haematol. 2012;159(1):28-38.

Ageno W, Agnelli G, Imberti D, et al. Factors associated with the timing of diagnosis of venous
thromboembolism: results from the MASTER registry. Thromb Res. 2008;121(6):751-756.

Van Gent JM, Zander AL, Olson EJ, et al. Pulmonary embolism without deep venous
thrombosis: De novo or missed deep venous thrombosis? J Trauma Acute Care Surg.
2014;76(5):1270-1274.

van Langevelde K, Sramek A, Vincken PW, van Rooden JK, Rosendaal FR, Cannegieter SC.
Finding the origin of pulmonary emboli with a total-body magnetic resonance direct thrombus
imaging technique. Haematologica. 2013;98(2):309-315.

Enga KF, Rye-Holmboe |, Hald EM, et al. Atrial fibrillation and future risk of venous
thromboembolism:the Tromso study. J Thromb Haemost. 2015;13(1):10-16.

Goldhaber Sz, Visani L, De Rosa M. Acute pulmonary embolism: clinical outcomes in the
International  Cooperative  Pulmonary  Embolism  Registry  (ICOPER).  Lancet.
1999;353(9162):1386-1389.

Trousseau A. Clt. Lectures on clinical medicine: Delivered at the Hotel-Dieu, Paris. The New
Syndenham Society. 1872.

Bouillaud S. De I'Obliteration des veines et de son influence sur la formation des hydropisies
partielles: consideration sur la hydropisies passive et general. Arch Gen Med. 1823;1:188-204.
Timp JF, Braekkan SK, Versteeg HH, Cannegieter SC. Epidemiology of cancer-associated venous
thrombosis. Blood. 2013;122(10):1712-1723.

Varki A. Trousseau's syndrome: multiple definitions and multiple mechanisms. Blood.
2007;110(6):1723-1729.

Buller HR, van Doormaal FF, van Sluis GL, Kamphuisen PW. Cancer and thrombosis: from
molecular mechanisms to clinical presentations. J Thromb Haemost. 2007;5 Suppl 1:246-254.

Baron JA, Gridley G, Weiderpass E, Nyren O, Linet M. Venous thromboembolism and cancer.
Lancet. 1998;351(9109):1077-1080.

Agnelli G, Verso M. Thrombosis and cancer: clinical relevance of a dangerous liaison.
Haematologica. 2005;90(2):154-156.

Sorensen HT, Mellemkjaer L, Olsen JH, Baron JA. Prognosis of cancers associated with venous
thromboembolism. N Engl J Med. 2000;343(25):1846-1850.

Khorana AA. Venous thromboembolism and prognosis in cancer. Thromb Res.
2010;125(6):490-493.

68



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Khorana AA, Francis CW, Culakova E, Kuderer NM, Lyman GH. Thromboembolism is a leading
cause of death in cancer patients receiving outpatient chemotherapy. J Thromb Haemost.
2007;5(3):632-634.

Sorensen HT, Mellemkjaer L, Steffensen FH, Olsen JH, Nielsen GL. The risk of a diagnosis of
cancer after primary deep venous thrombosis or pulmonary embolism. N Engl J Med.
1998;338(17):1169-1173.

White RH, Chew HK, Zhou H, et al. Incidence of venous thromboembolism in the year before
the diagnosis of cancer in 528,693 adults. Arch Intern Med. 2005;165(15):1782-1787.

Carrier M, Le Gal G, Wells PS, Fergusson D, Ramsay T, Rodger MA. Systematic review: the
Trousseau syndrome revisited: should we screen extensively for cancer in patients with venous
thromboembolism? Ann Intern Med. 2008;149(5):323-333.

Murchison JT, Wylie L, Stockton DL. Excess risk of cancer in patients with primary venous
thromboembolism: a national, population-based cohort study. BrJ Cancer. 2004;91(1):92-95.
Sorensen HT, Svaerke C, Farkas DK, et al. Superficial and deep venous thrombosis, pulmonary
embolism and subsequent risk of cancer. Eur J Cancer. 2012;48(4):586-593.

lodice S, Gandini S, Lohr M, Lowenfels AB, Maisonneuve P. Venous thromboembolic events
and organ-specific occult cancers: a review and meta-analysis. J Thromb Haemost.
2008;6(5):781-788.

Sanden P, Svensson PJ, Sjalander A. Venous thromboembolism and cancer risk. J Thromb
Thrombolysis. 2017;43(1):68-73.

Prandoni P, Bernardi E, Dalla Valle F, et al. Extensive Computed Tomography versus Limited
Screening for Detection of Occult Cancer in Unprovoked Venous Thromboembolism: A
Multicenter, Controlled, Randomized Clinical Trial. Seminars in Thrombosis and Hemostasis.
2016;42(8):884-890.

van Es N, Le Gal G, Otten HM, et al. Screening for cancer in patients with unprovoked venous
thromboembolism: protocol for a systematic review and individual patient data meta-analysis.
BMJ Open. 2017;7(6):e015562.

Delluc A, Antic D, Lecumberri R, Ay C, Meyer G, Carrier M. Occult cancer screening in patients
with venous thromboembolism: guidance from the SSC of the ISTH. J Thromb Haemost.
2017;15(10):2076-2079.

Carrier M, Lazo-Langner A, Shivakumar S, et al. Screening for Occult Cancer in Unprovoked
Venous Thromboembolism. N Engl J Med. 2015;373(8):697-704.

Robin P, Carrier M. Revisiting occult cancer screening in patients with unprovoked venous
thromboembolism. Thromb Res. 2018;164 Suppl 1:57-S11.

Walker AJ, Card TR, West J, Crooks C, Grainge MJ. Incidence of venous thromboembolism in
patients with cancer - a cohort study using linked United Kingdom databases. Eur J Cancer.
2013;49(6):1404-1413.

Morange PE, Suchon P, Tregouet DA. Genetics of Venous Thrombosis: update in 2015. Thromb
Haemost. 2015;114(5):910-919.

Kahn SR, Lim W, Dunn AS, et al. Prevention of VTE in nonsurgical patients: Antithrombotic
Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians Evidence-
Based Clinical Practice Guidelines. Chest. 2012;141(2 Suppl):e195S-e226S.

Lyman GH, Khorana AA, Falanga A, et al. American Society of Clinical Oncology guideline:
recommendations for venous thromboembolism prophylaxis and treatment in patients with
cancer. J Clin Oncol. 2007;25(34):5490-5505.

Di Nisio M, Porreca E, Candeloro M, De Tursi M, Russi |, Rutjes AW. Primary prophylaxis for
venous thromboembolism in ambulatory cancer patients receiving chemotherapy. Cochrane
Database Syst Rev. 2016;12:CD008500.

Heit JA, Silverstein MD, Mohr DN, Petterson TM, O'Fallon WM, Melton LJ, 3rd. Risk factors for
deep vein thrombosis and pulmonary embolism: a population-based case-control study. Arch
Intern Med. 2000;160(6):809-815.

69



41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Monreal M, Trujillo-Santos J. Lessons from VTE registries: the RIETE experience. Best Pract Res
Clin Haematol. 2009;22(1):25-33.

Spencer FA, Lessard D, Emery C, Reed G, Goldberg RJ. Venous thromboembolism in the
outpatient setting. Arch Intern Med. 2007;167(14):1471-1475.

Blom JW, Doggen CJ, Osanto S, Rosendaal FR. Malignancies, prothrombotic mutations, and the
risk of venous thrombosis. JAMA. 2005;293(6):715-722.

Cronin-Fenton DP, Sondergaard F, Pedersen LA, et al. Hospitalisation for venous
thromboembolism in cancer patients and the general population: a population-based cohort
study in Denmark, 1997-2006. Br J Cancer. 2010;103(7):947-953.

Chew HK, Wun T, Harvey D, Zhou H, White RH. Incidence of venous thromboembolism and its
effect on survival among patients with common cancers. Arch Intern Med. 2006;166(4):458-
464.

Khorana AA, Dalal M, Lin J, Connolly GC. Incidence and predictors of venous thromboembolism
(VTE) among ambulatory high-risk cancer patients undergoing chemotherapy in the United
States. Cancer. 2013;119(3):648-655.

Sallah S, Wan JY, Nguyen NP. Venous thrombosis in patients with solid tumors: determination
of frequency and characteristics. Thromb Haemost. 2002;87(4):575-579.

Horsted F, West J, Grainge MJ. Risk of venous thromboembolism in patients with cancer: a
systematic review and meta-analysis. PLoS Med. 2012;9(7):e1001275.

Keenan CR, White RH. The effects of race/ethnicity and sex on the risk of venous
thromboembolism. Curr Opin Pulm Med. 2007;13(5):377-383.

Khorana AA, Francis CW, Culakova E, Kuderer NM, Lyman GH. Frequency, risk factors, and
trends for venous thromboembolism among hospitalized cancer patients. Cancer.
2007;110(10):2339-2346.

Stein PD, Beemath A, Meyers FA, Skaf E, Sanchez J, Olson RE. Incidence of venous
thromboembolism in patients hospitalized with cancer. American Journal of Medicine.
2006;119(1):60-68.

van Es N, Bleker SM, Di Nisio M. Cancer-associated unsuspected pulmonary embolism. Thromb
Res. 2014;133 Suppl 2:5172-178.

Di Nisio M, Ferrante N, De Tursi M, et al. Incidental venous thromboembolism in ambulatory
cancer patients receiving chemotherapy. Thromb Haemost. 2010;104(5):1049-1054.

den Exter PL, Jimenez D, Kroft LJ, Huisman MV. Outcome of incidentally diagnosed pulmonary
embolism in patients with malignancy. Curr Opin Pulm Med. 2012;18(5):399-405.

Donadini MP, Dentali F, Squizzato A, Guasti L, Ageno W. Unsuspected pulmonary embolism in
cancer patients: a narrative review with pooled data. Intern Emerg Med. 2014;9(4):375-384.
Kearon C, Akl EA, Comerota AJ, et al. Antithrombotic therapy for VTE disease: Antithrombotic
Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians Evidence-
Based Clinical Practice Guidelines. Chest. 2012;141(2 Suppl):e4195-494S.

Lyman GH, Khorana AA, Kuderer NM, et al. Venous thromboembolism prophylaxis and
treatment in patients with cancer: American Society of Clinical Oncology clinical practice
guideline update. J Clin Oncol. 2013;31(17):2189-2204.

Bura A, Cailleux N, Bienvenu B, et al. Incidence and prognosis of cancer associated with
bilateral venous thrombosis: a prospective study of 103 patients. J Thromb Haemost.
2004;2(3):441-444.

Rance A, Emmerich J, Guedj C, Fiessinger JN. Occult cancer in patients with bilateral deep-vein
thrombosis. Lancet. 1997;350(9089):1448-1449.

Seinturier C, Bosson JL, Colonna M, Imbert B, Carpentier PH. Site and clinical outcome of deep
vein thrombosis of the lower limbs: an epidemiological study. J Thromb Haemost.
2005;3(7):1362-1367.

Imberti D, Agnelli G, Ageno W, et al. Clinical characteristics and management of cancer-
associated acute venous thromboembolism: findings from the MASTER Registry.
Haematologica. 2008;93(2):273-278.

70



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Flinterman LE, Van Der Meer FJ, Rosendaal FR, Doggen CJ. Current perspective of venous
thrombosis in the upper extremity. J Thromb Haemost. 2008;6(8):1262-1266.

Martinelli |, De Stefano V. Rare thromboses of cerebral, splanchnic and upper-extremity veins.
A narrative review. Thromb Haemost. 2010;103(6):1136-1144.

Gussoni G, Frasson S, La Regina M, Di Micco P, Monreal M, Investigators R. Three-month
mortality rate and clinical predictors in patients with venous thromboembolism and cancer.
Findings from the RIETE registry. Thromb Res. 2013;131(1):24-30.

Monreal M, Falga C, Valdes M, et al. Fatal pulmonary embolism and fatal bleeding in cancer
patients with venous thromboembolism: findings from the RIETE registry. J Thromb Haemost.
2006;4(9):1950-1956.

Prandoni P, Lensing AW, Piccioli A, et al. Recurrent venous thromboembolism and bleeding
complications during anticoagulant treatment in patients with cancer and venous thrombosis.
Blood. 2002;100(10):3484-3488.

Farge D, Frere C, Connors JM, et al. 2019 international clinical practice guidelines for the
treatment and prophylaxis of venous thromboembolism in patients with cancer. Lancet Oncol.
2019;20(10):e566-e581.

Heit JA, Mohr DN, Silverstein MD, Petterson TM, O'Fallon WM, Melton LJ, 3rd. Predictors of
recurrence after deep vein thrombosis and pulmonary embolism: a population-based cohort
study. Arch Intern Med. 2000;160(6):761-768.

Ginsberg JS. Management of venous thromboembolism. N Engl J Med. 1996;335(24):1816-
1828.

Hutten BA, Prins MH, Gent M, Ginsberg J, Tijssen JG, Buller HR. Incidence of recurrent
thromboembolic and bleeding complications among patients with venous thromboembolism
in relation to both malignancy and achieved international normalized ratio: a retrospective
analysis. J Clin Oncol. 2000;18(17):3078-3083.

Arshad N, Bjori E, Hindberg K, Isaksen T, Hansen JB, Braekkan SK. Recurrence and mortality
after first venous thromboembolism in a large population-based cohort. J/ Thromb Haemost.
2017;15(2):295-303.

Chee CE, Ashrani AA, Marks RS, et al. Predictors of venous thromboembolism recurrence and
bleeding among active cancer patients: a population-based cohort study. Blood.
2014;123(25):3972-3978.

Khorana AA, Francis CW, Culakova E, Fisher RI, Kuderer NM, Lyman GH. Thromboembolism in
hospitalized neutropenic cancer patients. Journal of Clinical Oncology. 2006;24(3):484-490.
Elting LS, Escalante CP, Cooksley C, et al. Outcomes and cost of deep venous thrombosis among
patients with cancer. Arch Intern Med. 2004;164(15):1653-1661.

Dobesh PP. Economic burden of venous thromboembolism in hospitalized patients.
Pharmacotherapy. 2009;29(8):943-953.

Khan F, Rahman A, Carrier M. Occult cancer detection in venous thromboembolism: the past,
the present, and the future. Res Pract Thromb Haemost. 2017;1(1):9-13.

van Doormaal FF, Terpstra W, van der Griend R, et al. Is extensive screening for cancer in
idiopathic venous thromboembolism warranted? Journal of Thrombosis and Haemostasis.
2011;9(1):79-84.

Van Doormaal FF, Terpstra W, Van Der Griend R, et al. Is extensive screening for cancer in
idiopathic venous thromboembolism warranted? Journal of Thrombosis and Haemostasis.
2011;9(1):79-84.

Marks MA, Engels EA. Venous Thromboembolism and Cancer Risk among Elderly Adults in the
United States. Cancer Epidemiol Biomarkers Prev. 2014,

Prandoni P, Lensing AW, Buller HR, et al. Deep-vein thrombosis and the incidence of
subsequent symptomatic cancer. N Engl J Med. 1992;327(16):1128-1133.

Jensvoll H, Severinsen MT, Hammerstrom J, et al. Risk of subsequent cancer after a venous
thromboembolism - the Scandinavian Thrombosis and Cancer (STAC) Study. Journal of
Thrombosis and Haemostasis. 2015;13:546-546.

71



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Galanaud JP, Arnoult AC, Sevestre MA, et al. Impact of anatomical location of lower limb
venous thrombus on the risk of subsequent cancer. Thromb Haemost. 2014;112(5).
Trujillo-Santos J, Prandoni P, Rivron-Guillot K, et al. Clinical outcome in patients with venous
thromboembolism and hidden cancer: findings from the RIETE Registry. J Thromb Haemost.
2008;6(2):251-255.

Ihaddadene R, Corsi DJ, Lazo-Langner A, et al. Risk factors predictive of occult cancer detection
in patients with unprovoked venous thromboembolism. Blood. 2016;127(16):2035-2037.
Rege KP, Jones S, Day J, Hoggarth CE. In proven deep vein thrombosis, a low positive D-Dimer
score is a strong negative predictor for associated malignancy. Thromb Haemost.
2004;91(6):1219-1222.

Beckers MMJ, Schutgens REG, Prins MH, Biesma DH. Who is at risk for occult cancer after
venous thromboembolism? Journal of Thrombosis and Haemostasis. 2006;4(12):2731-2733.
Gran OV, Braekkan SK, Paulsen B, Skille H, Hansen JB. D-dimer measured at first venous
thromboembolism is associated with future risk of cancer. Haematologica. 2016.

Robin P, Le Roux PY, Planquette B, et al. Limited screening with versus without (18)F-
fluorodeoxyglucose PET/CT for occult malignancy in unprovoked venous thromboembolism:
an open-label randomised controlled trial. Lancet Oncol. 2016;17(2):193-199.

Jara-Palomares L, Otero R, Jimenez D, et al. Development of a Risk Prediction Score for Occult
Cancer in Patients With VTE. Chest. 2017;151(3):564-571.

Mulder Fl, Carrier M, van Doormaal F, et al. Risk scores for occult cancer in patients with
unprovoked venous thromboembolism: Results from an individual patient data meta-analysis.
J Thromb Haemost. 2020.

Gran OV, Braekkan SK, Paulsen B, Skille H, Rosendaal FR, Hansen JB. Occult cancer-related first
venous thromboembolism is associated with an increased risk of recurrent venous
thromboembolism. J Thromb Haemost. 2017;15(7):1361-1367.

Esmon CT. Basic mechanisms and pathogenesis of venous thrombosis. Blood reviews.
2009;23(5):225-229.

Mackman N. Triggers, targets and treatments for thrombosis. Nature. 2008;451(7181):914-
918.

Mackman N. New insights into the mechanisms of venous thrombosis. J Clin Invest.
2012;122(7):2331-2336.

Mackman N. Role of tissue factor in hemostasis, thrombosis, and vascular development.
Arterioscler Thromb Vasc Biol. 2004;24(6):1015-1022.

Mackman N, Tilley RE, Key NS. Role of the extrinsic pathway of blood coagulation in hemostasis
and thrombosis. Arterioscler Thromb Vasc Biol. 2007;27(8):1687-1693.

Bovill EG, van der Vliet A. Venous valvular stasis-associated hypoxia and thrombosis: what is
the link? Annu Rev Physiol. 2011;73:527-545.

Liu GC, Ferris EJ, Reifsteck JR, Baker ME. Effect of anatomic variations on deep venous
thrombosis of the lower extremity. AJR Am J Roentgenol. 1986;146(4):845-848.

Moore KL, Andreoli SP, Esmon NL, Esmon CT, Bang NU. Endotoxin enhances tissue factor and
suppresses thrombomodulin expression of human vascular endothelium in vitro. J Clin Invest.
1987;79(1):124-130.

Chan MY, Andreotti F, Becker RC. Hypercoagulable states in cardiovascular disease.
Circulation. 2008;118(22):2286-2297.

Noble S, Pasi J. Epidemiology and pathophysiology of cancer-associated thrombosis. Br J
Cancer. 2010;102 Suppl 1:S2-9.

Hoffman R, Haim N, Brenner B. Cancer and thrombosis revisited. Blood reviews. 2001;15(2):61-
67.

Oleksowicz L, Bhagwati N, DeLeon-Fernandez M. Deficient activity of von Willebrand's factor-
cleaving protease in patients with disseminated malignancies. Cancer Res. 1999;59(9):2244-
2250.

72



104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

Kakkar AK, DeRuvo N, Chinswangwatanakul V, Tebbutt S, Williamson RC. Extrinsic-pathway
activation in cancer with high factor Vlla and tissue factor. Lancet. 1995;346(8981):1004-1005.
Rickles FR, Brenner B. Tissue factor and cancer. Semin Thromb Hemost. 2008;34(2):143-145.
Seruga B, Zhang H, Bernstein LJ, Tannock IF. Cytokines and their relationship to the symptoms
and outcome of cancer. Nat Rev Cancer. 2008;8(11):887-899.

Szotowski B, Antoniak S, Poller W, Schultheiss HP, Rauch U. Procoagulant soluble tissue factor
is released from endothelial cells in response to inflammatory cytokines. Circ Res.
2005;96(12):1233-1239.

Bernardo A, Ball C, Nolasco L, Moake JF, Dong JF. Effects of inflammatory cytokines on the
release and cleavage of the endothelial cell-derived ultralarge von Willebrand factor multimers
under flow. Blood. 2004;104(1):100-106.

Binder BR, Christ G, Gruber F, et al. Plasminogen activator inhibitor 1: physiological and
pathophysiological roles. News Physiol Sci. 2002;17:56-61.

Casslen B, Bossmar T, Lecander |, Astedt B. Plasminogen activators and plasminogen activator
inhibitors in blood and tumour fluids of patients with ovarian cancer. Eur J Cancer.
1994;30A(9):1302-1309.

Pyke C, Kristensen P, Ralfkiaer E, Eriksen J, Dano K. The plasminogen activation system in
human colon cancer: messenger RNA for the inhibitor PAI-1 is located in endothelial cells in
the tumor stroma. Cancer Res. 1991;51(15):4067-4071.

Hisada Y, Geddings JE, Ay C, Mackman N. Venous thrombosis and cancer: from mouse models
to clinical trials. J Thromb Haemost. 2015;13(8):1372-1382.

Buergy D, Wenz F, Groden C, Brockmann MA. Tumor-platelet interaction in solid tumors. Int J
Cancer. 2012;130(12):2747-2760.

Gay LJ, Felding-Habermann B. Contribution of platelets to tumour metastasis. Nat Rev Cancer.
2011;11(2):123-134.

Ploquin A, Olmos D, Lacombe D, et al. Prediction of early death among patients enrolled in
phase | trials: development and validation of a new model based on platelet count and
albumin. BrJ Cancer. 2012;107(7):1025-1030.

Franco AT, Corken A, Ware J. Platelets at the interface of thrombosis, inflammation, and
cancer. Blood. 2015;126(5):582-588.

Dicke C, Langer F. Pathophysiology of Trousseau's syndrome. Hamostaseologie. 2015;35(1):52-
59.

Winter PC. The pathogenesis of venous thromboembolism in cancer: emerging links with
tumour biology. Hematol Oncol. 2006;24(3):126-133.

Falanga A, Donati MB. Pathogenesis of thrombosis in patients with malignancy. Int J Hematol.
2001;73(2):137-144.

Hallahan DE, Chen AY, Teng M, Cmelak AJ. Drug-radiation interactions in tumor blood vessels.
Oncology (Williston Park). 1999;13(10 Suppl 5):71-77.

Rosendaal FR. Venous thrombosis: a multicausal disease. Lancet. 1999;353(9159):1167-1173.
White RH. The epidemiology of venous thromboembolism. Circulation. 2003;107(23 Suppl
1):14-8.

Arshad N, Isaksen T, Hansen JB, Braekkan SK. Time trends in incidence rates of venous
thromboembolism in a large cohort recruited from the general population. Eur J Epidemiol.
2017;32(4):299-305.

Braekkan SK, Mathiesen EB, Njolstad I, Wilsgaard T, Stormer J, Hansen JB. Family history of
myocardial infarction is an independent risk factor for venous thromboembolism: the Tromso
study. J Thromb Haemost. 2008;6(11):1851-1857.

Rosendaal FR. Thrombosis in the young: epidemiology and risk factors. A focus on venous
thrombosis. Thromb Haemost. 1997;78(1):1-6.

Weill-Engerer S, Meaume S, Lahlou A, et al. Risk factors for deep vein thrombosis in inpatients
aged 65 and older: a case-control multicenter study. J Am Geriatr Soc. 2004;52(8):1299-1304.

73



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

Samama MM, Cohen AT, Darmon JY, et al. A comparison of enoxaparin with placebo for the
prevention of venous thromboembolism in acutely ill medical patients. Prophylaxis in Medical
Patients with Enoxaparin Study Group. N Engl J Med. 1999;341(11):793-800.

Samama MM, Dahl OE, Quinlan DJ, Mismetti P, Rosencher N. Quantification of risk factors for
venous thromboembolism: a preliminary study for the development of a risk assessment tool.
Haematologica. 2003;88(12):1410-1421.

Prandoni P, Samama MM. Risk stratification and venous thromboprophylaxis in hospitalized
medical and cancer patients. Br J Haematol. 2008;141(5):587-597.

Alikhan R, Cohen AT, Combe S, et al. Risk factors for venous thromboembolism in hospitalized
patients with acute medical illness: analysis of the MEDENOX Study. Arch Intern Med.
2004;164(9):963-968.

Rinde LB, Lind C, Smabrekke B, et al. Impact of incident myocardial infarction on the risk of
venous thromboembolism: the Tromso Study. J Thromb Haemost. 2016;14(6):1183-1191.
Grainge MJ, West J, Card TR. Venous thromboembolism during active disease and remission in
inflammatory bowel disease: a cohort study. Lancet. 2010;375(9715):657-663.

Zoller B, Li X, Sundquist J, Sundquist K. Autoimmune diseases and venous thromboembolism:
a review of the literature. Am J Cardiovasc Dis. 2012;2(3):171-183.

Zoller B, Li X, Sundquist J, Sundquist K. Risk of pulmonary embolism in patients with
autoimmune disorders: a nationwide follow-up study from Sweden. Lancet.
2012;379(9812):244-249.

Tan VP, Chung A, Yan BP, Gibson PR. Venous and arterial disease in inflammatory bowel
disease. J Gastroenterol Hepatol. 2013;28(7):1095-1113.

Wattanakit K, Cushman M, Stehman-Breen C, Heckbert SR, Folsom AR. Chronic kidney disease
increases risk for venous thromboembolism. J Am Soc Nephrol. 2008;19(1):135-140.
Mahmoodi BK, Gansevoort RT, Naess IA, et al. Association of mild to moderate chronic kidney
disease with venous thromboembolism: pooled analysis of five prospective general population
cohorts. Circulation. 2012;126(16):1964-1971.

Cheung KL, Bouchard BA, Cushman M. Venous thromboembolism, factor VIIl and chronic
kidney disease. Thromb Res. 2018;170:10-19.

Tsai AW, Cushman M, Rosamond WD, Heckbert SR, Polak JF, Folsom AR. Cardiovascular risk
factors and venous thromboembolism incidence: the longitudinal investigation of
thromboembolism etiology. Arch Intern Med. 2002;162(10):1182-1189.

Severinsen MT, Kristensen SR, Johnsen SP, Dethlefsen C, Tjonneland A, Overvad K.
Anthropometry, body fat, and venous thromboembolism: a Danish follow-up study.
Circulation. 2009;120(19):1850-1857.

Braekkan SK, Siegerink B, Lijfering WM, Hansen JB, Cannegieter SC, Rosendaal FR. Role of
obesity in the etiology of deep vein thrombosis and pulmonary embolism: current
epidemiological insights. Semin Thromb Hemost. 2013;39(5):533-540.

Stein PD, Beemath A, Olson RE. Obesity as a risk factor in venous thromboembolism. Am J Med.
2005;118(9):978-980.

Braekkan SK, Borch KH, Mathiesen EB, Njolstad I, Wilsgaard T, Hansen JB. Body height and risk
of venous thromboembolism: The Tromso Study. Am J Epidemiol. 2010;171(10):1109-1115.
Flinterman LE, van Hylckama Vlieg A, Rosendaal FR, Cannegieter SC. Body height, mobility, and
risk of first and recurrent venous thrombosis. J Thromb Haemost. 2015;13(4):548-554.
Anderson FA, Jr., Spencer FA. Risk factors for venous thromboembolism. Circulation.
2003;107(23 Suppl 1):19-16.

Ferrari E, Baudouy M, Cerboni P, et al. Clinical epidemiology of venous thromboembolic
disease. Results of a French Multicentre Registry. Eur Heart J. 1997;18(4):685-691.

Heit JA. The epidemiology of venous thromboembolism in the community. Arterioscler Thromb
Vasc Biol. 2008;28(3):370-372.

74



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

Pomp ER, Lenselink AM, Rosendaal FR, Doggen CJ. Pregnancy, the postpartum period and
prothrombotic defects: risk of venous thrombosis in the MEGA study. J Thromb Haemost.
2008;6(4):632-637.

Nelson HD, Humphrey LL, Nygren P, Teutsch SM, Allan JD. Postmenopausal hormone
replacement therapy: scientific review. JAMA. 2002;288(7):872-881.

Canonico M, Plu-Bureau G, Lowe GD, Scarabin PY. Hormone replacement therapy and risk of
venous thromboembolism in postmenopausal women: systematic review and meta-analysis.
BMJ. 2008;336(7655):1227-1231.

Heit JA, O'Fallon WM, Petterson TM, et al. Relative impact of risk factors for deep vein
thrombosis and pulmonary embolism: a population-based study. Arch Intern Med.
2002;162(11):1245-1248.

Souto JC, Almasy L, Borrell M, et al. Genetic susceptibility to thrombosis and its relationship to
physiological risk factors: the GAIT study. Genetic Analysis of Idiopathic Thrombophilia. Am J
Hum Genet. 2000;67(6):1452-1459.

Sorensen HT, Riis AH, Diaz LJ, Andersen EW, Baron JA, Andersen PK. Familial risk of venous
thromboembolism: a nationwide cohort study. J Thromb Haemost. 2011;9(2):320-324.

Heit JA, Phelps MA, Ward SA, Slusser JP, Petterson TM, De Andrade M. Familial segregation of
venous thromboembolism. J Thromb Haemost. 2004;2(5):731-736.

Larsen TB, Sorensen HT, Skytthe A, Johnsen SP, Vaupel JW, Christensen K. Major genetic
susceptibility for venous thromboembolism in men: a study of Danish twins. Epidemiology.
2003;14(3):328-332.

Martinelli I, De Stefano V, Mannucci PM. Inherited risk factors for venous thromboembolism.
Nat Rev Cardiol. 2014;11(3):140-156.

Egeberg O. Inherited Antithrombin Deficiency Causing Thrombophilia. Thromb Diath Haemost.
1965;13(3-4):516-&.

Jick H, Slone D, Westerholm B, et al. Venous thromboembolic disease and ABO blood type. A
cooperative study. Lancet. 1969;1(7594):539-542.

Griffin JH, Evatt B, Zimmerman TS, Kleiss AJ, Wideman C. Deficiency of Protein-C in Congenital
Thrombotic Disease. Journal of Clinical Investigation. 1981;68(5):1370-1373.

Schwarz HP, Fischer M, Hopmeier P, Batard MA, Griffin JH. Plasma protein S deficiency in
familial thrombotic disease. Blood. 1984;64(6):1297-1300.

Sode BF, Allin KH, Dahl M, Gyntelberg F, Nordestgaard BG. Risk of venous thromboembolism
and myocardial infarction associated with factor V Leiden and prothrombin mutations and
blood type. CMAJ. 2013;185(5):E229-237.

Dentali F, Sironi AP, Ageno W, et al. Non-O blood type is the commonest genetic risk factor for
VTE: results from a meta-analysis of the literature. Semin Thromb Hemost. 2012;38(5):535-
548.

Morange PE, Tregouet DA. Lessons from genome-wide association studies in venous
thrombosis. J Thromb Haemost. 2011;9 Suppl 1:258-264.

Kostka H, Siegert G, Schwarz T, et al. Frequency of polymorphisms in the B-domain of factor V
gene in APC-resistant patients. Thromb Res. 2000;99(6):539-547.

Kujovich JL. Factor V Leiden thrombophilia. Genet Med. 2011;13(1):1-16.

Smirnov MD, Safa O, Esmon NL, Esmon CT. Inhibition of activated protein C anticoagulant
activity by prothrombin. Blood. 1999;94(11):3839-3846.

Seligsohn U, Lubetsky A. Genetic susceptibility to venous thrombosis. N Engl J Med.
2001;344(16):1222-1231.

Uitte de Willige S, de Visser MC, Houwing-Duistermaat JJ, Rosendaal FR, Vos HL, Bertina RM.
Genetic variation in the fibrinogen gamma gene increases the risk for deep venous thrombosis
by reducing plasma fibrinogen gamma' levels. Blood. 2005;106(13):4176-4183.

Jiang J, Liu K, Zou J, et al. Associations between polymorphisms in coagulation-related genes
and venous thromboembolism: A meta-analysis with trial sequential analysis. Medicine
(Baltimore). 2017;96(13):e6537.

75



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Lindstrom S, Wang L, Smith EN, et al. Genomic and transcriptomic association studies identify
16 novel susceptibility loci for venous thromboembolism. Blood. 2019;134(19):1645-1657.
Morange PE, Tregouet DA. Current knowledge on the genetics of incident venous thrombosis.
J Thromb Haemost. 2013;11 Suppl 1:111-121.

Bezemer ID, Bare LA, Doggen CJ, et al. Gene variants associated with deep vein thrombosis.
JAMA. 2008;299(11):1306-1314.

Szklo M, Nieto F. Epidemiology: Beyond the basics. 3rd Edition. Burlington, Massachusetts,
USA: Jones & Barlett Learning; 2014.

Watkins NA, O'Connor MN, Rankin A, et al. Definition of novel GP6 polymorphisms and major
difference in haplotype frequencies between populations by a combination of in-depth exon
resequencing and genotyping with tag single nucleotide polymorphisms. J Thromb Haemost.
2006;4(6):1197-1205.

Yee DL, Bray PF. Clinical and functional consequences of platelet membrane glycoprotein
polymorphisms. Semin Thromb Hemost. 2004;30(5):591-600.

Joutsi-Korhonen L, Smethurst PA, Rankin A, et al. The low-frequency allele of the platelet
collagen signaling receptor glycoprotein VI is associated with reduced functional responses
and expression. Blood. 2003;101(11):4372-4379.

Tregouet DA, Heath S, Saut N, et al. Common susceptibility alleles are unlikely to contribute as
strongly as the FV and ABO loci to VTE risk: results from a GWAS approach. Blood.
2009;113(21):5298-5303.

Austin H, De Staercke C, Lally C, Bezemer ID, Rosendaal FR, Hooper WC. New gene variants
associated with venous thrombosis: a replication study in White and Black Americans. J
Thromb Haemost. 2011;9(3):489-495.

El-Galaly TC, Severinsen MT, Overvad K, et al. Single nucleotide polymorphisms and the risk of
venous thrombosis: results from a Danish case-cohort study. BrJ Haematol. 2013;160(6):838-
841.

Li Y, Bezemer ID, Rowland CM, et al. Genetic variants associated with deep vein thrombosis:
the F11 locus. J Thromb Haemost. 2009;7(11):1802-1808.

de Haan HG, Bezemer ID, Doggen CJM, et al. Multiple SNP testing improves risk prediction of
first venous thrombosis. Blood. 2012;120(3):656-663.

Folsom AR, Tang W, Weng LC, et al. Replication of a genetic risk score for venous
thromboembolism in whites but not in African Americans. Journal of Thrombosis and
Haemostasis. 2016;14(1):83-88.

Soria JM, Morange PE, Vila J, et al. Multilocus Genetic Risk Scores for Venous
Thromboembolism Risk Assessment. Journal of the American Heart Association. 2014;3(5).
Levitan N, Dowlati A, Remick SC, et al. Rates of initial and recurrent thromboembolic disease
among patients with malignancy versus those without malignancy. Risk analysis using
Medicare claims data. Medicine (Baltimore). 1999;78(5):285-291.

Blix K, Gran QV, Severinsen MT, et al. Impact of time since diagnosis and mortality rate on
cancer-associated venous thromboembolism: the Scandinavian Thrombosis and Cancer (STAC)
cohort. J Thromb Haemost. 2018;16(7):1327-1335.

Rodriguez AO, Wun T, Chew H, Zhou H, Harvey D, White RH. Venous thromboembolism in
ovarian cancer. Gynecol Oncol. 2007;105(3):784-790.

Petterson TM, Marks RS, Ashrani AA, Bailey KR, Heit JA. Risk of site-specific cancer in incident
venous thromboembolism: a population-based study. Thromb Res. 2015;135(3):472-478.
Chew HK, Davies AM, Wun T, Harvey D, Zhou H, White RH. The incidence of venous
thromboembolism among patients with primary lung cancer. J Thromb Haemost.
2008;6(4):601-608.

Ogren M, Bergqvist D, Wahlander K, Eriksson H, Sternby NH. Trousseau's syndrome - what is
the evidence? A population-based autopsy study. Thromb Haemost. 2006;95(3):541-545.

76



190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Ahlbrecht J, Dickmann B, Ay C, et al. Tumor grade is associated with venous thromboembolism
in patients with cancer: results from the Vienna Cancer and Thrombosis Study. J Clin Oncol.
2012;30(31):3870-3875.

Merkow RP, Bilimoria KY, McCarter MD, et al. Post-discharge venous thromboembolism after
cancer surgery: extending the case for extended prophylaxis. Ann Surg. 2011;254(1):131-137.
White RH, Zhou H, Romano PS. Incidence of symptomatic venous thromboembolism after
different elective or urgent surgical procedures. Thromb Haemost. 2003;90(3):446-455.
Gould MK, Garcia DA, Wren SM, et al. Prevention of VTE in nonorthopedic surgical patients:
Antithrombotic Therapy and Prevention of Thrombosis, 9th ed: American College of Chest
Physicians Evidence-Based Clinical Practice Guidelines. Chest. 2012;141(2 Suppl):e227S5-e277S.
Blom JW, Vanderschoot JP, Oostindier MJ, Osanto S, van der Meer FJ, Rosendaal FR. Incidence
of venous thrombosis in a large cohort of 66,329 cancer patients: results of a record linkage
study. J Thromb Haemost. 2006;4(3):529-535.

Chew HK, Wun T, Harvey DJ, Zhou H, White RH. Incidence of venous thromboembolism and
the impact on survival in breast cancer patients. J Clin Oncol. 2007;25(1):70-76.

Alcalay A, Wun T, Khatri V, et al. Venous thromboembolism in patients with colorectal cancer:
incidence and effect on survival. J Clin Oncol. 2006;24(7):1112-1118.

Di Nisio M, Candeloro M, Rutjes AWS, Porreca E. Venous thromboembolism in cancer patients
receiving neoadjuvant chemotherapy: a systematic review and meta-analysis. J Thromb
Haemost. 2018;16(7):1336-1346.

Starling N, Rao S, Cunningham D, et al. Thromboembolism in patients with advanced
gastroesophageal cancer treated with anthracycline, platinum, and fluoropyrimidine
combination chemotherapy: a report from the UK National Cancer Research Institute Upper
Gastrointestinal Clinical Studies Group. J Clin Oncol. 2009;27(23):3786-3793.

Palumbo A, Rajkumar SV, Dimopoulos MA, et al. Prevention of thalidomide- and lenalidomide-
associated thrombosis in myeloma. Leukemia. 2008;22(2):414-423.

Ay C, Vormittag R, Dunkler D, et al. D-dimer and prothrombin fragment 1 + 2 predict venous
thromboembolism in patients with cancer: results from the Vienna Cancer and Thrombosis
Study. J Clin Oncol. 2009;27(25):4124-4129.

Guy JB, Bertoletti L, Magne N, et al. Venous thromboembolism in radiation therapy cancer
patients: Findings from the RIETE registry. Crit Rev Oncol Hematol. 2017;113:83-89.

Verso M, Agnelli G. Venous thromboembolism associated with long-term use of central venous
catheters in cancer patients. J Clin Oncol. 2003;21(19):3665-3675.

Piran S, Ngo V, McDiarmid S, Le Gal G, Petrcich W, Carrier M. Incidence and risk factors of
symptomatic venous thromboembolism related to implanted ports in cancer patients. Thromb
Res. 2014;133(1):30-33.

Bohlius J, Wilson J, Seidenfeld J, et al. Recombinant human erythropoietins and cancer
patients: updated meta-analysis of 57 studies including 9353 patients. J Natl/ Cancer Inst.
2006;98(10):708-714.

Khorana AA, Francis CW, Blumberg N, Culakova E, Refaai MA, Lyman GH. Blood transfusions,
thrombosis, and mortality in hospitalized patients with cancer. Arch Intern Med.
2008;168(21):2377-2381.

Agnelli G, Bolis G, Capussotti L, et al. A clinical outcome-based prospective study on venous
thromboembolism after cancer surgery: the @RISTOS project. Ann Surg. 2006;243(1):89-95.
Khorana AA, Kuderer NM, Culakova E, Lyman GH, Francis CW. Development and validation of
a predictive model for chemotherapy-associated thrombosis. Blood. 2008;111(10):4902-4907.
Prandoni P, Lensing AW, Cogo A, et al. The long-term clinical course of acute deep venous
thrombosis. Ann Intern Med. 1996;125(1):1-7.

Hansson PO, Sorbo J, Eriksson H. Recurrent venous thromboembolism after deep vein
thrombosis: incidence and risk factors. Arch Intern Med. 2000;160(6):769-774.

77



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222,

223.

224,

225.

226.

227.

228.

Trujillo-Santos J, Nieto JA, Tiberio G, et al. Predicting recurrences or major bleeding in cancer
patients with venous thromboembolism. Findings from the RIETE Registry. Thromb Haemost.
2008;100(3):435-439.

Ku GH, White RH, Chew HK, Harvey DJ, Zhou H, Wun T. Venous thromboembolism in patients
with acute leukemia: incidence, risk factors, and effect on survival. Blood. 2009;113(17):3911-
3917.

Ageno W, Becattini C, Brighton T, Selby R, Kamphuisen PW. Cardiovascular risk factors and
venous thromboembolism: a meta-analysis. Circulation. 2008;117(1):93-102.

Pabinger I, Ay C. Risk of venous thromboembolism and primary prophylaxis in cancer. Should
all patients receive thromboprophylaxis? Hamostaseologie. 2012;32(2):132-137.

Tateo S, Mereu L, Salamano S, et al. Ovarian cancer and venous thromboembolic risk. Gynecol
Oncol. 2005;99(1):119-125.

Fotopoulou C, duBois A, Karavas AN, et al. Incidence of venous thromboembolism in patients
with ovarian cancer undergoing platinum/paclitaxel-containing first-line chemotherapy: an
exploratory analysis by the Arbeitsgemeinschaft Gynaekologische Onkologie Ovarian Cancer
Study Group. J Clin Oncol. 2008;26(16):2683-2689.

Satoh T, Oki A, Uno K, et al. High incidence of silent venous thromboembolism before
treatment in ovarian cancer. BrJ Cancer. 2007;97(8):1053-1057.

Secin FP, Jiborn T, Bjartell AS, et al. Multi-institutional study of symptomatic deep venous
thrombosis and pulmonary embolism in prostate cancer patients undergoing laparoscopic or
robot-assisted laparoscopic radical prostatectomy. Eur Urol. 2008;53(1):134-145.

Blix K, Braekkan SK, le Cessie S, Skjeldestad FE, Cannegieter SC, Hansen JB. The increased risk
of venous thromboembolism by advancing age cannot be attributed to the higher incidence of
cancer in the elderly: the Tromso study. Eur J Epidemiol. 2014;29(4):277-284.

FDA-NIH Biomarker Working Group. BEST (Biomarkers, EndpointS, and other Tools) Resource.
Silver Spring (MD): Food and Drug Administration (US); Bethesda (MD): National Institutes of
Health (US). 2016. https://ncbi.nim.nih.gov/books/NBK326791/. Accessed November 09,
2020.

Califf RM. Biomarker definitions and their applications. Exp Biol Med (Maywood).
2018;243(3):213-221.

Blix K, Jensvoll H, Braekkan SK, Hansen JB. White blood cell count measured prior to cancer
development is associated with future risk of venous thromboembolism--the Tromso study.
PLoS One. 2013;8(9):e73447.

Tsai AW, Cushman M, Rosamond WD, et al. Coagulation factors, inflammation markers, and
venous thromboembolism: the longitudinal investigation of thromboembolism etiology (LITE).
Am J Med. 2002;113(8):636-642.

van der Bom JG, Heckbert SR, Lumley T, et al. Platelet count and the risk for thrombosis and
death in the elderly. J Thromb Haemost. 2009;7(3):399-405.

Braekkan SK, Mathiesen EB, Njolstad I, Wilsgaard T, Stormer J, Hansen JB. Mean platelet
volume is a risk factor for venous thromboembolism: the Tromso Study, Tromso, Norway. J
Thromb Haemost. 2010;8(1):157-162.

Trujillo-Santos J, Di Micco P, lannuzzo M, et al. Elevated white blood cell count and outcome
in cancer patients with venous thromboembolism. Findings from the RIETE Registry. Thromb
Haemost. 2008;100(5):905-911.

Jensvoll H, Blix K, Braekkan SK, Hansen JB. Platelet count measured prior to cancer
development is a risk factor for future symptomatic venous thromboembolism: the Tromso
Study. PLoS One. 2014;9(3):€92011.

Owens AP, 3rd, Mackman N. Microparticles in hemostasis and thrombosis. Circ Res.
2011;108(10):1284-1297.

Nierodzik ML, Karpatkin S. Thrombin induces tumor growth, metastasis, and angiogenesis:
Evidence for a thrombin-regulated dormant tumor phenotype. Cancer Cell. 2006;10(5):355-
362.

78


https://ncbi.nlm.nih.gov/books/NBK326791/

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243,

244,

245,

246.

247.

248.

Falanga A, Levine MN, Consonni R, et al. The effect of very-low-dose warfarin on markers of
hypercoagulation in metastatic breast cancer: results from a randomized trial. Thromb
Haemost. 1998;79(1):23-27.

Arpaia G, Carpenedo M, Verga M, et al. D-dimer before chemotherapy might predict venous
thromboembolism. Blood Coagul Fibrinolysis. 2009;20(3):170-175.

Stender MT, Frokjaer JB, Larsen TB, Lundbye-Christensen S, Thorlacius-Ussing O. Preoperative
plasma D-dimer is a predictor of postoperative deep venous thrombosis in colorectal cancer
patients: a clinical, prospective cohort study with one-year follow-up. Dis Colon Rectum.
2009;52(3):446-451.

Ferroni P, Martini F, Portarena |, et al. Novel high-sensitive D-dimer determination predicts
chemotherapy-associated venous thromboembolism in intermediate risk lung cancer patients.
Clin Lung Cancer. 2012;13(6):482-487.

Cushman M, Folsom AR, Wang L, et al. Fibrin fragment D-dimer and the risk of future venous
thrombosis. Blood. 2003;101(4):1243-1248.

Folsom AR, Alonso A, George KM, Roetker NS, Tang W, Cushman M. Prospective study of
plasma D-dimer and incident venous thromboembolism: The Atherosclerosis Risk in
Communities (ARIC) Study. Thromb Res. 2015;136(4):781-785.

Puurunen MK, Enserro D, Xanthakis V, et al. Biomarkers for the prediction of venous
thromboembolism in the community. Thromb Res. 2016;145:34-39.

Wells PS. Integrated strategies for the diagnosis of venous thromboembolism. J Thromb
Haemost. 2007;5 Suppl 1:41-50.

Stein PD, Hull RD, Patel KC, et al. D-dimer for the exclusion of acute venous thrombosis and
pulmonary embolism: a systematic review. Ann Intern Med. 2004;140(8):589-602.

Di Nisio M, Squizzato A, Rutjes AW, Buller HR, Zwinderman AH, Bossuyt PM. Diagnostic
accuracy of D-dimer test for exclusion of venous thromboembolism: a systematic review. J
Thromb Haemost. 2007;5(2):296-304.

Ay C, Vormittag R, Dunkler D, et al. Predictive Value of D-Dimer Levels for Venous
Thromboembolism in Cancer Patients: Results from the Vienna Cancer and Thrombosis Study
(CATS). Blood. 2008;112(11):1307-1307.

Frenette PS, Johnson RC, Hynes RO, Wagner DD. Platelets roll on stimulated endothelium in
vivo: an interaction mediated by endothelial P-selectin. Proc Natl Acad Sci U S A.
1995;92(16):7450-7454.

Ay C, Jungbauer LV, Sailer T, et al. High concentrations of soluble P-selectin are associated with
risk of venous thromboembolism and the P-selectin Thr715 variant. Clin Chem.
2007;53(7):1235-1243.

Chen M, Geng JG. P-selectin mediates adhesion of leukocytes, platelets, and cancer cells in
inflammation, thrombosis, and cancer growth and metastasis. Arch Immunol Ther Exp (Warsz).
2006;54(2):75-84.

Ay C, Simanek R, Vormittag R, et al. High plasma levels of soluble P-selectin are predictive of
venous thromboembolism in cancer patients: results from the Vienna Cancer and Thrombosis
Study (CATS). Blood. 2008;112(7):2703-2708.

Khorana AA, Francis CW, Menzies KE, et al. Plasma tissue factor may be predictive of venous
thromboembolism in pancreatic cancer. J Thromb Haemost. 2008;6(11):1983-1985.

Thaler J, Ay C, Mackman N, et al. Microparticle-associated tissue factor activity, venous
thromboembolism and mortality in pancreatic, gastric, colorectal and brain cancer patients. J
Thromb Haemost. 2012;10(7):1363-1370.

Kyrle PA, Minar E, Hirschl M, et al. High plasma levels of factor VIII and the risk of recurrent
venous thromboembolism. N Engl J Med. 2000;343(7):457-462.

Kroger K, Weiland D, Ose C, et al. Risk factors for venous thromboembolic events in cancer
patients. Ann Oncol. 2006;17(2):297-303.

Ay C, Pabinger I. VTE risk assessment in cancer. Who needs prophylaxis and who does not?
Hamostaseologie. 2015;35(4):319-324.

79



249,

250.

251.

252,

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Ay C, Pabinger |, Cohen AT. Cancer-associated venous thromboembolism: Burden,
mechanisms, and management. Thromb Haemost. 2017;117(2):219-230.

Verso M, Agnelli G, Barni S, Gasparini G, LaBianca R. A modified Khorana risk assessment score
for venous thromboembolism in cancer patients receiving chemotherapy: the Protecht score.
Intern Emerg Med. 2012;7(3):291-292.

Pelzer U, Sinn M, Stieler J, Riess H. Primary pharmacological prevention of thromboembolic
events in ambulatory patients with advanced pancreatic cancer treated with chemotherapy.
Dtsch Med Wochenschr. 2013;138(41):2084-2088.

Ay C, Dunkler D, Marosi C, et al. Prediction of venous thromboembolism in cancer patients.
Blood. 2010;116(24):5377-5382.

van Es N, Di Nisio M, Cesarman G, et al. Comparison of risk prediction scores for venous
thromboembolism in cancer patients: a prospective cohort study. Haematologica.
2017;102(9):1494-1501.

Mann KG, Kalafatis M. Factor V: a combination of Dr Jekyll and Mr Hyde. Blood.
2003;101(1):20-30.

Nicolaes GA, Dahlback B. Factor V and thrombotic disease: description of a janus-faced protein.
Arterioscler Thromb Vasc Biol. 2002;22(4):530-538.

Bertina RM, Koeleman BP, Koster T, et al. Mutation in blood coagulation factor V associated
with resistance to activated protein C. Nature. 1994;369(6475):64-67.

Segers K, Dahlback B, Nicolaes GA. Coagulation factor V and thrombophilia: background and
mechanisms. Thromb Haemost. 2007;98(3):530-542.

Vos HL. Inherited defects of coagulation Factor V: the thrombotic side. J Thromb Haemost.
2006;4(1):35-40.

Ravin AJ, Edwards RP, M AK, Kelley JR, Christopherson WA, Roberts JM. The factor V leiden
mutation and the risk of venous thromboembolism in gynecologic oncology patientsl. Obstet
Gynecol. 2002;100(6):1285-1289.

Mandala M, Barni S, Prins M, et al. Acquired and inherited risk factors for developing venous
thromboembolism in cancer patients receiving adjuvant chemotherapy: a prospective trial.
Ann Oncol. 2010;21(4):871-876.

Abramson N, Costantino JP, Garber JE, Berliner N, Wickerham DL, Wolmark N. Effect of Factor
V Leiden and prothrombin G20210-->A mutations on thromboembolic risk in the national
surgical adjuvant breast and bowel project breast cancer prevention trial. J Natl Cancer Inst.
2006;98(13):904-910.

Sifontes MT, Nuss R, Hunger SP, Wilimas J, Jacobson LJ, Manco-Johnson MJ. The factor V Leiden
mutation in children with cancer and thrombosis. Br J Haematol. 1997;96(3):484-489.
Paspatis GA, Sfyridaki A, Papanikolaou N, et al. Resistance to activated protein C, factor V
leiden and the prothrombin G20210A variant in patients with colorectal cancer. Pathophysiol
Haemost Thromb. 2002;32(1):2-7.

Ramacciotti E, Wolosker N, Puech-Leao P, et al. Prevalence of factor V Leiden, FlIl G20210A,
FXIIl Val34Leu and MTHFR C677T polymorphisms in cancer patients with and without venous
thrombosis. Thromb Res. 2003;109(4):171-174.

Haim N, Lanir N, Hoffman R, Haim A, Tsalik M, Brenner B. Acquired activated protein C
resistance is common in cancer patients and is associated with venous thromboembolism. Am
J Med. 2001;110(2):91-96.

Pabinger I, Ay C, Dunkler D, et al. Factor V Leiden mutation increases the risk for venous
thromboembolism in cancer patients - results from the Vienna Cancer And Thrombosis Study
(CATS). J Thromb Haemost. 2015;13(1):17-22.

Gran OV, Smith EN, Braekkan SK, et al. Joint effects of cancer and variants in the Factor 5 gene
on the risk of venous thromboembolism. Haematologica. 2016.

Dentali F, Gianni M, Agnelli G, Ageno W. Association between inherited thrombophilic
abnormalities and central venous catheter thrombosis in patients with cancer: a meta-analysis.
J Thromb Haemost. 2008;6(1):70-75.

80



269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Van Rooden CJ, Rosendaal FR, Meinders AE, Van Oostayen JA, Van Der Meer FJ, Huisman MV.
The contribution of factor V Leiden and prothrombin G20210A mutation to the risk of central
venous catheter-related thrombosis. Haematologica. 2004;89(2):201-206.

Abdelkefi A, Ben Romdhane N, Kriaa A, et al. Prevalence of inherited prothrombotic
abnormalities and central venous catheter-related thrombosis in haematopoietic stem cell
transplants recipients. Bone Marrow Transplant. 2005;36(10):885-889.

Mandala M, Curigliano G, Bucciarelli P, et al. Factor V Leiden and G20210A prothrombin
mutation and the risk of subclavian vein thrombosis in patients with breast cancer and a
central venous catheter. Ann Oncol. 2004;15(4):590-593.

Eroglu A, Ulu A, Cam R, Kurtman C, Akar N. Prevalence of Factor V 1691 G-A (Leiden) and
prothrombin G20210A polymorphisms and the risk of venous thrombosis among cancer
patients. J Thromb Thrombolysis. 2007;23(1):31-34.

Poort SR, Rosendaal FR, Reitsma PH, Bertina RM. A common genetic variation in the 3'-
untranslated region of the prothrombin gene is associated with elevated plasma prothrombin
levels and an increase in venous thrombosis. Blood. 1996;88(10):3698-3703.

Curigliano G, Mandala M, Sbanotto A, et al. Factor v leiden mutation in patients with breast
cancer with a central venous catheter: risk of deep vein thrombosis. Support Cancer Ther.
2006;3(2):98-102.

Kennedy M, Andreescu AC, Greenblatt MS, et al. Factor V Leiden, prothrombin 20210A and
the risk of venous thrombosis among cancer patients. Br J Haematol. 2005;128(3):386-388.
Pihusch R, Danzl G, Scholz M, et al. Impact of thrombophilic gene mutations on thrombosis risk
in patients with gastrointestinal carcinoma. Cancer. 2002;94(12):3120-3126.

Vairaktaris E, Yapijakis C, Wiltfang J, et al. Are factor V and prothrombin mutations associated
with increased risk of oral cancer? Anticancer Res. 2005;25(3c):2561-2565.

Wu O, Bayoumi N, Vickers MA, Clark P. ABO(H) blood groups and vascular disease: a systematic
review and meta-analysis. J Thromb Haemost. 2008;6(1):62-69.

Heit JA, Armasu SM, Asmann YW, et al. A genome-wide association study of venous
thromboembolism identifies risk variants in chromosomes 1q24.2 and 9q. J Thromb Haemost.
2012;10(8):1521-1531.

Li D, Pise MN, Overman MJ, et al. ABO non-0O type as a risk factor for thrombosis in patients
with pancreatic cancer. Cancer Med. 2015;4(11):1651-1658.

Mizrahi T, Leclerc JM, David M, Ducruet T, Robitaille N. ABO Group as a Thrombotic Risk Factor
in Children With Acute Lymphoblastic Leukemia: A Retrospective Study of 523 Patients. J
Pediatr Hematol Oncol. 2015;37(5):e328-332.

Streiff MB, Segal J, Grossman SA, Kickler TS, Weir EG. ABO blood group is a potent risk factor
for venous thromboembolism in patients with malignant gliomas. Cancer. 2004;100(8):1717-
1723.

Gran OV, Braekkan SK, Hansen JB. Prothrombotic genotypes and risk of venous
thromboembolism in cancer. Thromb Res. 2018;164 Suppl 1:512-5S18.

Moreno MJ, Lozano ML, Ferrer F, et al. ABO blood group does not increase the risk of
thrombosis in Philadelphia-negative myeloproliferative disorders. Blood Coagul Fibrinolysis.
2009;20(5):390-392.

Onur E, Kurdal AT, Tugrul B, et al. Is genetic screening necessary for determining the possibility
of venous thromboembolism in cancer patients? Med Princ Pract. 2012;21(2):160-163.

Tiedje V, Dunkler D, Ay C, et al. The role of fibrinogen plasma levels, the -455G>A fibrinogen
and the factor XIll A subunit (FXIII-A) Val34Leu polymorphism in cancer-associated venous
thrombosis. Thromb Haemost. 2011;106(5):908-913.

Eroglu A, Ozturk A, Cam R, Akar N. No significant association between the promoter region
polymorphisms of factor VIl gene and risk of venous thrombosis in cancer patients. Exp Oncol.
2010;32(1):15-18.

81



288.

289.

290.

291.

292,

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

Martin AJM, Ziyatdinov A, Rubio VC, et al. A new genetic risk score for predicting venous
thromboembolic events in cancer patients receiving chemotherapy. Thrombosis Research.
2016;140:5177-5178.

Brand JS, Hedayati E, Humphreys K, et al. Chemotherapy, Genetic Susceptibility, and Risk of
Venous Thromboembolism in Breast Cancer Patients. Clinical Cancer Research.
2016;22(21):5249-5255.

Rinde LB, Morelli VM, Smabrekke B, et al. Effect of prothrombotic genotypes on the risk of
venous thromboembolism in patients with and without ischemic stroke. The Tromso Study. J
Thromb Haemost. 2019.

Horvei LD, Braekkan SK, Smith EN, et al. Joint effects of prothrombotic genotypes and body
height on the risk of venous thromboembolism: the Tromso study. J Thromb Haemost.
2018;16(1):83-89.

Smabrekke B, Rinde LB, Evensen LH, et al. Impact of prothrombotic genotypes on the
association between family history of myocardial infarction and venous thromboembolism. J
Thromb Haemost. 2019.

Jacobsen BK, Eggen AE, Mathiesen EB, Wilsgaard T, Njolstad I. Cohort profile: the Tromso
Study. Int J Epidemiol. 2012;41(4):961-967.

Holmen J, Midthjell K, Kriger @, et al. The Nord-Trgndelag Health Study 1995-97 (HUNT 2):
Objectives, contents, methods and participation. Norsk Epidemiologi. 2003;13:19-32.

Jensvoll H, Severinsen MT, Hammerstrom J, et al. Existing data sources in clinical epidemiology:
the Scandinavian Thrombosis and Cancer Cohort. Clin Epidemiol. 2015;7:401-410.

Tjonneland A, Olsen A, Boll K, et al. Study design, exposure variables, and socioeconomic
determinants of participation in Diet, Cancer and Health: a population-based prospective
cohort study of 57,053 men and women in Denmark. Scand J Public Health. 2007;35(4):432-
441.

Larsen IK, Smastuen M, Johannesen TB, et al. Data quality at the Cancer Registry of Norway:
an overview of comparability, completeness, validity and timeliness. Eur J Cancer.
2009;45(7):1218-1231.

Storm HH, Michelsen EV, Clemmensen IH, Pihl J. The Danish Cancer Registry--history, content,
quality and use. Danish medical bulletin. 1997;44(5):535-539.

Severinsen MT, Kristensen SR, Johnsen SP, Dethlefsen C, Tjonneland A, Overvad K. Smoking
and venous thromboembolism: a Danish follow-up study. J Thromb Haemost. 2009;7(8):1297-
1303.

Knol MJ, VanderWeele TJ, Groenwold RH, Klungel OH, Rovers MM, Grobbee DE. Estimating
measures of interaction on an additive scale for preventive exposures. Eur J Epidemiol.
2011;26(6):433-438.

Rothman KJ, Greenland S, Walker AM. Concepts of interaction. Am J Epidemiol.
1980;112(4):467-470.

de Jager DJ, de Mutsert R, Jager KJ, Zoccali C, Dekker FW. Reporting of interaction. Nephron
Clin Pract. 2011;119(2):c158-161.

Concato J, Shah N, Horwitz Rl. Randomized, controlled trials, observational studies, and the
hierarchy of research designs. N Engl J Med. 2000;342(25):1887-1892.

Merril R, TC. T. Introduction to Epidemiology. 4th edition. Mississauga, Ontario: Jones and
Bartlett Publishers; 2006.

Song JW, Chung KC. Observational studies: cohort and case-control studies. Plast Reconstr
Surg. 2010;126(6):2234-2242.

Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med. 1965;58:295-
300.

Kulathinal S, Karvanen J, Saarela O, Kuulasmaa K. Case-cohort design in practice - experiences
from the MORGAM Project. Epidemiol Perspect Innov. 2007;4:15.

Cologne J, Preston DL, Imai K, et al. Conventional case-cohort design and analysis for studies
of interaction. Int J Epidemiol. 2012;41(4):1174-1186.

82



309.

310.

311.
312.

313.
314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.
332.

333.

Rothman KJ GS, Lash TL. Modern Epidemiology. Third ed. Philadelphia, PA, USA: Lippincott
Williams & Wilkins; 2008.

Sedgwick P. STATISTICAL QUESTION External and internal validity in clinical trials. Brit Med J.
2012;344.

Delgado-Rodriguez M, Llorca J. Bias. J Epidemiol Community Health. 2004;58(8):635-641.
Rothwell PM. External validity of randomised controlled trials: "to whom do the results of this
trial apply?". Lancet. 2005;365(9453):82-93.

Szklo M. Population-based cohort studies. Epidemiol Rev. 1998;20(1):81-90.

Bhopal R. Concepts of Epidemiology. 3rd Edition. Oxford, United Kingdom: Oxford University
Press; 2016.

Galea S, Tracy M. Participation rates in epidemiologic studies. Ann Epidemiol. 2007;17(9):643-
653.

Larsen. |, Largnningen. S, Johannesen. T, et al. Cancer in Norway 2012 - Cancer incidence,
mortality, survival and prevalence in Norway. Oslo. 2014.

Barbujani G, Colonna V. Human genome diversity: frequently asked questions. Trends Genet.
2010;26(7):285-295.

Ay C, Posch F, Kaider A, Zielinski C, Pabinger I. Estimating risk of venous thromboembolism in
patients with cancer in the presence of competing mortality. J Thromb Haemost.
2015;13(3):390-397.

Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a competing risk. J
Am Stat Assoc. 1999;94(446):496-509.

Gooley TA, Leisenring W, Crowley J, Storer BE. Estimation of failure probabilities in the
presence of competing risks: New representations of old estimators. Stat Med.
1999;18(6):695-706.

Noordzij M, Leffondre K, van Stralen KJ, Zoccali C, Dekker FW, Jager KJ. When do we need
competing risks methods for survival analysis in nephrology? Nephrol Dial Transpl.
2013;28(11):2670-2677.

Heijmans BT, Westendorp RG, Knook DL, Kluft C, Slagboom PE. The risk of mortality and the
factor V Leiden mutation in a population-based cohort. Thromb Haemost. 1998;80(4):607-609.
Pabinger |, Vossen CY, Lang J, et al. Mortality and inherited thrombophilia: results from the
European Prospective Cohort on Thrombophilia. J Thromb Haemost. 2012;10(2):217-222.
Haut ER, Pronovost PJ. Surveillance Bias in Outcomes Reporting. Jama-J Am Med Assoc.
2011;305(23):2462-2463.

Ahlbom A, Alfredsson L. Interaction: A word with two meanings creates confusion. Eur J
Epidemiol. 2005;20(7):563-564.

de Mutsert R, de Jager DJ, Jager KJ, Zoccali C, Dekker FW. Interaction on an Additive Scale.
Nephron Clin Pract. 2011;119(2):C154-C157.

Mamdani M, Sykora K, Li P, et al. Reader's guide to critical appraisal of cohort studies: 2.
Assessing potential for confounding. BMJ. 2005;330(7497):960-962.

Normand SL, Sykora K, Li P, Mamdani M, Rochon PA, Anderson GM. Readers guide to critical
appraisal of cohort studies: 3. Analytical strategies to reduce confounding. BMlJ.
2005;330(7498):1021-1023.

Lu CY. Observational studies: a review of study designs, challenges and strategies to reduce
confounding. Int J Clin Pract. 2009;63(5):691-697.

Vetter TR, Mascha EJ. In the Beginning-There Is the Introduction-and Your Study Hypothesis.
Anesth Analg. 2017;124(5):1709-1711.

Rosendaal FR, Reitsma PH. No P Please. J Thromb Haemost. 2016;14(8):1493.

Sterne JA, Smith GD. Sifting the evidence-what's wrong with significance tests? Phys Ther.
2001;81(8):1464-1469.

Alberio L, Dale GL. Review article: platelet-collagen interactions: membrane receptors and
intracellular signalling pathways. Eur J Clin Invest. 1999;29(12):1066-1076.

83



334,

335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Herbert JM, Bernat A, Maffrand JP. Importance of platelets in experimental venous thrombosis
in the rat. Blood. 1992;80(9):2281-2286.

Brill A, Fuchs TA, Chauhan AK, et al. von Willebrand factor-mediated platelet adhesion is critical
for deep vein thrombosis in mouse models. Blood. 2011;117(4):1400-1407.

Heestermans M, Salloum-Asfar S, Salvatori D, et al. Role of platelets, neutrophils, and factor
Xll in spontaneous venous thrombosis in mice. Blood. 2016;127(21):2630-2637.

Martin JF, Trowbridge EA, Salmon G, Plumb J. The biological significance of platelet volume: its
relationship to bleeding time, platelet thromboxane B2 production and megakaryocyte
nuclear DNA concentration. Thromb Res. 1983;32(5):443-460.

Sharp DS, Bath PM, Martin JF, Beswick AD, Sweetnam PM. Platelet and Erythrocyte Volume
and Count: Epidemiological Predictors of Impedance Measured ADP-Induced Platelet
Aggregation in Whole Blood. Platelets. 1994;5(5):252-257.

Karpatkin S, Khan Q, Freedman M. Heterogeneity of platelet function. Correlation with platelet
volume. Am J Med. 1978;64(4):542-546.

Breimo ES, Osterud B. Studies of biological functions in blood cells from individuals with large
platelets. Platelets. 2003;14(7-8):413-419.

Brighton TA, Eikelboom JW, Mann K, et al. Low-dose aspirin for preventing recurrent venous
thromboembolism. N Engl J Med. 2012;367(21):1979-1987.

Becattini C, Agnelli G, Schenone A, et al. Aspirin for preventing the recurrence of venous
thromboembolism. N Engl J Med. 2012;366(21):1959-1967.

Connolly GC, Khorana AA. Emerging risk stratification approaches to cancer-associated
thrombosis: risk factors, biomarkers and a risk score. Thromb Res. 2010;125 Suppl 2:51-7.
Ferroni P, Guadagni F, Riondino S, et al. Evaluation of mean platelet volume as a predictive
marker for cancer-associated venous thromboembolism during chemotherapy.
Haematologica. 2014;99(10):1638-1644.

Ko YL, Hsu LA, Hsu TS, et al. Functional polymorphisms of FGA, encoding alpha fibrinogen, are
associated with susceptibility to venous thromboembolism in a Taiwanese population. Hum
Genet. 2006;119(1-2):84-91.

Grunbacher G, Weger W, Marx-Neuhold E, et al. The fibrinogen gamma (FGG) 10034C>T
polymorphism is associated with venous thrombosis. Thromb Res. 2007;121(1):33-36.

Willige SU, Rietveld IM, De Visser MCH, Vos HL, Bertina RM. Polymorphism 10034C > T is
located in a region regulating polyadenylation of FGG transcripts and influences the fibrinogen
gamma'/gamma A mRNA ratio. Journal of Thrombosis and Haemostasis. 2007;5(6):1243-1249.
Farrell DH. gamma' Fibrinogen as a novel marker of thrombotic disease. Clin Chem Lab Med.
2012;50(11):1903-1909.

Lovely RS, Boshkov LK, Marzec UM, Hanson SR, Farrell DH. Fibrinogen gamma' chain carboxy
terminal peptide selectively inhibits the intrinsic coagulation pathway. Br J Haematol.
2007;139(3):494-503.

Lovely RS, Rein CM, White TC, et al. gammaA/gamma' fibrinogen inhibits thrombin-induced
platelet aggregation. Thromb Haemost. 2008;100(5):837-846.

Omarova F, Uitte De Willige S, Ariens RA, Rosing J, Bertina RM, Castoldi E. Inhibition of
thrombin-mediated factor V activation contributes to the anticoagulant activity of fibrinogen
gamma'. J Thromb Haemost. 2013;11(9):1669-1678.

Omarova F, Uitte de Willige S, Simioni P, et al. Fibrinogen gamma' increases the sensitivity to
activated protein C in normal and factor V Leiden plasma. Blood. 2014;124(9):1531-1538.
Paulsen B, Skille H, Smith EN, et al. Fibrinogen gamma gene rs2066865 and risk of cancer-
related venous thromboembolism. Haematologica. 2020;105(7):1963-1968.

Caine GJ, Stonelake PS, Lip GY, Kehoe ST. The hypercoagulable state of malignancy:
pathogenesis and current debate. Neoplasia. 2002;4(6):465-473.

Robin P, Otten HM, Delluc A, et al. Effect of occult cancer screening on mortality in patients
with unprovoked venous thromboembolism. Thromb Res. 2018;171:92-96.

84



356.

357.

358.

Ueno T, Toi M, Koike M, Nakamura S, Tominaga T. Tissue factor expression in breast cancer
tissues: its correlation with prognosis and plasma concentration. Br J Cancer. 2000;83(2):164-
170.

Uno K, Homma S, Satoh T, et al. Tissue factor expression as a possible determinant of
thromboembolism in ovarian cancer. Br J Cancer. 2007;96(2):290-295.

Munoz Martin AJ, Ortega |, Font C, et al. Multivariable clinical-genetic risk model for predicting
venous thromboembolic events in patients with cancer. Br J Cancer. 2018;118(8):1056-1061.

85



86



Paper |






LETTERS TO THE EDITOR

Genetic variation of platelet glycoprotein VI and the
risk of venous thromboembolism

Family studies have indicated that heritability explains
50-60% of the venous thromboembolism (VTE) events,'
and in recent years, several single nucleotide polymor-
phisms (SNP) have been found to influence the VTE risk.”
Glycoprotein VI (GPé) rs1613662, also known as
T13254C, is an A/G single nucleotide variation in amino
acid 219, which results in a serine to proline substitution
affecting the glycoprotein VI (GPVI) receptor for
collagen.® Platelets carrying the minor allele (G-
allele/Pro219) at GPé rs1613662 express fewer GPVI
receptors,’ which leads to attenuated platelet adhesion
and activation.’ Previous observational studies in selected
populations have consistently demonstrated that carriers
of the A-allele at GP6 have a 15% higher risk of VTE than
non-carriers, and inversely, that G-allele carriers have a
20% lower VTE risk.”

Cancer is associated with a highly increased risk of
VTE,® and the complex interactions between inherited
and acquired risk factors on VTE risk (e.g. genetic alter-
ations and platelet count) are more compound and often
different in malignancy.”"” The impact of GP6 rs1613662
on the risk of VIE has only been investigated in case-
control studies, and the combined effect of GPé
rs1613662 and cancer on VTE risk has not been previ-
ously investigated. We therefore aimed (i) to investigate
the association between GP6 rs1613662 and VTE risk in
the general population and stratified by cancer status,
and (ii) to explore the combined effects of GP6 rs1613662
and active cancer on the risk of VTE, using a large case-
cohort recruited from the general population.

Cases with symptomatic, incident VIE (n=1,493) and a
subcohort (n=13,072) were recruited from the fourth sur-
vey of the Tromsg Study and the second survey of the
Nord-Trendelag Health Study (HUNT), conducted in
1994-1995 and 1995-1997, respectively. Detailed descrip-
tions of both studies have been published previously.'"
The Regional Committee of Medical Health Research
Ethics approved the studies, and all participants gave
their informed written consent to participate. VIE events
were identified by broad searches at the hospitals provid-
ing health care for the two regions and thoroughly vali-
dated by review of medical records, as previously
described in detail.”*"* We excluded participants not reg-
istered as inhabitants of Tromsg or Nord-Trendelag at
study inclusion (n=3), subjects with a cancer diagnosis
prior to inclusion (n=573) or with missing values for GPé
rs1613662 (n=7). Eventually, the case-cohort consisted of
13,982 participants: 1,395 VTE cases and 12,587 subjects
in the subcohort. GP6 rs1613662 was genotyped with
the Sequenom platform as previously described else-
where."” The HUNT study performed genotyping using
the Illumina HumanCore Exome array. Information
regarding date of cancer diagnosis, primary site of malig-
nancy (ICD-7-codes 140-205) and cancer stage during the
entire follow-up, was obtained by linkage to the Cancer
Registry of Norway.

Statistical analyses were performed using STATA ver-
sion 15.0 (Stata Corporation LP, College Station, TX,
USA). Cancer was entered as a time-varying covariate,
and the data was split in relation to the date of cancer
diagnosis. A VTE were considered cancer-related if it
occurred within six months prior to and up to 2 years
after the date of cancer diagnosis. Subjects with cancer
who were alive and VTE-free at the end of the active can-
cer period were censored from this date onwards. Age-,

Table 1. Baseline characteristics of study participants.

Entire Case-Cohort  Active Cancer

Subjects 13,982 1,536
Age (years) 51.2+16.5 61.9+12.4
Sex (males) 474 (6,625) 52.0 (800)
BMI (kg/m?) 26.3+4.2 26.8+4.3
Daily smoking 294 (4,113) 32.9 (505)
Self-reported CVD 8.3 (1,161) 12.6 (193)
GP6 rs1613662* 0.17 0.17
Heterozygous (AG) 3,936 425
Homozygous (GG) 419 45

Values are numbers or percentages with numbers or means + standard deviation
(SD) in parenthesis. Active cancer: period from six months before a cancer diag-
nosis until 2 years after; BMI: body mass index; CVD: cardiovascular disease (stroke,
angina, myocardial infarction); *: allele frequency (G allele).

sex- and body mass index (BMI)-adjusted hazard ratios
(HR) with 95% confidence intervals (CI) for VTE were
calculated according to variants at GP6 rs1613662 sub-
jects with and without cancer. Subjects homozygous for
the major allele at GP6 (i.e. AA) were used as the refer-
ence group in the categorized analyses. The proportional
hazard assumption was confirmed by the use of
Schoeneld’s global test. The Fine-Gray model” was
applied in a sensitivity analysis to account for mortality
as a competing event, and subdistribution hazard ratios
(SHR) were estimated. Mortality rates and HR for death
by categories of GP6 alleles were estimated for disease
free subjects, subjects with cancer only, subjects with
VTE only, and subjects with cancer-related VTE. The dis-
tribution of cancer sites and cancer stages were displayed
across GP6 variants (i.e. AA, AG and GG).

Baseline characteristics in the entire cohort and in sub-
jects with active cancer are presented in Table 1. The
allele frequency of GPé was 0.17 in both the entire case-
cohort and in the active cancer group, which is similar to
the frequency reported in reference populations.”®

Of the 1395 VTE events, 819 (568.7%) were deep vein
thrombosis (DVT) and 576 (41.3 %) were pulmonary
embolism (PE). The HR for VTE, DVT and PE adjusted
for age, sex and BMI by categories of GP6 alleles and can-
cer-status are presented in Table 2. The HR for incident
VTE was 21% (HR 0.79, 95% CI: 0.70-0.89) lower in
subjects with =1 G-alleles at GP6, when compared to
subjects homozygous for the A-allele. The VTE risk was
essentially similar for heterozygous (AG) and homozy-
gous (GG) subjects compared to those homozygous for
the major allele (AA). The number of G-alleles appeared
to have a differential effect on the risk of DVT and PE.
However, these findings should be interpreted with cau-
tion, as the number homozygous carriers in each catego-
ry was low. The mortality rates for the entire case-cohort
did not differ across the GP6 variants, and coherently, the
risk estimates from the competing risk by death model
were similar to those obtained with the traditional Cox
regression model (data not shown).

In cancer-free subjects, the risk of incident VTE
decreased with the number of minor alleles, and subjects
homozygous for the GP¢ allele (GG) had 34% decreased
risk of incident VTE (HR 0.66, 95% CI: 0.43-1.01) com-
pared to subjects homozygous for the major allele (A
allele) at GP6.

There were 1,536 patients with active cancer of which
233 (15.2%) experienced a VIE. Among cancer patients,
subjects heterozygous for the minor GP6 allele (AG)
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exhibited decreased VTE risk (HR 0.82, 95% CI: 0.60-
1.11), which was of similar magnitude to that found in
subjects without cancer. In contrast, cancer patients
homozygous for the G-allele had a higher risk of VTE,
DVT and PE, when compared to cancer patients
homozygous for the A-allele (AA). In cancer patients, the
risk of PE was particularly high in homozygous carriers of
the G-allele (HR 1.96, 95% CI: 0.78-4.94).

The G-alleles were found to be associated with more
prothrombotic cancers (i.e. lung, colorectal, hematologi-
cal cancer and lymphomas) and presented with more
severe stages of cancer (ie.distant metastasis), when
compared to subjects heterozygous or homozygous for

the A-allele (Table 3). To test whether the association
between homozygosity for the G-allele and increased
risk of cancer-related VTE could be explained by variant-
dependent differences in cancer types, cancer stages, and
mortality rates, additional adjustments of age, sex, BMI,
cancer types and stages as well as the Fine-Gray model
were applied (Table 2). When cancer types and stages
were included in the adjusted model, the risk estimates
were moderately attenuated. Moreover, the risk esti-
mates for cancer-related VIE in homozygous carriers of
the G-allele remained essentially unchanged when com-
peting risk by death was taken into account (data not
shown).

Table 2. Hazard ratios with 95% confidence intervals for venous thromboembolism, deep vein thrombosis and pulmonary embolism by cat-

egories of GP6 rs1613662 alleles and cancer.

P6 All subjects Cancer-free Active cancer
alleles Events HR (95% CI)* Events HR (95% CI)* Events HR (95% CI)* HR (95% CI)!
VTE

AA 1,039 Ref. 807 Ref. 168 Ref. Ref.

AG 321 0.80 (0.70-0.89) 242 (.77 (0.66-0.88) 55 0.82 (0.60-1.11) 0.84 (0.62-1.15)

GG 35 0.83 (0.59-1.17) 22 0.66 (0.43-1.01) 10 1.61 (0.85-3.07) 1.39 (0.73-2.65)
AG/GG 356 0.79 (0.70-0.89) 264 (.76 (0.66-0.87) 65 0.88 (0.66-1.18) 0.90 (0.67-1.20)
DVT

AA 593 Ref. 457 Ref. 102 Ref. Ref.

AG 209 0.89 (0.76-1.05) 158 0.88 (0.73-1.05) 37 0.91 (0.62-1.33) 0.95 (0.65-1.39)

GG 17 0.70 (0.43-1.13) 10 0.52 (0.28-0.98) 5 1.33 (0.54-3.28) 1.13 (0.46-2.79)
AG/GG 226 0.87 (0.75-1.02) 168 0.84 (0.71-1.01) 42 0.94 (0.66-1.36) 0.97 (0.67-1.39)
PE

AA 446 Ref. 350 Ref. 66 Ref. Ref.

AG 112 0.65 (0.53-0.80) 84 0.62 (0.49-0.79) 18 0.68 (0.41-1.16) 0.70 (0.41-1.18)

GG 18 1.01 (0.63-1.62) 12 0.85 (0.48-1.50) 5 1.96 (0.78-4.94) 1.69 (0.67-4.28
AG/GG 130 0.68 (0.56-0.83) 96 0.64 (0.51-0.80) 23 0.80 (0.50-1.29) 0.80 (0.50-1.30)

HR:hazard ratio; CI: confidence interval; *: adjusted for age,sex and body mass index (BMI); {:adjusted for age,sex,BMI, cancer site and cancer stage; Active cancer: period
from six months before a cancer diagnosis until two years after; Events: the number of venous thromboembolism (VTE), deep vein thrombosis (DVT), or pulmonary

embolism (PE) in each category.

Table 3. The distribution of cancer types and stages across genotypes at GP6 rs1613662 alleles (AA, AG, GG).

ancer site AA (n=1,723) AG (n=702) GG (n=75) Total (n=2,500)

Colorectal 283 (16.4) 105 (15.0) 14 (18.7) 402 (16.1)
Upper Gl tract 92 (5.3) 34 (4.8) 4 (5.3) 130 (5.2)
Pancreatic 53 (3.1 15 (2.1) 221 70 (2.8)
Lung 178 (10.3) 85 (12.1) 15 (20.0) 278 (11.1)
Breast 176 (10.2) 86 (12.3) 221 264 (10.6)
Gynecologic 102 (5.9) 45 (6.4) 1(1.3) 148 (5.9)
Prostate 279 (16.2) 119 (17.0) 14 (18.7) 412 (16.5)
Urologic 155 (9.0) 57 (8.1 6 (8.0) 218 (8.7)
CNS 67 (3.9) 334D 1(13) 101 (4.0)
Hematologic and lymph 154 (8.9) 45 (6.4) 9 (12.0) 208 (8.3)
Remaining cancers* 184 (19.7) 78 (111 709.3) 269 (10.8)
Cancer stage

Localized disease 586 (34.0) 277 (39.5) 18 (24.0) 881 (35.2)
Regional spread 399 (23.2) 158 (22.5) 17 (22.7) 574 (23.0)
Distant metastasis 318 (15.5) 126 (17.9) 19 (25.3) 463 (18.5)

CNS: central nervous system; Gl: gastrointestinal;*: ear, nose throat, melanomas, endocrine, sarcomas and unknown sites; N: indicates the number of cancers in each cate-

gory and the percentages are presented in parentheses.
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Our findings support the notion that platelet function
is involved in the pathogenesis of VTE. The
mechanism(s) underlying the combined, but apparent
opposite effect of homozygosity at the G-allele of GP6
151613662 and cancer on VTE risk remains elusive. The
inverse effect may be explained by a differential impact
of the G-allele at GPé rs1613662 on the cancer type, can-
cer stages and mortality rates. However, variants at the
GP6 151613662 may also have differential impact on
platelet reactivity under various conditions.

In contrast to cancer-free subjects where the VTE risk
decreased with the number of G-alleles, cancer patients
homozygous for the G-allele at GPé rs1613662 displayed
an increased VTE risk. Our findings imply that measures
of platelet function may have differential impact on the
VTE risk in cancer-free subjects and cancer patients.
Elevated platelet counts are frequently observed in cancer
patients, are associated with decreased survival,' and
have been shown to predict future cancer-related VTE
events.’” In contrast, no association between platelet
count and the VTE risk has been observed in general pop-
ulations.” In addition, mean platelet volume (MPV), a
marker of platelet reactivity, has shown differential asso-
ciation with VTE risk in subjects without and with can-
cer. Whereas high MPV is associated with an increased
risk of VTE in the general population,” it is associated
with a lower VTE risk and improved survival in cancer
patients."

The main strengths of our study are the prospective
design and the validation of VTE events and cancer diag-
noses. The high attendance rate and wide age distribu-
tion in the parent cohorts reduces the chance of selection
bias in the subcohort. Some limitations merit considera-
tion. Unfortunately, cancer treatment modality was not
available and restricted the possibility to evaluate the
relationship between treatment related factors and genet-
ics. Moreover, our study had limited statistical power,
particularly in some subgroups. This resulted in wide CI,
and our risk estimates should therefore be interpreted
with caution.

In conclusion, the GP6 rs1613662 G-allele displayed a
protective effect on VTE risk in cancer-free subjects,
while an increased risk of VIE was observed in cancer
patients homozygous for the G-allele. Our findings sup-
port a role of platelet reactivity in the pathogenesis of
VTE, which may differ according to cancer status.
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ABSTRACT

enous thromboembolism (VTE) is a frequent complication in patients

with cancer. Homozygous carriers of the fibrinogen gamma gene

(FGG) 152066865 have a moderately increased risk of VTE, but the
effect of the FGG variant in cancer is unknown. We aimed to investigate the
effect of the FGG variant and active cancer on the risk of VTE. Cases with
incident VIE (n=640) and a randomly selected age-weighted sub-cohort
(n=3,734) were derived from a population-based cohort (the Tromsg study).
Cox-regression was used to estimate hazard ratios (HR) with 95% confi-
dence intervals (CI) for VTE according to categories of cancer and FGG. In
those without cancer, homozygosity at the FGG variant was associated
with a 70% (HR 1.7, 95% CI: 1.2-2.3) increased risk of VIE compared to
non-carriers. Cancer patients homozygous for the FGG variant had a two-
fold (HR 2.0, 95% CI: 1.1-8.6) higher risk of VTE than cancer patients with-
out the variant. Moreover, the six-months cumulative incidence of VTE
among cancer patients was 6.4% (95% CI: 3.5-11.6) in homozygous carriers
of FGG and 3.1% (95% CI: 2.3-4.7) in those without risk alleles. A synergis-
tic effect was observed between 152066865 and active cancer on the risk of
VTE (synergy index: 1.81, 95% CI: 1.02-3.21, attributable proportion: 0.43,
95% CI: 0.11-0.74). In conclusion, homozygosity at the FGG variant and
active cancer yielded a synergistic effect on the risk of VTE.

Introduction

Venous thromboembolism (VTE), a collective term for deep vein thrombosis
(DVT) and pulmonary embolism (PE), is a common disease associated with sub-
stantial short- and long-term morbidity and mortality."” The incidence of VTE is
1-2 in 1,000 people/ year, and it increases steeply with age.® Malignant disease is
associated with a four- to seven-fold increased risk of VTE, and 20-25% of all first
lifetime VTE-events are cancer-related.*” VIE, particularly in cancer, leads to pro-
longed and more frequent hospitalizations, and has a substantial impact on quality
of life.*” Complications of VTE, such as recurrence, post-thrombotic syndrome and
treatment-related bleeding, occur more frequently in cancer patients,”®’ and the risk
of death is higher in cancer patients with than without VTE."*"

Family and twin studies suggest that VTE is highly heritable, and likely results
from an interplay between inherited and environmental factors.”* Fibrinogen, the
precursor of fibrin, is an essential component in the final stage of the coagulation
cascade. The fibrinogen molecule has three subunits called Aa, Bf and y, which
occur in pairs for a total number of six subunits. The y chain, transcribed from the
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fibrinogen gamma gene (FGG) located on chromosome 4,
has two isoforms, yA and y. In the Leiden
Thrombophilia Study, the FGG rs2066865 single
nucleotide polymorphism (SNP) was first proposed as a
risk factor for VIE by reducing fibrinogen y’ levels."
Several later genotyping'®'® and genome-wide association
studies (GWAS)"" confirmed an association between
152066865 and VTE risk, whereas two cohort studies
found no significant association.”” In a recent meta-
analysis including seven studies, rs2066865 was associated
with an increased risk of VIE (OR 1.61, 95% CI: 1.34-
1.93)."

The majority of the genetic studies have excluded indi-
viduals with cancer-related thrombosis. However, as pro-
thrombotic genotypes are fixed, and not influenced by dis-
ease, interventions and complications, they may be attrac-
tive candidates as biomarkers of VTE risk in cancer
patients. Recent studies have suggested that interactions
between cancer and other prothrombotic genotypes (fac-
tor V variants rs6025 and rs4524 and prothrombin
G20210A) have synergistic effects on the risk of VITE*®
To the best of our knowledge, no study has investigated
the impact of rs2066865 on the risk of VIE in cancer
patients. Therefore, we aimed to investigate the joint
effect of 152066865 and active cancer on the absolute and
relative risks of VTE in a population-based case-cohort.

Methods

Study population

The Tromse Study is a single-center population-based cohort,
following residents of the municipality of Tromse, Norway, with
repeated health surveys. The case-cohort was derived from the
fourth survey (Tromsg 4), which included 27,158 participants aged
25-97 years. A detailed cohort profile of the Tromsg study has
been published previously.”® The study was approved by the
Regional Committee for Medical and Health Research Ethics in
Northern Norway, and all participants provided informed written
consent to participation. From enrolment in Tromsg 4 (1994/95),
subjects were followed until December 31, 2012. Detailed infor-
mation regarding identification and validation of VIE-events are
described in the Online Supplementary Material and Methods.

In total, 710 participants developed VTE during follow-up. Of
these, 26 did not have blood samples available or of sufficient
quality for DNA analyses. The remaining 684 subjects were
included as the cases in our study. A subcohort (n=3,931) was
composed by randomly sampling individuals from Tromse 4
weighted for the age distribution of the cases in 5-year age-groups.
Due to the nature of the case-cohort design, where each partici-
pant has the same probability of sampling, 72 of the cases were
also in the subcohort. Subjects with a history of cancer prior to
inclusion (n=232) and subjects with missing information on
152066865 (n=9) were excluded from the analysis. The final case-
cohort consisted of 4,374 subjects, with 640 cases and 3,734 in the
subcohort. A flow chart of the case-cohort is displayed in Figure 1.

Baseline measurements and genotyping
Baseline measurements and genotyping methods are described
in the Ownline Supplementary Materials and Methods.

Cancer exposure

Cancer assessment is described in the Ounline Supplementary
Materials and Methods. Previous studies have shown a strong tem-
poral relation between cancer diagnosis and incident VTE, and up

to 50 % of cancer-related VTE events presents within a 2.5-year
interval (from six months preceding the cancer diagnosis until 2
years following the cancer diagnosis).”*® Therefore, a VIE was
defined as related to active cancer if it occurred within this time
period.

Subjects who survived the active cancer period without a VTE
were censored at the end of the active cancer period (i.e. 2 years
after cancer was diagnosed). The censoring was performed
because information regarding remission and relapse of cancer
was unavailable, and extension of the observation period of cancer
could result in the dilution of the estimates due to inclusion of
VTE cases not necessarily caused by cancer. This approach result-
ed in censoring of 14 VTE cases that occurred after the active can-
cer period. Thus, 626 VTE cases were included in the final analy-
ses.

Statistical analysis

Statistical analyses were performed using STATA version 15.0
(Stata Corporation LP, College Station, TX, USA). Cox proportion-
al hazards regression models were used to obtain age- and sex-
adjusted HR with 95% CI for VTE across categories of cancer sta-
tus (no cancer/active cancer) and FGG risk alleles. Cancer was
assessed as a time-dependent covariate in the model. Subjects
who developed cancer contributed person-time as unexposed
from the inclusion date until six months prior a cancer diagnosis,
and thereafter contributed person-time in the active cancer group
as exposed. Absolute incidence rates (IR) were calculated based on
person-time from the original cohort (n=27,128). To calculate joint
effects conferred by active cancer and FGG risk alleles, subjects
with no cancer and no risk alleles were used as the reference group
in the Cox model. Based on the total active cancer person-time at
risk derived from the source cohort, 1-Kaplan-Meier curves were
used to estimate the cumulative incidence of VTE in subjects with
active cancer according to the presence of FGG risk alleles.
Methods for assessing synergism between FGG and active cancer
on the risk of VIE are described in detail in the Online
Supplementary Materials and Methods.

Results

The mean follow-up of the case-cohort was 12.6 years.
In total, 854 subjects had active cancer, of which 167 expe-
rienced an incident VIE. The baseline characteristics of

Table 1. Baseline characteristics in the entire case-cohort and in the
active cancer group.

Entire case-cohort Active cancer

Subjects (n) 4374 854
Age (years) 58 +13 62 +10
Sex (males) 47.0 (2,048) 53.0 (456)
BMI (kg/m?) 26.0 + 4 26.0 + 4
Daily smoking 34.5 (1,464) 43.5 (364)
WBC count (10*L) 71+18 72+18
Platelet count (10*/L) 251 £ 60 250 £ 58
1s2066865* 0.26 0.26

1 risk allele 1,723 334

2 risk alleles 289 51

Values are numbers or percentages with numbers in parenthesis or means + standard
deviation (SD). Active cancer: period from six months before a cancer diagnosis until
two years after; BMI: body mass index; Daily smoking indicates smoking at the time
of enrollment; WBC: white blood cell; *: allele frequency.



the entire case-cohort and in those with active cancer dur-
ing follow-up are presented in Table 1. Subjects who
developed active cancer were slightly older (61+10 years
vs. 58+18 years) and reported a higher frequency of daily
smoking (46% vs. 35%) compared to the entire case-
cohort. The minor allele frequency of 152066865 was 0.26,
which is comparable to reference populations.”” The
homozygous variant of the FGG was present in 289
(6.6%) subjects, the heterozygous variant in 1,723 (39.4%)
subjects, while 2,362 (54.0%) subjects were non-carriers
of the FGG variant. The allele frequency was essentially
similar in subjects who developed cancer. Expected versus
observed proportions of hetero- and homozygous individ-
uals in the subcohort according to the Hardy-Weinberg
equilibrium are presented in Online Supplementary Table
S1.

The clinical characteristics of the VIE events stratified
by the presence of active cancer are shown in Table 2.
Compared to the non-cancer-related VIE, cancer-related
VTE were more often a DVT (59.2% vs. 55.5%) than a PE
(40.7% vs. 44.4%). The prevalence of provoking factors
such as acute medical conditions, immobilization and sur-
gery were essentially similar between the two groups, as
were the total proportion of VTE with one or more con-
current provoking factors (44.3% vs. 44.7%). Non-cancer
related VTE were more likely to be associated with trau-
mas (9.6% vs. 2.4%) while other provoking factors (i.e.
venous catheters) were more frequent in cancer-related
VTE (8.4% vs. 3.7%).

In participants without cancer, the IR of VTE increased
from 1.2 (95% CI: 1.1-1.4) per 1,000 people/year among
non-carriers of FGG rs2066865 to 2.0 (95% CI: 1.5-2.7) per
1,000 people/year among those with two risk alleles.
Accordingly, the risk of VTE was 70% (HR 1.7, 95% CI:
1.2-2.3) higher in those with two risk alleles at FGG com-
pared to non-carriers (Table 3). In subjects with active can-
cer, the risk was 12-fold higher (HR 11.9, 95% CI: 9.3-
15.2) in those with no FGG risk alleles, and 22-fold higher
(HR 22.2, 95% CI: 12.9-38.1) in those with two FGG risk
alleles, compared to cancer-free subject without risk alle-
les. Cancer patients with two risk alleles at FGG had a
two-fold higher (HR 2.0, 95% CI 1.1-3.6) risk of VTE com-
pared to cancer patients without risk alleles. In sub-analy-
ses, the effect of active cancer and homozygosity at FGG
yielded higher risk estimates for PE (HR 2.9, 95% CI: 1.3-
6.6) than for DVT (HR 1.6, 95% CI: 0.7-3.5).

The cumulative incidence of VTE during the active can-

FGG rs2066865 and the risk of cancer-related VTE e

cer period is shown in Figure 2. The cumulative incidence
of VTE increased particularly during the first six months
following a cancer diagnosis, where we found a substan-
tially steeper incline in the incidence curve for subjects
with two risk alleles at FGG rs2066865. The cumulative
incidence of VTE among homozygous carriers was 5.0%
(95% CI: 2.4-9.6), 6.4% (95% CI: 3.5-11.6), and 8.0%
(95% CI: 4.6-13.9) at three months, six months and 24
months after cancer diagnosis, respectively. The corre-
sponding figures for cancer patients who were non-carri-
ers were 2.1% (95% CI: 1.5-3.0), 3.1% (95% CI: 2.3-4.7),
and 4.8% (95% CI: 8.8-6.2), respectively.

A supra-additive effect on the risk of VTE was observed
for the combination of homozygosity at the FGG variant
and active cancer (Table 4). The Relative excess risk by

Table 2. Characteristics of subjects with cancer-related and non-can-
cer-related first venous thromboembolism.

Cancer-related VTE
Yes (167) No (459)
Age at VTE diagnosis (years) 69 +11 68+14
Sex (Males) 44.9 (75) 47.3217)
VTE type
Deep vein thrombosis 59.2 (99) 55.5 (255)
Proximal upper limb 51(5) 2.0 (5)
Distal upper limb 1.0 (D) 0 (0)
Proximal lower limb 62.6 (62) 65.9 (168)
Distal lower limb 12.1 (12) 282 (72)
Other localizations 19.1 (19) 3.9 (10)
Pulmonary embolism 40.7 (68) 444 (204)
Unprovoked event NA 54.9 (252)
Provoking factors
Surgery* 12.6 (21) 15.3 (70)
Trauma® 24 (4) 9.6 (44)
Acute medical condition® 15.0 (25) 14.2 (65)
Immobilization® 204 (34 20.0 (92)
Other provoking factor* 84 (14) 3.7 (17)
Total provoked® 44.3 (74) 44.7 (205)

Values are numbers or percentages with numbers in parenthesis or means + standard
deviation (SD); VTE: venous thromboembolism; NA: not applicable; “within eight
weeks before the VTE-event; "myocardial infarction, ischemic stroke of major infec-
tious disease; “bedrest >3 days, wheelchair, long haul travel >4 hours in the past 14
days; “presence of other provoking factors noted by the physician (e.g. intravenous
catheters); “one or more provoking factor above

Table 3. Age and sex adjusted hazard ratios for venous thromboembolism according to categories of fibrinogen gamma (FGG) risk alleles and

cancer status.

VIE PE DVT
Risk Alleles Events HR HR Events HR HR Events HR HR
(95% ClI) (95% Cl) (95% Cl) (95% CI) (95% Cl) (95% Cl)
0 242 Ref. - 112 Ref. - 130 Ref. -
No cancer 1 170 1.0 (0.8-1.2) - 70 0.9 (0.6-1.2) - 100 1.1(08-14) -
2 47 1.7 (12-2.3) - 22 1.7(11-2.1) - 25 1.6(11-2.5) -
0 89 11.9 (9.3-15.2) Ref. 32 83(5.6-12.5) Ref. 57 153 (11.2-21.1) Ref.
Active cancer 1 64 122 (9.2-16.1) 1.1 (0.8-1.5) 29 106 (7.1-163) 13(08-22) 35 134 (92-19.6) 1.0 (0.6-1.5)
2 14 222 (12.9-38.1) 2.0 (1.1-3.6) 7 228 (10.649.1) 29(1.3-66) 7 216 (10.0-46.4) 1.6 (0.7-3.5)

Active cancer: period from six months before a cancer diagnosis until two years after; Cl: confidence interval; DVT. deep vein thrombosis; HR: hazard ratio; PE: pulmonary

embolism;VTE: venous thromboembolism.
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interaction (RERI) was 9.61 (95% CI: -2.38-21.61) and the
Rothmans synergy index (RSI) was 1.81 (95% CI: 1.02-
3.21). The proportion attributable to interaction (AP) was
0.43 (95% CI: 0.11-0.74). In sub-group analysis, the esti-
mates of biological interaction were stronger for PE
(RSI=2.37, 95% CI: 1.05-5.39) than for DVT (RSI=1.46,
95% CI: 0.65-3.27).

Discussion

In the present study, we aimed to investigate the joint
effect of the 52066865 SNP at FGG and active cancer on
the risk of VTE in a case-cohort recruited from the general
population. Homozygosity at rs2066865, occurring in
6.6% of the study population, was associated with an
increased risk of VTE. The combination of an 52066865
homozygous risk genotype and active cancer showed a
synergistic effect on VTE risk (on an additive scale). The
effect was particularly strong for PE. The cumulative inci-
dence of VTE increased substantially during the first six
months following a cancer diagnosis, especially among
patients with two risk alleles at FGG rs2066865. Our find-
ings suggest that homozygosity at FGG rs2066865 may
aid to differentiate patients at high and low risk of cancer-
related VTE.

Several observational studies have reported an associa-
tion between homozygous genotype of 152066865 and
increased risk of VTE in Caucasians.”'*”" In a recent meta-
analysis including seven observational studies, the odds
ratio of VIE was 1.61 for homozygosity at 152066865
Accordingly, in cancer-free subjects, we found that those
with two 152066865 risk alleles had a 1.7-fold higher VTE
risk than those with 0 risk alleles. The risk estimates for
DVT and PE were essentially similar in cancer-free sub-
jects.

Even though the role of prothrombotic genotypes in
cancer-related VITE have been scarcely studied, previous
studies have found that some prothrombotic genotypes
(e.g. factor V Leiden and prothrombin G20210A) are asso-
ciated with increased risk of cancer-related VTE.?>*%%
Further, the combined effect of cancer and factor V vari-
ants (factor V Leiden and rs4524) exceeded the sum of the
individual effects, implicating a biological interaction on
VTE risk.”** Accordingly, we found that the combination
of FGG and active cancer yielded a synergistic effect on
VTE risk.

In cancer patients, the cumulative incidence curve of
VTE was substantially steeper in individuals homozygous
for FGG during the first six months following the cancer
diagnosis. According to the thrombosis potential model,”
several risk factors need to be present concurrently to
exceed the thrombosis potential and facilitate develop-
ment of a VTE. In the period following a cancer diagnosis,
treatment with surgery and/or chemotherapy is typically
initiated, and treatment-related complications such as
acute infection and immobilization frequently occur.
Thus, the accumulation of several treatment-related risk
factors, which adds to the background risk in patients
with cancer and risk alleles at FGG, may partly explain the
substantial increase in VTE incidence the first half year fol-
lowing a cancer diagnosis.

In contrast to cancer-free subjects, we found that the
effect of rs2066865 was stronger for PE than for DVT in
cancer patients. This suggests that the FGG variant may

[
Tromsg 4
n=27,158
VTE-cases Sub-cohort
n=684 l—| n=3931
Randomly selected based on
From study entry to 31.12.2012 age distribution of the cases

1 1
1

: Exclusions i
) Previous cancer n=232 1
Missing FGG rs2066865n=9 |
1

1

VTE-cases n=640
Sub-cohort n=3,734

Figure 1. Flow chart for the case-cohort.

play a more essential role in the pathogenesis of PE than
DVT in cancer patients. The underlying mechanism(s) for
the latter observation is unknown, but may imply that
152066865 is associated with fragile thrombi, which are
prone to embolization and manifest clinically as PE rather
than DVT in cancer patients.

The mechanism by which the rs2066865 affects suscep-
tibility to VTE is not fully elucidated. However, the cur-
rent hypothesis is that it acts through a phenotype with
altered fibrinogen composition and formation. The
152066865 SNP tags the FGG-H2 haplotype. Previous
studies have shown that homozygous carriers of the FGG-
H2 haplotype had lower levels of y’ fibrinogen and y’ fib-
rinogen/total fibrinogen concentration without alter-
ations in the total fibrinogen level.® The suggested mech-
anism is that the FGG variant favors formation of the
abundant y-chain isoform (yA) above the minor y-chain
(v') through alternative splicing of the mRNA of the FGG-
gene.** Fibrinogen v’ exhibits an inhibitory activity
towards thrombin, due to a high affinity binding site on
they’ chain for thrombin exosite II,** which inhibits
thrombin-mediated activation of factor VII[,** factor V*
and platelets.” Moreover, fibrinogen y’ has been shown to
increase the activated protein C (APC) sensitivity.”
However, studies on the association between low plasma
levels of fibrinogen Yy and VTE risk have shown some-
what inconsistent results."**

Current anticoagulant prophylaxis regimens efficiently
prevent first VTE in cancer patients, but at the expense of
a substantial risk of major and life-threatening bleedings.”
Therefore, current international guidelines do not recom-
mend prophylactic anticoagulation to all ambulatory can-
cer patients.”" Thus, it is vital to recognize patients that
are at high risk of cancer associated VTE, in order to iden-
tify those who would benefit most from thromboprophy-
laxis. Prothrombotic genotypes are attractive biomarker
candidates, which could be used to distinguish between
high and low risk of VTE in cancer patients, since they are
fixed and not affected by the clinical status or treatment-
related factors. In the present study, 6.4% of cancer
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ence of FGG rs2066865 risk alleles
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Table 4. Measures of interaction between the homozygous fibrinogen gamma (FGG) variant and active cancer on venous thromboembolism.

Rothmans synergy index (RSI)

Relative excess risk by interaction (RERI)

Proportion due to interaction (AP)

(95% CI) (95% CI) (95% CI)
FGG 152066865
VTE 1.81 (1.02-321) 9.6 (:24216) 043 (0.11:0.74)
PE 2.37 (1.05-5.39) 134 (48317 0.56 (0.21-0.90)
DVT 1.46 (0.65-3.27) 6.3 (-9.6-22.1) 0.30 (-0.24-0.83)

Rothmans synergy index (RSI) >1 indicates a positive interaction or more than additivity; Relative excess risk by interaction (RERI) >0 indicates a positive interaction or more
than additivity; Proportion due to interaction (AP) >0 indicates a positive interaction or more than additivity. VTE: venous thromboembolism; PE: pulmonary embolism; DVT:

deep vein thrombosis; C: confidence interval.

patients with two risk alleles at FGG rs2066865 developed
VTE during the first six months after cancer diagnosis
compared to 3.1% of cancer patients without risk alleles.
Our findings suggest that FGG may be an attractive gene
candidate to pursue in future research on prediction mod-
els of VTE risk in cancer patients. We and others have pre-
viously reported similar discriminative power of two vari-
ants in the F5 gene (156025 and rs4524),”* and a genetic
model including nine SNP reported promising predictive
capacity on VTE risk in breast cancer.” Recently, a new
risk prediction model for cancer-related VTE, including
clinical characteristics and genetic variants, reported a
strong predictive capacity with an area under the curve
(AUC) of 0.78 and performed better that the Khorana
score (AUC 0.58).%

The main strengths of present study are the prospective
design, high participation rate and long-term follow-up,
making it possible to capture a large quantity of both inci-
dent cancer- and VTE-events in the study population.
Since all participants live within a single hospital catch-
ment area, the probability of missing outcomes is low.

Moreover, both incident VTE-events and cancer diagnoses
were systematically validated and objectively confirmed.
The study was limited by the lack of statistical power in
sub-group analysis (i.e. DVT/PE), illustrated by wide CI
for our risk estimates. In addition, we did not have access
to information on treatment regimens or medical compli-
cations among cancer patients. Although there is no rea-
son to believe that the type or intensity of treatment
would be influenced by the genetic makeup, such data
could have provided further insights into the possible
interplay between genes and treatment-related risk fac-
tors.

In conclusion, we found that homozygosity at FGG
152066865 was associated with an increased risk of VTE,
and yielded a synergistic effect on the VTE risk in combi-
nation with active cancer, particularly on the risk of PE.
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Abstract

Background: The role of combined prothrombotic genotypes in cancer-related ve-
nous thromboembolism (VTE) is scarcely studied. We aimed to investigate the impact
of a 5-single nucleotide polymorphism (SNP) score on the risk of VTE in patients with
and without cancer using a population-based case-cohort.

Methods: Cases with a first VTE (n = 1493) and a subcohort (h = 13 072) were de-
rived from the Tromsg Study (1994-2012) and the Nord-Trgndelag Health Study
(1995-2008). Five SNPs previously reported as a risk score were genotyped: ABO
(rs8176719), F5 (rs6025), F2 (rs1799963), FGG (rs2066865), and F11 (rs2036914).
Hazard ratios (HRs) for VTE were estimated according to cancer status and the num-
ber of risk alleles in the 5-SNP score (0-1, 2-3, and >4 alleles).

Results: During a median follow-up of 12.3 years, 1496 individuals were diagnosed
with cancer, of whom 232 experienced VTE. The VTE risk increased with the number
of risk alleles in the 5-SNP score among subjects without and with cancer. In cancer-
free subjects, the HR was 2.17 (95% confidence interval [CI] 1.79-2.62) for 24 versus
0-1 risk alleles. In cancer patients, the corresponding HR was 1.93 (95% Cl 1.28-2.91).
The combination of cancer and 24 risk alleles yielded a 17-fold (HR 17.1, 95% Cl 12.5-
23.4) higher risk of VTE compared with cancer-free subjects with 0-1 risk alleles.
Conclusion: The risk of VTE increases with the number of prothrombotic risk alleles
in subjects with and without cancer, and the combination of prothrombotic risk al-

leles and cancer leads to a highly elevated risk of VTE.

KEYWORDS
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1 | INTRODUCTION

Venous thromboembolism (VTE), a collective term for deep vein
thrombosis (DVT) and pulmonary embolism (PE), is a severe and fre-
quent complication of malignancy, of which the incidence is increas-
ing.l*2 Cancer is associated with a four- to seven-fold increased risk of
VTE,®” and approximately 15% of cancer patients will develop a VTE
during the course of malignancy.6 Cancer patients who develop VTE
have shortened life expectancy compared with cancer patients with-
out VTE.”® The clinical consequences of VTE, such as post-thrombotic
syndrome, VTE recurrence, and treatment-related bleeding, occur
more often in cancer patients than in cancer-free subjects.7’9 Current
guidelines do not recommend routine thromboprophylaxis to all am-
bulatory cancer patients due to the uncertain benefit-to-harm ratio,
which emphasizes the importance of identifying high-risk subjects. %2

Simulation studies have shown that mapping genetic profiles
may be useful to detect subjects at high and low risk of disease.*®
Genetic profiling may therefore help to identify subjects in need of
VTE prophylaxis in high-risk situations, such as cancer, surgery, or
prolonged immobilization. Several single nucleotide polymorphisms
(SNPs) are associated with the risk of VTE.»*? To identify high-risk
individuals, de Haan et al created a genetic score based on 31 SNPs
previously reported to increase VTE risk.2° In this score, the SNPs
with highest odds ratios of VTE were added one-by-one to finally
create a genetic risk score containing five SNPs: rs8176719 (non-O
blood type) in ABO, rs6025 (factor V Leiden [FVL]) in F5, rs1799963
(prothrombin G20210A) in F2, rs2066865 in the fibrinogen gamma
gene (FGG), and rs2036914 in F11. This 5-SNP score performed
similarly to the score of all 31 SNPs,?° and detected subjects at in-
creased risk of both incident and recurrent VTE.2022

Genetic alterations such as Factor V Leiden,?®2* ABO rs505922
and rs8176746,%° ABO rs8176719,%° and prothrombin G20210A27-%°
have all been found to be associated with VTE risk in cancer.
Moreover, the combined effect of cancer and the factor 5 SNPs
rs6025 and rs4524 increased VTE risk on a supra-additive scale, in-
dicating a biological interaction.?* As prothrombotic genotypes only
need to be measured once, and are not influenced by disease pro-
gression, interventions, or complications, they are attractive candi-
date biomarkers of VTE risk in cancer patients.

The role of genetics in cancer-related VTE is not yet fully elucidated,
and to the best of our knowledge, no previous study has investigated
the impact of the 5-SNP score on VTE risk in cancer patients. Therefore,
we aimed to investigate the impact of increasing number of risk alleles in
the 5-SNP score on the risk of VTE in subjects with and without cancer

using a case-cohort recruited from the general population.

2 | METHODS
2.1 | Study population

Study participants were derived from the fourth survey of the Tromsg
Study, conducted in 1994-1995,%! and the second survey of the

Essentials

e The role of prothrombotic SNPs in cancer-related ve-
nous thromboembolism (VTE) is scarcely studied.

e We investigated if a 5-SNP score was associated with
VTE risk in subjects with and without cancer.

e The risk of VTE increased with increasing number of
5-SNP score risk alleles in both groups.

e The combination of prothrombotic risk alleles and can-

cer led to a highly elevated risk of VTE.

Nord-Trendelag Health (HUNT) Study, conducted in 1995-1997.%2
The Tromsg Study (Tromsgz 4) and the HUNT Study (HUNT2) are
Norwegian population-based cohorts of the inhabitants of Tromsg
municipality and Nord-Trgndelag County, respectively. A total of
27 158 unique individuals aged 225 years participated in Tromsg 4,
and 66 140 individuals aged 220 years participated in HUNT, yield-
ing attendance rates of 77% (Tromsg 4) and 71% (HUNT2). Detailed
descriptions of the studies have been published elsewhere.31%?

Participants were followed from the date of inclusion until a
verified first VTE diagnosis, migration, death, or end of follow-up
(December 31, 2008 in HUNT2 and December 31, 2012 in Tromsg
4). In Tromsg 4, all VTE events were identified by searching the
hospital discharge diagnosis registry, the autopsy registry, and the
radiology procedure registry at the University Hospital of North
Norway (UNN), which is the sole provider of diagnostic radiology
and treatment of VTE in the Tromsg area. Trained personnel re-
viewed the medical records for each potential VTE case, and incident
VTE events were included when clinical signs and symptoms of PE or
DVT were combined with radiologic confirmation and treatment was
initiated (unless contraindications were specified). In HUNT2, VTE
events were identified by searching the hospital discharge diagnosis
registry and the radiology procedure registry at the two local hospi-
tals in the county (Levanger Hospital and Namsos Hospital) and by
searching the discharge diagnosis registry of the tertiary-care center
of the region, St. Olav's Hospital in Trondheim. Two physicians re-
viewed the medical records for each VTE event, and the validation
criteria included symptomatic VTE events confirmed by radiologic
procedures (ultrasound, venography, computed tomography [CT]
scan, or perfusion-ventilation scan) which required treatment. The
identification and adjudication process of VTEs in both studies have
been previously described in detail.>*3* Participants with a history
of VTE before inclusion in the parent cohorts were excluded.

We created a case-cohort by including all cases with a first life-
time VTE (n = 1493) and a randomly sampled subcohort (n = 13 072)
derived from the parent cohorts (Figure 1). Participants not regis-
tered as inhabitants of Tromsg or Nord-Trgndelag at study inclusion
(n = 3) and subjects with missing information on risk alleles (n = 170)
or body mass index (n = 80) were excluded. Further, subjects with
a cancer diagnosis prior to or less than 6 months after inclusion

(n = 624) were excluded. Eventually, the case-cohort consisted of
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13 688 participants, of whom 1362 were VTE cases. Due to the na-
ture of the case-cohort design, in which every person in the cohort,
including the cases, has the same probability of being selected to the
subcohort, 206 of the subjects randomly selected to the subcohort
were also cases. All participants gave their informed written con-
sent to participate and The Regional Committee of Medical Health
Research Ethics approved the study.

2.2 | Baseline measurements and genotyping
Baseline information was obtained by physical examination, blood

sampling, and self-administrated questionnaires in each study. Body
height and weight were measured with participants wearing light

° . | 3

jth
clothing and no shoes. Body mass index (BMI) was calculated by di-
viding the weight in kilograms (kg) by height in meters (m) squared
(kg/mz). Information on history of cardiovascular disease (myocardial
infarction, angina, or stroke), diabetes mellitus, and smoking status
were obtained from the questionnaires.

DNA was isolated from blood, and the following five SNPs
were genotyped: ABO rs8176719 (non-O blood type), F5 rs6025
(Factor V Leiden), F2 rs1799963 (prothrombin G20210A), FGG
rs2066865, and F11 rs2036914. In Tromsg 4, the Sequenom
platform was used for genotyping rs8176719 (ABO), rs6025
(F5), rs1799963 (F2), and rs2036914 (F11), while rs2066865
(FGG) was genotyped with the TagMan platform, as previously
described.®® In HUNT2, genotyping was performed using the
Illumina HumanCore Exome array.

Troms@ 4 and HUNT 2
n = 93298

Y

Y

VTE cases
n = 1493

Sub-cohort
n=13072

Y

Case-cohort
n = 14565

.
1
1
1
1
I History of cancer n = 624
]
1
1
1
1

Exclusions
Moved before study start, n =3

Missing SNPs, n =70
Missing BMI, n = 80

Case-cohort
n = 13688
(VTE cases, n = 1362)

VTE cases not entered due to

Y

censoring after active cancer
period, n =79

Case-cohort
n = 13688
(VTE cases, n = 1283

Y

FIGURE 1 Study population. Participants were recruited from the fourth survey of the Tromsg study (1994-2012) and the second survey
of the Nord-Trgndelag Health (1995-2008) study. VTE indicates venous thromboembolism; SNPs, single nucleotide polymorphisms
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Subjects were considered as carriers of prothrombotic geno-
types if one or two risk alleles were present. Hence, we did not dif-
ferentiate between hetero- and homozygous carriers. Because the
minor allele at F11 rs2036914 is associated with reduced VTE risk,3¢
the common allele was set as risk allele in our analysis. Zero risk al-
leles at ABO rs8176719 was defined as O blood type, whereas one
or two risk alleles were classified as non-O blood type. The 5-SNP
score conceived by de Haan et al was created by summing the num-
ber of risk alleles from the five sequenced SNPs.?°

2.3 | Cancer assessment

Information on cancer diagnosis, primary cancer site (International
Classification of Diseases, Revision 7 [ICD-7] codes 140-205), and
stage during follow-up, was obtained by linkage to the Cancer
Registry of Norway. The Cancer Registry of Norway is considered a
complete and valid registry with reported 98.8% completeness and

d.*” Non-melanoma

with 94% of the cases being histologically verifie
skin cancers (ICD-7 codes 191.0-191.9) were classified as non-can-
cer due to the pathophysiology and nature of these cancers.

As temporal proximity to cancer diagnosis is shown to be a strong
predictor for VTE risk,»2*%8 3 VTE event was classified as related to
active cancer if it occurred within 6 months prior to a cancer diag-
nosis until 2 years following the cancer diagnosis date. Patients who
were not diagnosed with VTE and still alive at the end of the active
cancer period were censored at this time, as information regarding
cancer progression and remission was not available and extending
the active cancer period could result in dilution of the results by in-
cluding VTE events that were not related to cancer. Consequently,
79 VTE events that occurred beyond the active cancer period were
never counted in the analyses. Thus, the total number of VTE events
in the analyses were 1283, of which 232 occurred in the active can-

cer period.

2.4 | Statistical analysis

Statistical analyses were carried out using STATA version 15.0 (Stata
Corporation). Cancer was entered as a time-varying covariate and
data were split in relation to cancer diagnosis date to distinguish be-
tween non-cancer and cancer-exposed periods. Individuals who de-
veloped cancer during follow-up contributed with exposure status
as cancer-free until 6 months prior to their cancer diagnosis date,
and from that point onward exposure status changed to active can-
cer. Two years after the cancer was diagnosed, the cancer patients
who were still alive and had not experienced a VTE event were cen-
sored from the analyses. Thus, individuals who developed cancer
contributed to both non-exposed and cancer-exposed person-years
(PY) at risk during the study period.

Cox proportional hazard regression models were used to esti-
mate the hazard ratios (HRs) with 95% confidence intervals (Cls) for

incident VTE according to the individual SNPs or categories of risk

alleles (the 5-SNP score categories, ie, 0-1, 2-3, and 24 risk alleles)
and by cancer status (cancer free and active cancer). In analyses
stratified on cancer status, subjects with 0-1 risk alleles were used
as reference category. All analyses were adjusted for age, sex, and
BMI. The proportional hazard assumption was tested by the use of
Schoenfeld residuals and was found not to be violated.

We also investigated the combined effect of cancer and risk al-
lele categories on VTE risk using cancer-free subjects with 0-1 risk
alleles as reference category. The presence of a biological interac-
tion between cancer and presence of SNPs was calculated using
the relative excess risk attributable to interaction (RERI), the attrib-
utable proportion due to interaction (AP), and the synergy index
(SI) with corresponding 95% Cls.3%40 Briefly, the RERI can be inter-
preted as part of the total effect on outcome (eg, VTE) that is due
to interaction (eg, between cancer and prothrombotic SNPs), the AP
as the proportion of the combined effect that is attributable to in-
teraction between the two exposures. A RERI and an AP > 0, and a
synergy index >1.0 suggest a positive interaction, ie, the combined
effect of two exposures is larger than the sum of the two separate
effects.®’

3 | RESULTS

There were 1496 subjects diagnosed with cancer during a median
follow-up of 12.3 years. The baseline characteristics of cancer-free
subjects and cancer patients with and without VTE are presented in
Table 1. In cancer-free subjects, participants who experienced a VTE
were older, had more cardiovascular disease, and higher BMI than
those without VTE. In cancer patients with VTE, there was a higher
proportion of women and smokers and they were of younger age
than cancer patients without VTE.

The proportions of non-cancer and cancer patients across in-
creasing number of risk alleles in the 5-SNP score are shown in
Figure 2. The total number of risk alleles ranged from zero to seven
in cancer-free subjects and from zero to six in cancer patients, with a
median of two in both groups.

The risk estimates for VTE according to prothrombotic SNPs in
subjects with and without cancer are presented in Table 2. In sub-
jects without cancer, all five SNPs were associated with an increased
risk of VTE by the presence of one or more risk allele. The high-
est VTE risks were found for FVL (rs6025, HR 2.50, 95% Cl 2.13-
2.95), prothrombin (rs1799963, HR 1.55, 95% CI 1.02-2.36), and
ABO (rs8176719, HR 1.47, 95% Cl 1.29-1.86). The greatest risk of a
cancer-related VTE was seen in subjects with FVL (rs6025, HR 1.89,
95% Cl 1.29-2.77), prothrombin (rs1799963, HR 1.39, 95% Cl 0.44-
4.37), and FGG (rs2066865, HR 1.34, 95% Cl 1.03-1.74). Measures
quantifying interaction on an additive scale (ie RERI, AP, and syn-
ergy index) suggested a positive interaction between cancer and the
presence of three of the five prothrombotic SNPs; ABO (rs8176719),
FVL (rs6025), and FGG (rs2066865; Table 3).

The risk of VTE increased across categories of increasing risk
alleles in the 5-SNP score (0-1, 2-3, 24) in subjects with and without
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TABLE 1 Baseline characteristics of
the study population with and without
cancer and VTE
Participants, n?
Age,y
Male sex
BMI, kg/m?

Cardiovascular disease

Smoking
rs8176719 (ABO)®
rs6025 (F5)°
rs1799963 (F2)°
rs2066865 (FGG)
rs2036914 (F11)°

jth -

No cancer Cancer

Subcohort VTE Subcohort VTE

12 637 1051 1264 232
50.2+16.3 60.3 +15.1 62.0+12.2 60.6 +13.4
48.3(5977) 47.8 (502) 53.2 (673) 44.4(103)
262+4.1 27.7 £4.5 26.8 +4.3 269 +4.2
7.7 (972) 14.1 (148) 12.3(156) 12.1(28)
29.8 (3770) 25.0 (263) 32.2 (407) 34.9 (81)
61.4(7767) 69.9 (735) 60.6 (766) 68.1(158)
6.9 (873) 16.3 (171) 7.5 (95) 13.4(31)
1.3(169) 2.1(22) 1.3(17) 1.29(3)
42.3 (5346) 45.9 (482) 40.8 (516) 47.8 (111)
78.2(9879) 82.5(867) 78.6 (994) 81.0(188)

Note: Values are in % (n) or mean + standard deviation.

Abbreviations: BMI, body mass index; VTE, venous thromboembolism.

?Participants with cancer contributed to observation periods both in the no cancer and cancer

group.

bPercentage of participants with 21 risk allele.

cancer. In those without cancer, the HR for 24 versus 0-1 risk alleles
was 2.17 (95% Cl 1.79-2.62). In cancer patients, the correspond-
ing HR was 1.93 (95% Cl 1.28-2.91). Similar results were found
when analyzing DVT and PE separately (Table S1 in supporting
information).

In subjects with 0-1 risk alleles, the risk of VTE was nine-fold
higher in cancer patients than in those without cancer. Accordingly,
there was a synergistic effect between the number of risk alleles and
cancer on the relative risk of VTE. Subjects with cancer and 24 risk
alleles had a 17-fold (HR 17.1, 95% Cl 12.5-23.4) higher risk of VTE
than cancer-free subjects with <1 risk allele. This combined effect
was higher than expected on the basis of the individual effects of
cancer and 24 risk alleles (RERI 6.72 95% Cl 1.17-12.26). The AP re-
vealed that 39% of the total VTE events in participants with cancer
and 24 risk alleles were attributable to the interaction between the
two exposures (ie, cancer and 24 risk alleles).
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FIGURE 2 Distribution (%) of individuals across number (#) of
risk alleles in study participants with and without cancer

4 | DISCUSSION

In this case-cohort study, we investigated the risk of cancer-related
VTE by the presence of prothrombotic genotypes, both as individual
SNPs and as categories of the 5-SNP score (0-1, 2-3, and 24 risk al-
leles).?® Moreover, we investigated whether the combination of
cancer and prothrombotic genotypes had a biological interaction on
VTE risk. For each prothrombotic genotype, the VTE risk increased
in both cancer-free subjects and in cancer patients, and particularly
for FVL, FGG, and ABO there was a more than additive effect in
combination with cancer. When the 5-SNP score was applied, we
found a dose-response relationship between the number of risk al-
leles and VTE risk in subjects with and without cancer. Likewise, the
combined effect of cancer and the high-risk category of the genetic
score (24 risk alleles) yielded a more than additive effect on VTE risk,
with an HR of 17 compared with those without cancer in the low-
risk category (0-1 risk alleles). The AP revealed that 39% of the VTE
events occurring among cancer patients with > 4 risk alleles could be
attributed to the interaction between the risk factors.

Our findings on the role of individual prothrombotic geno-
types and risk of cancer-related VTE are in line with the previ-
ously published studies. Factor V Leiden,?®?* ABO rs505922 and
rs8176746,2 ABO rs8176719,%¢ prothrombin G20210A,%7%° and
FGG rs2066865% have all been found to increase the risk of VTE
in cancer patients. Moreover, SNPs in the F5 gene (FVL and rs4525)
and FGG* have been shown to exert a more than additive effect
on VTE risk when combined with cancer. Accordingly, we found a
positive RERI for the SNPs in ABO, FVL, and FGG, which indicated a
biological interaction.

Even though the 5-SNP score has been shown to predict VTE risk
in the general population,?° and in subjects with ischemic stroke,*?

the combined effect of the 5-SNP score and cancer has not been
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6|jtj1

n Events HR(95% CI)®
Cancer  rs8176719 (ABO)°
- - 5210 316 Ref.
- + 8502 735 1.47 (1.29-1.68)
+ - 562 74 Ref.
+ + 934 158 1.31(0.99-1.73)
Cancer rs6025 (F5)°
- - 12 644 880 Ref.
- + 1044 171 2.50(2.13-2.95)
+ - 1370 201 Ref.
+ + 126 31 1.89 (1.29-2.77)
Cancer  rs1799963 (F2)°
- - 13497 1029 Ref.
- + 191 22 1.55 (1.02-2.36)
+ - 1476 229 Ref.
+ + 20 3 1.39 (0.44-4.37)
Cancer  rs2066865 (FGG)
- - 7860 569 Ref.
- + 5828 482 1.14 (1.01-1.28)
+ - 869 121 Ref.
+ + 627 111 1.34 (1.03-1.74)
Cancer  rs2036914 (F11)°
- - 2942 184 Ref.
- + 10 746 867 1.27 (1.08-1.49)
+ - 314 44 Ref.
+ + 1182 188 1.11(0.79-1.54)
Cancer  5-SNP score®
- 0-1 3106 170 Ref.
- 2-3 8111 589 1.33(1.12-1.57)
- >4 2471 292 217 (1.79-2.62)
0-1 322 41 Ref.
2-3 931 139 1.18 (0.83-1.68)
>4 243 52 1.93(1.28-2.91)

2Adjusted for age, sex, and body mass index.
PPositive indicating subjects with one or two risk alleles.
“Number of risk alleles.

studied previously. In cancer patients, those with 24 risk alleles had
an almost two-fold higher VTE-risk than those with 0-1 risk alleles,
and the combination of cancer and 24 risk alleles yielded a 17-fold
increased risk. As 39% of the VTEs occurring among those with
cancer and the high-risk category of the genetic risk score could be
attributed to the biological interaction, our findings suggest that ge-
netics could be a useful tool for identifying cancer patients at high
risk of VTE. However, the predictive performance of the 5-SNP
score remains to be determined.

Risk factors for VTE in cancer can be broadly categorized into
and treatment-related factors.

patient-related, cancer-related,

Prothrombotic genotypes are examples of patient-related factors

TABLE 2 Hazard ratios (HR) with

0, a
AIREESE) 95% confidence intervals (Cl) for venous
thromboembolism (VTE) by categories of
Ref. prothrombotic genotypes and cancer

1.48(1.29-1.69)
8.68 (6.73-11.20)
11.07 (9.12-13.44)

Ref.
2.50(2.12-2.95)
8.16 (6.98-9.54)
15.95 (11.12-22.87)

Ref.
1.55(1.02-2.37)
7.93(6.85-9.18)
9.05(2.91-28.17)

Ref.

1.14 (1.01-1.28)
7.36 (6.03-8.98)
9.78 (7.96-12.01)

Ref.

1.27 (1.08-1.49)
9.21(6.62-12.81)
9.63(7.84-11.83)

Ref.
1.33(1.12-1.57)
2.15(1.78-2.60)
9.16 (6.51-12.90)
10.3(8.21-12.9)
17.1(12.5-23.4)

that determine the intrinsic thrombosis potential of a patient and
are not influenced by the disease or its progression. The finding
that cancer and prothrombotic genotypes have a more than addi-
tive effect on VTE risk is especially interesting, as it could indicate
that prothrombotic SNPs act through pathophysiological pathways
that further increases the procoagulant state of malignancy. The
five SNPs are all related to functions of the coagulation system and
enhance its performance. Malignant tumors release cell-free DNA,
procoagulant factors such as tissue factor, and growth factors that
promote the release of neutrophil extracellular traps (NETs) from
neutrophils.*® These are main triggers of the intrinsic and extrin-

sic pathways of the coagulation system that in combination with
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TABLE 3 Measures of interaction

on an additive scale between cancer

and the individual single-nucleotide
polymorphisms (SNPs) or 24 risk alleles in
the 5-SNP score rs8176719 (ABO)
rs6025 (F5)
rs1799963 (F2)
rs2066865 (FGG)

rs2036914 (F11)

5-SNP score (24 vs <1)

Individual SNPs (genes)

jth-1
Synergy index

RERI (95% CI) AP (95% Cl) (95% CI)

1.91(-0.72-4.54)
6.29 (0.52-12.06)
0.57 (-9.76-10.89)
2.28(0.03-4.53)
0.16 (-2.90-3.21)
6.72 (1.17-12.26)

0.17 (-0.05-0.39)
0.39(0.17-0.62)
0.06 (-1.01-1.13)
0.23(0.04-0.43)
0.02 (-0.30-0.33)
0.39 (0.16-0.63)

1.23(0.92-1.66)
1.73(1.16-2.58)
1.08 (0.30-3.89)
1.35(1.01-1.81)
1.02 (0.71-1.46)

(

1.71(1.13-2.61)

Abbreviations: ABO, non-O blood type; AP, proportion attributable to interaction; Cl, confidence
interval; FGG, fibrinogen gamma gene; RERI, relative excess risk attributable to interaction; SNP,
single nucleotide polymorphism.

prothrombotic genotypes will facilitate downstream coagulation
activation with subsequent increased risk of thrombus formation.
Moreover, acquired resistance to activated protein C is common in
cancer patients, and may contribute to further increase the risk in
patients with FVL.**

For decisions on use of thromboprophylaxis in cancer pa-
tients, the risk of VTE needs to be evaluated and weighted
against the risk of bleeding. Several risk prediction models for
VTE risk have been proposed, such as the Khorana score,*® the
Vienna CATS score,*® the PROTECHT score,*” and the CONKO
score.*® However, these risk scores focus mainly on clinical risk
factors, and currently, they are not recommended in international
guidelines due to unsatisfying performances in validation studies.
The TiC-Onco score is the only score that includes genetics,*
and in this score, eight prothrombotic SNPs were investigated to-
gether with clinical variables. The final TiC-Onco score included
four SNPs (FVL rs6025, F5 rs4524, F13 rs5985, and SERPINA10
rs2232698). Of note, the TiC-Onco score performed better than
the Khorana score in the derivation study,* but the performance
of these two models has not been compared in a validation study.
Nevertheless, the TiC-Onco results supports that prothrombotic
genotypes may be promising candidates for risk prediction of VTE
in cancer patients.

Major strengths of our study include the large number of
genotyped subjects followed for a long period of time, the high
attendance rate in the two cohorts, and the thorough outcome as-
sessment. Further, confounding by ethnicity is limited as the study
cohorts represent a general Caucasian population. Some limita-
tions of our study need to be addressed. The number of cases was
low in some subgroups, particularly for the rare genetic variants,
which resulted in limited statistical power. The subgroup results
must therefore be interpreted with caution. The effect of genetic
variants may vary in different types of cancer, but unfortunately,
we did not have power to stratify our analyses on cancer types.
Unfortunately, information on cancer treatment modalities was
not available, which could have provided additional insight to the
relationship between genes and treatment-related risk factors for

cancer.

In conclusion, cancer and a high number of prothrombotic gen-
otypes displayed a supra-additive effect on the risk of VTE, indicat-
ing a biological interaction between the risk factors. Our findings
suggest that the 5-SNP score may be useful for identifying cancer
patients at increased risk of VTE.
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Summary

Background: Studies have reported that the combination of some prothrombotic genotypes and overt
cancer yields a synergisticeffect on VTE risk. Whetherindividual prothromboticgenotypes ornumber of
riskallelesina geneticrisk score (GRS) affect VTE riskin occult cancer have not been addressed. The aim
of this study was to investigate the joint effect of five prothromboticgenotypes and occult cancer on VTE

risk.

Methods: Cases with incident VTE (n=2141) and a subcohort (n=14911) were sampled from the
Scandinavian Thrombosis and Cancer Cohort (1993-2012). Five SNPs previously reported in a GRS were
genotyped: ABO (rs8176719), F5 (rs6025), F2 (rs1799963), FGG (rs2066865) and F11 (rs2036914). Hazard
ratios (HRs) for VTE by individual SNPs and GRS were estimated according to non-cancer and occult cancer
(one yearprecedingacancer diagnosis) exposure.

Results: During follow-up (median 12.2 years), 1817 subjects developed occult cancer, and of these, 93
experienceda VTE. The VTE risk was 4-fold higher (HR 4.05, 95% Cl 3.28-5.00) in subjects withoccult cancer
compared to those without cancer. Subjects with occult cancer and VTE had a higher proportion of
prothromboticand advanced cancers comparedtothose without VTE. The VTE risk increased according to
individual prothrombotic genotypes and GRS in cancer-free subjects, while no such effect was observedin
subjects with occult cancer (HR for 24 versus <1risk allelesin GRS: 1.14, 95% Cl 0.61-2.11).

Conclusions: Five well-established prothrombotic genotypes, individually or combined, were not

associated with increased risk of VTE in individuals with occult cancer.

Keywords: Epidemiology, genetics, neoplasms, polymorphisms single nucleotide, venous

thromboembolism



Essentials

e Therole of prothrombotic SNPs on venous thromboembolism (VTE) in occult canceris unknown.
e We studied therole of individualSNPsand ageneticrisk score (GRS) on VTE in occult cancer.

e The prothrombotic SNPsandthe GRS did not affect VTE risk in occult cancer.

e Subjects with occult cancer and VTE had a higher proportion of prothrombotic and advanced

cancers.



1. Introduction

Venous thromboembolism (VTE) is a frequent, severe and often fatal complication of cancer [1, 2]. The
incidence of cancer-related VTEisincreasing [2], and about 15% of cancer patients develop a symptomatic
VTE during the course of their disease [3]. Unprovoked VTE may occur as the first sign of an undetected
(i.e.occult) cancer [4-6],and approximately 5% of patients with unprovoked VTE are diagnosed with cancer
withinthe firstyearfollowinga VTE event [7-12]. VTE patientswith occult cancer are more often diagnosed
with prothromboticcancers such as pancreatic, lung, gastrointestinal and hematological cancers [2, 5, 7,
13-15], and more advanced stages (higher degree of regional and distantmetastasis) at the time of cancer

diagnosis [5, 14, 16].

VTE has a strong hereditary component, and single nucleotide polymorphisms (SNPs) in genes
encodingforfactorV Leiden (FVL) [17, 18], fibrinogen gamma (FGG) [19], factor 11 (F11) [20], prothrombin
(F2) [21-24] and ABO blood group [25, 26] are found toincrease the VTEriskin cancer patients. Moreover,
the combination of cancer and variations in the F5 (rs6025 and rs4524) and FGG (rs2066865) genes has
beenshowntoincrease the VTE risk on a supra-additive scale, indicating a biological interaction between
the individual prothrombotic SNPs and active cancer [18, 19]. Similarly,a geneticrisk score (GRS) based on
five prothrombotic SNPs was associated with VTE risk in overt cancer, and the combination of cancerand

a high GRS (24 risk alleles) yielded a synergisticeffecton VTE risk [27].

The risk of VTE is found to be increased already one year prior to a cancer diagnosis [5, 28]. This
could be due to the occult cancer alone, or occult cancer in combination with other patient-related
predisposing factorsfor VTE. It is unknown to what extentindividual prothrombotic genotypes and the 5-
SNP GRS affect the VTE risk in occult cancer. Therefore, we aimed to investigate the effect of individual
prothromboticgenotypes and numberofrisk allelesinthe GRS on the risk of VTE in occult cancer, usinga

large case-cohortrecruited fromthe general population.



2. Methods

2.1 Study population

We used individual data from The Scandinavian Thrombosis and Cancer (STAC) cohort, which is a large
population-based study established to provide comprehensive data to investigate the impact of canceron
VTE risk in the general population [29]. The STAC cohort consists of merged data from three large
Scandinavian cohorts with enrollment in 1993-1997: the fourth survey of the Tromsg Study (Tromsg 4,
Norway), the second survey of the Nord-Trgndelag health study (HUNT2, Norway) and the Diet, Cancer
and Health Study (DCH, Denmark). All three individual cohorts [30-32] and the complete STAC cohort [29]
have been previouslydescribedin detail. The STAC cohort has a wide age-distribution (19-101years), long-
termfollow-up and thorough validation of VTE eventsand cancer [29]. All subjects with cancer or VTE prior
to enrollment were excluded, yielding a study population of 144952 participants. The participants were
followed from date of inclusion to date of migration, death, incident VTE or end of follow-up (2007-2012).
All first lifetime, symptomatic VTE events in both in- and outpatients included in the STAC cohort were
validated by review of medical records, and objectively confirmed by diagnostic tests. The identification
and adjudication process of VTE events has previously been published in detail [30, 31, 33]. During follow-

up, 2444 VTE events occurred.

We created a case-cohort by includingall incident VTE casesin which blood samples were available
for genotyping (n=2044) and an age-weighted subcohort (n=14432) randomly sampled from the STAC
cohort (Figure 1). We excluded participants with missing values for one of the SNPs studied (n=380) or
body mass index (n=83). A total of 372 VTE cases were censored from the analysis as they occurred after
the cancer diagnosis date. However, these subjects contributed with person-years prior to censoring.
Finally, our case-cohort consisted of 16013 participants of whom 1566 were VTE cases. In case-cohort

designs, every person in the cohort, including the cases, has the same chance of being selected to the



subcohort, and thus, 231 of the subjects randomly selected to our sub-cohort were also cases. All
participants provided informed written consent, and the respective regional committees for research

ethicsin Norway and Denmark approved the individual cohort studies and the collaboration study.

2.2 Baseline measurements and genotyping

Baseline information was obtained by physical examination, self-administered questionnaires and non-
fasting blood samples foreach study. Body height and weight were measured with subjects wearing light
clothingand noshoes. Body massindex (BMI) was calculated as weightinkilograms divided by body height
in meters (m) squared (kg/m?). Information regarding history of diabetes mellitus, cardiovascular disease
(myocardial infarction, angina or stroke), smoking status, alcohol consumption, physical activity and level
of education was obtained by the self-administered questionnaires. Detailed information regarding

assessment of baseline variablesin each cohortis provided elsewhere [32, 34, 35].

We genotyped the following SNPs: ABO rs8176719 (non-O blood type), F5 rs6025 (Factor V
Leiden), F2 rs1799963 (prothrombin G20210A), FGG rs2066865 and F11 rs2036914. These SNPs were
chosen because they were previously included in a parsimonious GRS model presented by de Haan et al.
[36], which performed justas good as a comprehensive model including 31 SNPs. In Tromsg 4, rs1799963
(F2), rs6025 (F5), rs2036914 (F11) and rs8176719 (ABO) were genotyped with the Sequenom platform,
and rs2066865 (FGG) with the TagMan platform, as previously described in detail [37]. In HUNT2,
genotyping was performed with the Illumina HumanCore Exome array. In the DCH study, the genotypes

were determined using predesigned TagMan SNP genotyping assays, as described indetail elsewhere [38].

Subjects were defined as carriers of the prothrombotic SNPs when one or two risk alleles were
present, with no differentiation between heterozygous (one risk allele) and homozygous (two risk alleles)

carriers. Normally, theminoralleleis used as risk allele. However, due aninverse association with VTE risk,
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the minor allele of the F11 SNP (rs2036914) was used as the common allele [39]. No risk allele at ABO
rs8176719 was defined as O blood type. Hence, one or two riskalleles at ABO rs8176719 were classified
as non-0 blood type. Further, we used the GRS by de Haan et al., which was created by summarizing the

number of risk alleles from the five sequenced SNPs [36].

2.3 Cancer assessment

Information on cancer diagnosis, such as location (ICD10 codes C00-96), histological grade (1CO-3) and
cancer stage (localized, regional, distant or unknown) was obtained by linkage to the cancer registriesof
Norway and Denmark where cancer registration is mandatory by law. Reports have found both cancer
registries complete and valid, reportinga completeness of 98.8% in Norway and 95-98% in Denmark [40,
41]. The percentage of microscopically confirmeddiagnosesin the registries were 94% in Norway and 93%

in Denmark, respectively [40, 41]. Subjects with non-melanoma skin cancers (ICD10 C44) and no other

cancer diagnosis were regarded as cancer-free, due to the non-metastatic potential of this disease.

Temporal proximity to canceris shownto be astrong predictorforVTE risk [2, 5, 18]. Studies have
found anincreased VTErisk the year beforeacancerdiagnosis, with a seven-foldincreased risk six months
priorto the cancer diagnosis date [5, 6, 28]. Further, previouslyundiagnosed canceris frequentin patients
with unprovoked VTE, with a period prevalence of undiagnosed cancer increasing from 6.1% at baseline
t0 10.0% from the time of VTE diagnosis to 12 months after [6]. Hence, we defined the occult cancer period
as one yearpriorto a cancer diagnosis. Cancer patients who were not diagnosed withVTE and still alive at
the end of the defined occult cancer period were censored at the cancer diagnosis date. To test the

robustness of our occult cancer variable, we additionally performed two sensitivity analyses where we

defined the occult cancer period as 2 years and 6 months priorto cancer diagnosis, respectively.



2.4 Statistical analysis

Statistical analyses were performed with STATA version 16.0(Stata Corporation, College Station, TX, USA).
Occult cancer was entered as a time-varying co-variate. In those who developed cancer during follow-up,
the data was spliton the date one year before the cancer diagnosis date to differentiate between cancer
free and occult cancer. Thus, subjects who developed cancer during follow-up were considered to be
cancer-free until one year priorto a cancer diagnosis date, and subsequently they were classified as occult
cancer. When cancer was diagnosed, the cancer patients changed exposure status to overt cancer and
were censored from the analysis. Accordingly, subjects who developed cancer contributed to both non-

exposed and occult cancer-exposed person-years (PY) atrisk in our analysis.

Cox proportional hazard regression models were used to estimate hazard ratios (HRs) with 95%
confidence intervals (Cls) for VTE according to the different prothrombotic genotypes or categories of risk
alleles by the GRS (i.e. 0-1, 2-3, and 2> 4 risk alleles) in subjects with and without occult cancer. Subjects
with 0-1risk allelesand no cancer were used as reference group. We adjusted all analysesfor age, sex and

BMI. The proportional hazards assumption was tested by the use of Schoenfeld residuals and was found

not to be violated.

Toinvestigate thecombined effect of occult cancer and risk alleles on VTE risk, we usedthe relative
excess risk attributable to interaction (RERI), the attributable proportion due to interaction (AP) and the
synergyindex (SI) with corresponding 95% Cls [42, 43]. RERI can be understood as part of the total effect
on an outcome (e.g. VTE) thatis attributable tointeraction (e.g. the different exposures occult cancer and
SNPs), and the AP as the proportion of the combined effect thatis attributable to interaction betweenthe
two exposures. ARERI> 0, an AP> 0 and a synergyindex >1.0 suggest a positive interaction greater than
an additive effect, i.e.,the combined effect of occult cancerand SNPs biggerthan the sum of the separate

effects [42].



3. Results

During a median follow-up of 12.2 years, 1817 subjects developed occult cancer, of whom 93 (5.1%)
experienced aVTE event. Overall, the risk of VTE in occult cancer was 4-fold higher (HR 4.05, 95% Cl 3.28-
5.00) thanin cancer-free subjectsin analysis adjustedforage, sex and BMI. The baseline characteristics of
study participants with and without occult cancer and/or VTE are summarized in Table 1. In cancer-free
subjects, those who developed VTE were older, had a higher BMI and a higher proportion were men. In
subjects with occult cancer, those suffering a VTE were more often women. In both cancer-free subjects
and subjects with occult cancer, the prevalence of prothromboticgenotypes were higherin VTE patients
than in those without VTE (Table 1). The distribution of risk alleles of the GRS in cancer-free subjects and

subjects with occult cancer was essentially similar (data not shown).

The distribution of cancer sites and stages in subjects with and without VTE in the occult cancer
period are presentedin Table 2. Among subjects with occult cancer, those who developed VTE were more
frequently diagnosed with prothrombotic cancers such as pancreatic-, lung- and hematological cancers
compared with those who didnot developVTE. Further, the cancers diagnosed within oneyear aftera VTE

were more advanced with a higher proportion of metastasis at the time of cancer diagnosis (Table 2).

HRs for VTE by categories of prothrombotic SNPs and cancer status (cancer-free/occult cancer)
are presented in Table 3. In cancer-free subjects, the VTE risk increased with the presence of risk alleles
for all prothrombotic genotypes, with the highest risk estimates for F5 (rs6025) (HR 2.68, 95% Cl 2.34-
3.06), F2 (rs1799963) (HR 1.94, 95% Cl 1.41-2.65), and ABO (rs8176719) (HR 1.50, 95% CI 1.34-1-67). In
subjects with occult cancer, the VTE risk was not affected by any of the prothrombotic SNPs (Table 3). The
risk estimates were essentially unchanged when the definition of the occult cancer period were changed

to six months (Supplementary Table 1) and two years (Supplementary Table 2).



The VTE risk in cancer-free subjects increased by the number of risk alleles, displaying a 2.4-fold
increased VTE risk (HR 2.39, 95% Cl 1.26-1.69) in subjects with more >4risk alleles compared with subjects
with 0-1 risk alleles (Table 3and Figure 2). In subjects with occult cancer, the VTE risk did not increase by
the numberofrisk allelesinthe GRS (Table 3and Figure 2). Similar results were found in sensitivityanalyses
when the occult cancer period was changed to six months or two years (Supplementary Tables 1 and 2,
respectively). Measures of biological interaction (RERI, AP, SI) showed that the combination of occult
cancer and presence of prothrombotic genotypes did not yield a more than additive effect on VTE risk

(Supplementary Table 3).

10



4. Discussion

In this large population-based case-cohort study, we investigated the risk of VTE by the presence of
prothromboticgenotypes, both asindividual SNPs and number of risk alleles in a GRS, in subjects with and
without occult cancer. In agreement with previous studies, we confirmed that the VTE risk increased by
the individual prothromboticgenotypes and the numberriskallelesinthe GRS in cancer-free subjects [36].
In contrast, the prothromboticgenotypes were not associated with VTE risk in subjects with occult cancer,
and accordingly, the combination of occult cancerand individual risk alleles ornumber of risk alleles in the
GRS, did not yield any supra-additive effect on the VTE risk. Similar findings were observed in sensitivity
analyses where the occult cancer period was altered to six months and two years, respectively. Subjects
with VTE in the occult cancer period had a higher frequency of prothrombotic cancer types and more
advanced cancers at the time of cancer diagnosis. Our findings suggest that the mechanisms related to

VTE riskin occult cancer supersede the effect of prothromboticgenotypes.

The mechanisms for VTEin cancer are multifactorial and involve overlapping pathways relatedto
the cancer itself and patient-related factors [44]. Several studies have explored the impact of
prothromboticgenotypes onthe risk of VTE in patients with overt cancer, and reported anincreased risk
for SNPs encoding for factor V Leiden, prothrombin mutation and non-O blood type [17-26]. Moreover,
we previously showed that in combination with overt cancer, SNPs in F5 (rs6025, rs4524) and FGG
(rs2066865), as well as a highnumberof risk allelesinthe GRS (>4 risk alleles), increased the VTErisk on
a supra-additive level [18, 19, 27]. Therefore, we hypothesized that prothrombotic genotypes could
influence the risk of VTE also in occult cancer. In contrast, we found no effect of the established
prothromboticgenotypes on the VTEriskin subjects with occult cancer. This suggests that prothrombotic

mechanisms related to the cancer itself are more important than inherent patient-related factors for risk

of VTEin the occult cancer period.

11



Several studies have confirmed the significance of cancer stage, grade and site on VTErisk in overt
malignancy, and patients with metastaticcancers, with regional or distant spread, have a higher VTE risk
than patients with localized cancers [45]. Moreover, pancreas, brain, lung, ovarian, kidney and stomach
cancers, as well as lymphomas, are considered high-risk sites for VTE [45]. In agreement with these
findings, we showed that subjects who developed VTE during the occult cancer period had a higher
proportion of regional and distant metastasis, as well as a higher proportion of cancers at high-risk sites,
when compared with those who did not develop VTE during the occult cancer period. Tissue factor (TF),
the maininitiator of the coagulation system, is shown to be involved in cancer-progression processes such
as tumor growth, angiogenesis and metastasis [46]. Upregulation of TF has been reported in advanced
cancer stages [46], as well as in high-risk sites for VTE, including brain, pancreatic, lung, ovarian and
colorectal cancers [47, 48]. In additionto TF expression, inflammatory responses with increased levels of
circulating proinflammatory cytokines [49-51], inhibition of fibrinolytic activity through expression of
plasminogen activator inhibitor-1 (PAI-1) [52-54], and formation of neutrophil extracellular traps (NETs)
from neutrophils [55], may substantially contribute to a prothrombotic state in rapidly developing,
aggressive, occult cancers. Thus, a massive orchestra of prothrombotic pathwaysinduced by an advancing

occult cancer, is likely sufficient to push an individual's thrombotic potential above the threshold for

thrombus development, regardless of the presence of inherent prothromboticrisk factors.

The main strengths of our study include the prospective design with participants recruited from
the general population, large number of genotyped subjects, long-term follow-up and thorough
assessmentof both VTEand cancer. In agreement with previous studies, we confirmed that 5% of the VTE
events were related to occult cancer [7-12], and similar anatomical sites for cancers [2, 5, 7, 13-15], and
degrees of metastaticdiseases were found in VTE-patients with occult cancer [5, 14, 16], which supports
a high external validity. Some study limitations must be addressed. In some rare genetic variants, the

number of cases was low, resultingin limited statistical power. Unfortunately, we did not have sufficient
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powerto stratify our data by different cancersites or stages of cancer, as it wouldbe interesting to explore
whether the impact of prothrombotic SNPs and combination of SNPs on VTE risk would differ within
different sites and stages of occult cancer. In order to be registered with occult cancer, patients had to
survive until their cancer diagnosis. Thus, participants with occult cancer who died from a VTE or other
causes before acancer was diagnosed would be misclassified as cancer-free. Such misclassification would
likely lead to underestimation of the VTE riskin occult cancer. However, the five prothrombotic SNPs are
not expected toincreasethe death-ratein the general population [56, 57], and thus, we believe that such

misclassification, if present, would have negligible impact on ourresults.

In conclusion, five common prothrombotic genotypes, alone or in combination, were not
associated withrisk of VTE in occult cancer. Our findings suggest that prothrombotic mechanisms related
to rapidly advancing cancers at high-risk sites are prominent for VTE risk in occult cancer and supersede

the effect of prothromboticgenotypes.
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Tables

Table 1. Baseline characteristics of the study population with and without occult cancerand VTE.

No cancer Occult cancer

Sub-cohort VTE Sub-cohort VTE
Participants, n* 12723 1473 1724 93
Age, years 49.6115.4 59.5+12.9 61.1+11.5 61.1+12.1
Male sex 47.5 (6043) 51.5 (759) 52.8 (910) 44.1 (41)
BMI, kg/m? 26.1+4.1 27.614.6 26.7+4.3 27.0t4.4
rs8176719 (ABO)t 61.0 (7760) 70.0 (1031) 62.4 (1075) 64.5 (60)
rs6025 (F5)t 6.8 (868) 17.8 (262) 8.2 (142) 10.8 (10)
rs1799963 (F2)t 1.4 (172) 2.7 (40) 1.5 (25) 1.1 (1)
rs2066865 (FGG)t 42.5 (5413) 47.0 (692) 43.0 (741) 46.2 (43)
rs2036914 (F11)* 77.7 (9891) 82.6 (1216) 78.8 (1359) 78.5 (73)

Values arein % (n) or mean +standard deviation.BMI, body mass index.

* Subjects with cancer contributed to observation periods in both the no cancer and occultcancer group.

T Percentage of participantswith 21 riskallele
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Table 2. Distribution of cancer sites and stagesin subjects with occult cancer, defined as one year prior

to cancer diagnosis, with and without venous thromboembolism (VTE).

No VTE (n=1724) VTE (n=93)
Cancer site Number (%) Number (%)
Colorectal 272 (15.8) 8(8.6)
Pancreatic 54 (3.1) 6 (6.4)
Lung 205 (11.9) 18 (19.4)
Breast 198 (11.5) 2(2.2)
Gynecological 101 (5.9) 4 (4.3)
Prostate 224 (13.0) 10 (10.8)
Urological 150 (8.7) 8(8.6)
Central nervous system 69 (4.0) 1(1.1)
Hematological/Lymphoma 138 (8.0) 11 (11.8)
Upper Gl 90 (5.2) 7 (7.5)
Malignant melanoma 66 (3.8) 0(0)
Other* 157 (9.1) 18 (19.4)
Cancer stage Number (%) Number (%)
Localized 473 (27.4) 0(10.8)
Regional lymph nodes 431 (25.0) 14 (15.1)
Distant metastasis 292 (16.9) 4 (36.7)
Metastasis diagnosed, unknown where 408 (23.7) 5(26.9)
Notstaged 120 10

*Cancers of ear, nose and throat, eye, endocrine, heart, sarcomas, connectivetissueand unknown site
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Table 3. Hazard ratios (HR) with 95% confidence intervals (Cl) for venous thromboembolism (VTE) by
categories of single nucleotide polymorphisms (SNPs) and occult cancer defined as the occurrence of a
cancer diagnosis within one year after VTE diagnosis.

Events HR (95% CI)* HR (95% CI)*
Cancer rs8176719 (ABO)*
- - 442 Ref. Ref.
- + 1031 1.50 (1.34-1.67) 1.50 (1.34-1.67)
+ - 33 Ref. 5.01 (3.51-7.14)
+ + 60 1.10 (0.72-1.69) 5.43 (4.14-7.12)
Cancer  rs6025 (F5)t
- - 1211 Ref. Ref.
- + 262 2.68 (2.34-3.06) 2.68 (2.34-3.06)
+ - 83 Ref. 4.45 (3.56-5.57)
+ + 10 1.26 (0.64-2.45) 5.60 (3.00-10.44)
Cancer rs1799963 (F2)+
- - 1433 Ref. Ref.
- + 40 1.94 (1.41-2.65) 1.94 (1.42-2.66)
+ - 92 Ref. 4.11 (3.33-5.09)
+ + 1 0.82 (0.11-6.03) 3.10 (0.44-22.05)
Cancer  rs2066865 (FGG)t
- - 781 Ref. Ref.
- + 692 1.18 (1.06-1.30) 1.17 (1.06-1.30)
+ - 50 Ref. 4.08 (3.06-5.44)
+ + 43 1.10 (0.73-1.67) 4.72 (3-47-6.42)
Cancer  rs2036914 (F11)t
- - 257 Ref. Ref.
- + 1216 1.31 (1.14-1.50) 1.31 (1.14-1.49)
+ - 20 Ref. 5.33 (3.38-8.40)
+ + 73 0.95 (0.58-1.57) 4.94 (3.81-6.42)
Cancer  Geneticriskscoret
- 0-1 224 Ref. Ref.
- 2-3 836 1.46 (1.26-1.69) 1.46 (1.26-1.69)
- 24 413 2.39 (2.03-2.82) 2.39 (2.03-2.81)
+ 0-1 21 Ref. 6.75 (4.31-10.56)
+ 2-3 52 0.84 (0.50-1.39) 5.44 (4.02-7.37)
+ 24 20 1.14 (0.61-2.11) 8.04 (5.09-12.72)

* Adjusted for age, sex and body mass index (BMI)

T Positiveindicating subjects with one or two riskalleles

¥ Number of riskalleles
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Figures

Figure 1. Study population. Participants wererecruited from The Scandinavian Thrombosis and Cancer

Cohort (1993-1997).
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Figure 2. Hazard ratios (HR) with 95% confidence intervals (Cl) for venous thromboembolism (VTE) by
categories of single nucleotide polymorphisms (SNPs) and occult cancer defined as the occurrence of a
cancer diagnosis within one year after VTE diagnosis.
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Supplementary

Supplementary Table 1. Hazard ratios (HR) with 95% confidence intervals (Cl)for venous
thromboembolism (VTE) by categories of single nucleotide polymorphisms (SNPs) and occult cancer
defined as six months priorto cancer diagnosis.

Events HR (95% Cl)* HR (95% CI)*
Cancer rs8176719 (ABO)t
- - 447 Ref. Ref.
- + 1044 1.50 (1.34-1.67) 1.50 (1.34-1.67)
+ - 28 Ref. 8.22 (5.60-12.05)
+ + 47 1.05 (0.65-1.68) 8.41 (6.22-11.37)
Cancer rs6025 (F5)+
- - 1228 Ref. Ref.
- + 263 2.65 (2.31-3.03) 2.65 (2.31-3.03)
+ - 66 Ref. 6.94 (5.41-8.90)
+ + 9 1.45 (0.71-2.97) 9.74 (5.05-18.76)
Cancer  rs1799963 (F2)t
- - 1451 Ref. Ref.
- + 40 1.91 (1.40-2.62) 1.92 (1.40-2.62)
+ - 74 Ref. 6.49 (5.13-8.21)
+ + 1 1.13 (0.15-8.38) 5.85 (0.82-41.67)
Cancer  rs2066865 (FGG)t
- - 789 Ref. Ref.
- + 702 1.18 (1.07-1.31) 1.18 (1.07-1.31)
+ - 42 Ref. 6.71 (4.91-9.17)
+ + 33 1.04 (0.65-1.66) 7.15 (5.03-10.13)
Cancer  rs2036914 (F11)t
- - 264 Ref. Ref.
- + 1227 1.28 (1.12-1.47) 1.28 (1.12-1.46)
+ - 13 Ref. 6.60 (3.78-11.54)
+ + 62 1.27 (0.69-2.32) 8.13 (6.16-10.74)
Cancer  Geneticriskscoret
- 0-1 231 Ref. Ref.
- 2-3 841 1.42 (1.23-1.64) 1.42 (1.23-1.64)
- >4 419 2.35 (2.00-2.76) 2.35 (2.00-2.76)
+ 0-1 14 Ref. 8.59 (5.00-14.74)
+ 2-3 47 1.15 (0.63-2.12) 9.44 (6.89-12.94)
+ 24 14 1.25 (0.59-2.65) 11.01 (6.41-18.90)

* Adjusted for age, sex and body mass index (BMI)
T Positiveindicating subjects with one or two riskalleles

¥ Number of riskalleles
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Supplementary Table 2. Hazard ratios (HR) with 95% confidence intervals (Cl)forvenous
thromboembolism (VTE) by categories of single nucleotide polymorphisms (SNPs) and occult cancer
defined astwo years priorto cancer diagnosis.

Events HR (95% Cl)* HR (95% Cl)*
Cancer rs8176719 (ABO)*
- - 431 Ref. Ref.
- + 1020 1.52 (1.36-1.70) 1.52 (1.36-1.70)
+ - 44 Ref. 3.49 (2.56-4.77)
+ + 71 0.97 (0.67-1.42) 3.35(2.60-4.31)
Cancer  rs6025 (F5)t
- - 1195 Ref. Ref.
- + 256 2.66 (2.32-3.04) 2.66 (2.33-3.05)
+ - 99 Ref. 2.75 (2.24-3.38)
+ + 16 1.57 (0.92-2.69) 4.52 (2.75-7.40)
Cancer  rs1799963 (F2)+
- - 1412 Ref. Ref.
- + 39 1.91 (1.39-2.63) 1.92 (1.40-2.64)
+ - 113 Ref. 2.61 (2.15-3.17)
+ + 2 1.37 (0.34-5.64) 3.28 (0.82-13.13)
Cancer  rs2066865 (FGG)t
- - 770 Ref. Ref.
- + 681 1.17 (1.06-1.30) 1.17 (1.06-1.30)
+ - 61 Ref. 2.59 (1.99-3.36)
+ + 54 1.12 (0.78-1.63) 3.03 (2.30-4.00)
Cancer  rs2036914 (F11)t
- - 256 Ref. Ref.
- + 1195 1.29 (1.13-1.48) 1.29 (1.13-1.48)
+ - 21 Ref. 2.86 (1.83-4.46)
+ + 94 1.18 (0.73-1.90) 3.26 (2.57-4.13)
Cancer Geneticriskscoref
- 0-1 219 Ref. Ref.
- 2-3 826 1.48 (1.27-1.71) 1.48 (1.27-1.72)
- 24 406 2.41 (2.04-2.84) 2.40 (2.04-2.83)
+ 0-1 26 Ref. 4.36 (2.90-6.55)
+ 2-3 62 0.80 (0.51-1.27) 3.40 (2.56-4.52)
+ 24 27 1.23 (0.72-2.12) 5.56 (3.72-8.30)

* Adjusted for age, sex and body mass index (BMI)
T Positiveindicating subjects with one or two riskalleles

¥ Number of riskalleles
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Supplementary Table 3. Measures of interaction on an additive scale between occult cancerand the
individual single-nucleotide polymorphisms (SNPs) or 24 risk alleles in the geneticrisk score.

RERI (95% Cl) AP (95% Cl) Synergy index (95% Cl)

Individual SNPs (genes)

rs8176719 (ABO) -0.07 (-2.27-2.12) -0.01 (-0.42-0.39) 0.98 (0.60-1.61)

rs6025 (F5) -0.53 (-4.15-3.09) -0.10 (-0.80-0.61) 0.90 (0.41-1.95)

rs1799963 (F2) -1.96 (-8.12-4.21) -0.63 (-3.85-2.59) 0.52 (0.03-9.47)

rs2066865 (FGG) 0.47 (-1.35-2.28) 0.10 (-0.26-0.46) 1.14 (0.68-1.92)

rs2036914 (F11) -0.69 (-3.29-1.92) -0.14 (-0.68-0.40) 0.85 (0.48-1.52)
Geneticriskscore (>4 vs <1)  -0.06 (-4.67-4.54) -0.01 (-0.58-0.56) 0.99 (0.52-1.89)

AP, proportion attributableto interaction; Cl, confidence interval; RERI, relative excess risk attributable to
interaction.
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