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Sammendrag
Vengs tromboembolisme (VTE) er en vanlig sykdom med alvorlige komplikasjoner som kan oppsta hos

menn og kvinner i alle faser av livet. | tidligere studier om VTE-risiko hos menn og kvinner har
resultatene variert betydelig. Noen studier har rapportert hgyere risiko hos menn, andre hos kvinner,
og noen har ikke funnet noen forskjell mellom kjgnnene. | tillegg har det blitt foreslatt at menn har en
hgyere iboende risiko for VTE enn kvinner nar reproduktive risikofaktorer (graviditet og gstrogenbruk)
tas i betraktning. Det er kjent at den kjgnnsspesifikke risikoen for VTE varierer med alder, sa resultatene
vil avhenge av aldersfordelingen i studiepopulasjonen, og dette kan forklare de varierende funnene i
tidligere studier. Menn har ogsa hgyere dgdsrater enn kvinner, som kan ha bidratt til overestimering av
VTE-risikoen hos menn grunnet hgyere konkurrerende risiko for dgd (CROD). Vi gnsket derfor a studere
livstidsrisikoen for VTE hos menn og kvinner nar vi tok hensyn til CROD og reproduktive risikofaktorer.

| denne avhandlingen gnsket vi ogsa a undersgke hvorvidt risikofaktorer for VTE pavirket menn
og kvinner pa ulikt vis. Flere studier har vist at VTE har en sterk arvelig komponent. | de siste tidarene
har det blitt oppdaget flere nye enkelt-nukleotid-polymorfismer (SNP-er) assosiert med VTE, men om
disse SNP-ene pavirker VTE-risikoen hos menn og kvinner forskjellig er ikke kjent. | tillegg har studier
vist en sammenheng mellom kroppshgyde og VTE-risiko. Til tross for at det er en tydelig sammenheng
mellom kroppshgyde og VTE-risiko hos menn, har funnene veert varierende hos kvinner. Videre er det
foreslatt at forskjeller i VTE-risiko for menn sammenliknet med kvinner kan skyldes kroppshgyde,
sannsynligvis fordi menn i giennomsnitt blir hgyere enn kvinner.

Derfor undersgkte vi (i) livstidsrisikoen for VTE hos menn og kvinner etter a ha tatt hensyn til
CROD og reproduktive risikofaktorer, (ii) estimerte antall VTE-hendelser som kan tilskrives vanlige SNP-
er, (iii) estimerte andelen VTE-hendelser hos menn og kvinner som kan tilskrives vanlige SNP-er, og (iv)
studerte hvordan kroppshgyde pavirker VTE-risikoen hos menn mot kvinner i ulike aldersgrupper.

Vi fant at livstidsrisikoen for VTE var marginalt hgyere hos kvinner enn hos menn nar vi tok
hensyn til CROD. Da vi i tillegg utelot VTE-hendelser knyttet til reproduktive faktorer hos kvinner, var
VTE-risikoen tilnaermet lik hos menn og kvinner, som indikerer at reproduktive faktorers bidrag til
livstidsrisikoen hos kvinner er beskjedent. Angaende genetisk risiko, fant vi at 45% til 62% av alle VTE-
hendelser kunne tilskrives kjente protrombotiske genotyper. Hos menn og kvinner fant vi at
henholdsvis 52% og 38% av VTE-ene kunne tilskrives protrombotiske genotyper. Andelen VTE-
hendelser som kunne tilskrives genotyper varierte mellom aldersgrupper og var seerlig hgy blant
middelaldrende menn. @kende hgyde var en risikofaktor for VTE hos begge kjgnn. VTE-risikoen hos
menn sammenliknet med kvinner varierte mellom aldersgrupper fgr justering for kroppshgyde, og
kroppshgyde pavirket estimatene betydelig i alle aldersgrupper, noe som antyder at VTE-risikoen i

stgrre grad skyldes kroppshgyde hos menn enn hos kvinner.



Summary
Venous thromboembolism (VTE) is a common disease with severe complications that affects men and

women at all stages of life. Earlier studies on VTE risk in men and women have yielded conflicting
results. Some studies have reported a higher risk in men, others in women and some find no difference
at all. It has also been suggested that men have a higher inherent risk of VTE than women when
reproductive factors (pregnancy and estrogen use) that increase VTE risk are accounted for.
Furthermore, the sex-specific risk of VTE varies with age, so the results are dependent on the age range
of the study population, which could explain the varying findings in earlier studies. Men also have
higher death rates than women, which may contribute to an overestimation of VTE risk in men due to
a higher competing risk of death among men (CROD). Hence, we wanted to investigate the lifetime risk
of VTE in men and women when we accounted for the CROD and reproductive risk factors.

This thesis also aimed to investigate whether certain risk factors affected men and women
differently. Several studies have shown that VTE has a strong heritable component. In the last few
decades, several new single nucleotide polymorphisms (SNPs) associated with VTE have been
discovered, but whether these SNPs influence the VTE risk in men and women differently is not known.
Additionally, studies have shown an association between body height and VTE risk. However, while
there is a clear association between body height and VTE risk in men, the findings have been
inconsistent in women. Further, it has been proposed that differences in VTE risk in men versus women
could be due to body height, likely due to men’s tendency to reach a taller stature.

Therefore, we (i) investigated the lifetime risk of VTE in men and women after accounting for
CROD and reproductive risk factors, (ii) estimated the proportion of VTE events that are attributable to
common SNPs, (iii) estimated the proportion of events in men and women that can be attributed to
these SNPs and (iv) investigated the influence of body height on VTE risk in men and women.

We found that the lifetime risk of VTE was marginally higher in women than in men when we
accounted for CROD. Also, when we accounted for events associated with reproductive factors, the VTE
risk was essentially similar in men and women, which indicates that reproductive factors contribute
modestly to the lifetime risk in women. Regarding the genetic risk, we found that 45% to 62% of all
VTE events can be attributed to known prothrombotic genotypes. In men and women, we found that
52% and 38% of VTEs could be attributed to the prothrombotic genotypes. The proportion of VTE
events that could be attributed to genotypes varied across age groups and was particularly high among
middle-aged men. For body height, we found that taller stature was a risk factor for VTE in men and
women. The VTE risk in men versus women varied across age groups, but body height still substantially
affected the estimations in all age groups and suggest that VTE risk is mediated through body height to

a larger extent in men than in women.
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1. Introduction

1.1 Venous thromboembolism

Venous thromboembolism (VTE) is a term combining the conditions deep vein thrombosis
(DVT) and pulmonary embolism (PE). DVT is the formation of a blood clot in the deep veins,
most commonly of the large veins of the leg or thigh, but thrombosis can also occur at more
unconventional sites, such as in the veins of the upper limbs, as well as in abdominal or
cerebral veins (1). After forming, DVT can inhibit the venous circulation, thereby causing
common signs and symptoms of DVT, including, swelling, redness and pain in the affected body
part (2). PE is mainly caused by a dislodged thrombus that travels with the venous bloodstream
to the lungs, where it lodges and impedes the blood flow (3). Signs and symptoms of PE differ
vastly from DVT and may be diffuse and unspecific. The most common symptoms include chest

pain, coughing, shortness of breath and rapid breathing (3).

One of the first historical examples of VTE caused by sex-specific risk factors and
triggers in men and women can be traced back to the 16" century and the British royal
families. In 1536, Henry VIII of England (1491-1547) developed DVT due to severe injuries
procured from a sports-related horseback-riding incident, and was subsequently bothered
with venous ulceration for the rest of his life (4). His grandniece, Mary Queen of Scots (1542-
1587) also developed DVT, but under rather different circumstances. In 1567, after being
abducted and coerced into a marriage which subsequently forced her to abdicate and then led
to her imprisonment, she suffered a miscarriage of twins and developed post-partum venous
thrombosis of the left leg (4, 5). Henry treated his leg with pearl dust and garters, while Mary
was primarily prescribed cinnamon water, unicorn’s horn and baths of wine. While the effect
of most of these treatments is questionable, and VTE treatment has evolved considerably in
the ensuing centuries, Henry was onto something with the use of garters, and his venous
ulcerations is a good example of a common complication of VTE, post-thrombotic syndrome

(PTS) (6).

VTE poses a significant threat to health and life. Therefore, efficient treatment and
prevention is of critical importance (7). Anticoagulant drugs are highly effective in both
respects but leads to an elevated risk of bleeding (8). Heparin was the initial anticoagulant

utilized for VTE treatment, with its discovery dating back to 1916 (9). Heparin demonstrated
1



substantial efficacy, and significantly reduced VTE mortality (10). However, the drug had
limitations, including the need for parenteral administration and in-hospital treatment. The
advent of the oral anticoagulant warfarin, a vitamin K antagonist, enabled post-hospitalization
treatment, and the two anticoagulants complemented each other since warfarin's complete
anticoagulant effect typically takes a few days to manifest. Therefore, combining it with
heparin at the start of treatment was found to be beneficial, and is nowadays referred to as
bridging (9). The next leap in anticoagulant therapy occurred in the mid-90s, when low-
molecular-weight heparin (LMWH) was introduced, simplifying anticoagulant treatment
through subcutaneous administration, and reduced the necessity for extended hospital stays
(11). In the 2000s, another class of anticoagulant drugs, the direct oral anticoagulants (DOACs),
emerged, further streamlining VTE treatment. While Warfarin is still the preferred treatment
in patients with mechanical valves and antiphospholipid syndrome, DOACs are increasingly
supplanting vitamin K antagonists, primarily due to their lower bleeding risk and practical
advantages, such as standardized dosing and reduce monitoring requirements (9).
Furthermore, recent research has demonstrated the satisfactory safety and efficacy of DOACs
in @ majority of cancer patients, leading to their growing preference over LMWH in this patient
population (12). However, LMWH is still preferred in some patient groups, such as during
pregnancy and breastfeeding due to insufficient human safety and efficacy data, and because

DOACs and vitamin K antagonists crosses both the placenta and through breastfeeding (13).

The distribution of VTE events has historically been reported to be 2/3 DVT and 1/3 PE
with or without DVT (14). However, more recent studies on incidence have demonstrated that
the dispersal of VTE is approximately 50/50 between DVT and PE (15, 16). The two conditions
often occur at the same time, but symptoms quite often only present clinically at one of the
sites. Further, multiple studies indicate that PE can originate from thrombus formation in other
places than the deep veins (17-19). For instance, thrombus formation in the right atrium due
to atrial fibrillation has been identified through autopsy and echocardiography of PE patients,
thereby indicating that PEs may also have a cardiac origin (20, 21). Additionally, acute
infections in the lungs are associated with an increased risk of PE, possibly due to coagulation
and vasoconstriction induced by local inflammation in the lungs (19, 22). Also, PE may lead to
atrial fibrillation through right sided pressure overload or inflammatory cytokines, which
suggests a bidirectional relationship between the two conditions (18, 23).

2



1.2 Epidemiology of venous thromboembolism

VTE occurs in 1-2 per 1000 persons annually in a general population and is the third most
common cardiovascular disease after stroke and myocardial infarction (Ml) (24). VTE can affect
all age groups, sexes, and ethnicities, but it mainly occurs in the elderly, which is reflected by
incidence rates (IR) in the elderly superseding the young and middle-aged by 10 to 100-fold
(25-27). In the European Union, the number of VTE-related deaths has been estimated to more
than 500,000 yearly (28). The largest portion of deaths is caused by undiagnosed PE, which is
thought to be responsible for almost 60% of the VTE-related deaths (28).

Several studies have reported an
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Figure 1. Age- and sex-specific incidence rates of VTE. The

Tromseg study observed a 27% increase in age-
Tromsg Study 1996-2012 (25)

adjusted IRs of VTE from 1996 to 2012 (figure

1) (25), and the Worchester study in Massachusetts, US reported an 82% increase in incidence
of PE from 1985 to 2009 (26). The reason for the observed increase in incidence is not fully
understood, but several explanations have been proposed. Improved detection due to new
diagnostic methods with increased sensitivity for PE, such as computed tomographic
pulmonary angiography (CTPA) and magnetic resonance imaging (MRI), in addition to
increased awareness of VTE in the last decades may partially explain the increasing frequency
(30). However, most of the advances in diagnostics originated in the late 90s, and the incidence
of comparable diseases like stroke and MI has decreased substantially despite the same
improvements in diagnostic methods, while VTE incidence continues to rise (16, 25, 26, 31).

Therefore, improved diagnostic detection can only partially explain the increasing incidence.



Furthermore, a considerable rise in VTE-associated risk factors, such as cancer, increasing body

mass index (BMI) and age have contributed to the increasing incidence (32).

VTE can lead to both short- and long-term complications (28). Short-term
consequences involve the further development of blood clots, early recurrence, and
potentially death (33). Studies have reported a 30-day all-cause fatality rate of up to 10%, and
a one-year all-cause fatality rate of around 20%, after a VTE event (33, 34). Recent studies have
reported a decline in mortality rates after VTE in the past decades, indicating considerable
advances in disease management and treatment (35, 36). Furthermore, VTE is associated with
long-term and enduring complications such as post-thrombotic syndrome, post-pulmonary
embolism syndrome (post-PE syndrome), and late recurrence. Recurrent thrombosis is
relatively common, especially in individuals with unprovoked VTE, and roughly 30% of patients
experience recurrences within a decade after their initial VTE diagnosis (33). Major bleeding
related to anticoagulant therapy occurs in approximately 10% of patients during the first year
following their initial VTE diagnosis (37), and a significant proportion of PE patients experience
sudden death as their initial clinical presentation (38). Additionally, PE is estimated to be the
primary preventable cause of death in hospitalized patients (39). PTS stands out as the most
frequent complication of deep vein thrombosis, affecting a substantial portion of patients with
lower limb DVT. Symptoms of PTS vary considerably, and may encompass pain, heaviness,
cramps, and persistent swelling of the affected limb. Contributing factors to the development
of PTS include sex, obesity, proximal DVT, recurrent DVT, and varicose veins (40). The prognosis
of PTS largely hinges on the affected anatomic segment and the time required for vessel
strength restoration. PTS can impede patient mobility, diminish their quality of life, and elevate
the risk of requiring disability benefits. Post-PE-syndrome is characterized by persistent
dyspnea, impaired physical capacity and reduced quality of life (6, 41). One of the most severe
manifestations of post PE-syndrome is chronic thromboembolic pulmonary hypertension
(CTEPH), which is caused by chronic blockage of major pulmonary arteries and imposes
increased strain on the right side of the heart due to abnormally high blood pressure in the
arteries (42). Due to the increased arterial pressure, right-sided heart remodeling followed by
pulmonary hypertension occurs (43). The incidence of CTEPH is 3% in PE-cases that survives

the initial event according to a meta-analysis (44), and has increased in the last decades (45).



The condition tends to be more prevalent in those with unprovoked PE, with most cases

identified within the first two years after the initial PE diagnosis.

1.3 Pathophysiology of thrombus formation

Hemostasis is the physiological process that prevents and controls bleeding while maintaining
vascular integrity. It involves three main stages: vasoconstriction to reduce blood flow,
formation of a temporary "platelet plug" at the injury site, and the coagulation cascade leading
to the formation of a stable blood clot. Following clot formation, fibrinolysis dissolves the clot,

restoring normal blood flow and tissue repair (46). The pathophysiological development of a

venous thrombus is most commonly Hypercoagulability

understood as a disturbance in the
hemostatic system, and the overarching
disturbances that can lead to such a
disturbance is often described with
Virchow’s triad (figure 2), developed by the
German physician, Rudolf Virchow (47). The

triad includes disturbances in the blood

flow, and includes changes in blood
Endothelial Abnormal

composition (hypercoagulability), changes dysfunction blood flow

in blood flow (stasis) and changes to the

Figure 2. Virchow’s Triad (47).
vessel wall (endothelial dysfunction).
Changes in one or more of these categories could overcome the inherent anticoagulant
properties of the blood or vessel wall, and activate the coagulation cascade, a stepwise
progression of coagulation factor activation that ends with the creation of fibrin, the chief
stabilizing element of a thrombus (48, 49). The cascade is initialized through one of the two
main pathways, which are known as the intrinsic and extrinsic pathway. The two pathways
converge in a common pathway and crescendos with the formation of thrombin. The intrinsic
pathway cascade is triggered by activation of FXIlI through bacteria, activated platelets or

cellular RNA followed by stepwise activation of FXI and FIX which leads to activation of FX and

the common pathway (49). The main player in the extrinsic pathway cascade is tissue factor



(TF), which constitutively expressed by extravascular tissues/cells and could be triggered by
pathophysiological stimuli in monocytes and endothelial cells. (49). TF forms a complex with
factor Vlla, which further initiates the activation of FIX, FX and the common pathway. TF is
found all over the human body, but especially in vital organs such as the brain, heart, uterus,

and lungs (50).

1.4 Risk factors for venous thromboembolism

VTE is a multicausal disease involving combinations of acquired and genetic risk factors but is
often triggered by a specific factor. Proposed by Professor Frits Rosendaal, the thrombosis
potential model elucidates key concepts in the pathogenesis of VTE and thrombus formation
(51). The model proposes that thrombosis arises when a patient accumulates a sufficient set
of risk factors and triggers, thereby surpassing the thrombosis threshold. The model is dynamic
and allows for diverse interactions between risk factors that could be additive and synergistic,
which is particularly useful since the risk of VTE is strongly age-dependent and increases
exponentially with age. For example, in children, more risk factors must accumulate for
thrombosis to occur than in the middle-aged and the elderly. Thus, individual thrombosis risk
varies significantly based on the concurrent presence of risk and trigger factors, the

thrombosis-inducing properties of these factors, and their interactions.

There are many possible ways to classify risk factors of VTE, and one common way is to
divide it into basal risk factors, acquired clinical risk factors and triggers (45). Basal risk factors
are usually fairly stable in an individual over time, and their contributions to VTE risk are usually
constant and additive. Increasing age is a basal risk factor that amplifies VTE risk at an
exponential rate (31, 52). Increased body height (53-57) also increases VTE risk substantially.
Several genetic risk factors are associated with increased risk of VTE, and understanding of
the role of genetic risk factors and VTE is a field that is still in rapid development (45, 58-61).
Acquired clinical risk factors are factors that might present themselves throughout a lifespan
and affects the risk of VTE. Examples are obesity (62-64) and medical conditions (e.g. cancer
and CVD) (65-68). Triggers are transient factors or conditions that can be classified as acute or

subacute. Acute triggers are events or factors that lead to an immediate elevation in VTE risk,
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that lasts for a short time. An example of an acute trigger is a bone fracture, that consequently
could lead to other acute triggers like immobilization and surgery, that exponentially increases
the risk of VTE (69). Subacute triggers are conditions that leads to a persistent elevation in the
risk of VTE for the duration of the trigger’s effect. An example is pregnancy, where the risk of
VTE steadily increases throughout the pregnancy and in the following 6 to 12 weeks

(postpartum period) (70).

Obesity is the strongest lifestyle risk factor, and 10-30% of all VTEs can be attributed to
obesity (32, 71). Compared to lean persons, obese people have 2-3 times the risk of a first time
VTE (62, 72, 73). The mechanisms behind the association between obesity and VTE are not
fully understood. However, unlike diseases caused by arterial thrombi, like Ml and ischemic
stroke, the association with VTE is not explained by classic atherosclerotic risk factors
associated with obesity, such as high blood pressure, diabetes and hypercholesteremia (68,
73). Therefore, several hypotheses have been suggested. Studies have found that fatty tissue
releases proinflammatory proteins like IL-6 and TNF-alfa, and increased amounts of fatty tissue
could lead to chronic inflammation. In addition, fatty tissue also releases adipokines like
plasminogen activator inhibitor-1, that inhibits fibrinolysis and increases the risk of VTE (74-
76). Additionally, increased intra-abdominal pressure leading to venous stasis could increase

the risk of VTE in obese individuals (45).

Several medical conditions are linked to VTE, including but not limited to atrial
fibrillation, chronic kidney disease, congestive heart failure, acute infections, ischemic stroke,
and autoimmune diseases such as systemic lupus erythematosus and antiphospholipid
syndrome (45). The most important medical risk factor of VTE is cancer, which is associated
with a 4- to 7-fold increase in VTE risk, and approximately 20-30% of all VTE cases are related
to cancer (66). The risk of thrombosis in cancer patients is highly heterogenous, and the annual

incidence varies from 0.5% to 20% depending on both the cancer type and treatment (65).

A common, and well-established acute and transient trigger of VTE is surgery, and
historically, VTE was regarded as a complication of surgical interventions (77). For surgery, the
risk estimates ranges from 6- to 22-fold based on circumstances like surgery type, basal risk
factors, and postoperative complications (78). The surgery types with the highest
thrombogenic risk are orthopedic surgery, vascular interventions and neurosurgical
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procedures. Therefore, most VTE risk assessment scores for use of anticoagulant prophylaxis
in individuals undergoing surgery are based on both patient characteristics and type of
intervention (79, 80). Another important acute trigger of VTE is hospitalization, and 40-60%
of all VTE events are associated with being institutionalized (70). Studies have indicated that
the VTE incidence in hospitalized individuals is 20-100 times higher compared to the general
population (70, 81). Additionally, hospitalization is frequently related with continued
immobilization, which further increases the risk of VTE (82). The link between hospitalization

and several other triggers of VTE further underlines the multifactorial nature of VTE (70, 82).

Subacute triggers are associated with a less dramatic, but more persistent elevation of
VTE risk over time than the acute triggers. Several studies have found associations between
high concentrations of biomarkers of inflammation and elevated risk of VTE (45). In addition,
fluctuations in hormone levels are associated with increased risk of VTE and will be discussed

below (45).

Men and women are Female risk factors for Venous Thromboembolism

usually subject to the same
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levels, which is central in these mechanisms (84). Further, estrogen leads to thrombin



generation and fibrin clot formation through increase of coagulation factor levels, a reduction
of anticoagulant proteins levels (antithrombin and Protein S), and decreased potency of the
anticoagulant effect of activated protein C (85-87). Estrogen’s effect on VTE risk regardless of
birth sex is supported by studies on transwomen undergoing gender-affirming hormone
therapy, where an increased risk of both venous and arterial thrombosis compared to cis-men

has been reported (88).

The first hormonal contraception device was the combined oral contraception pill
(COC) Enovid/Enavid, which was introduced in 1960, and consisted of 150 micrograms of
estrogen and 10 micrograms of the synthetic gestagen, Norethisterone (89). The first reported
case of VTE associated with Enavid was reported the following year (90). Even at the time, it
was theorized that estrogen led to increased risk of VTE, and the dose was gradually lowered.
Hence, since the 1970s, the amount of estrogen in a COC has rarely exceeded 20-30

micrograms (91). Despite the reduction in estrogen dose, and a marked reduction in COC-

related VTE risk (92, 93), numerous large studies have Generation _ Type of Gestagen

1st Norethindrone
consistently found a transient 2- to 4-fold increase in risk Lynestrenol
of VTE in COC users compared to non-users (91).  2Nd Norgestrel
Levonorgestrel
Additionally, the risk of VTE is dependent on the gestagen 3rd Desogestrel
Gestodene

component of the COC. COCs are often inconsequentially Norgestimate

grouped into generations based on when they were Drospirenone

introduced, and an example based on when a type of F;i‘)"”' Types of gestagen by generation

gestagen was introduced can be found in figure 4 (91).

The contraceptive effect is largely similar in all COCs, but the side effects and risk of VTE
varies. Of note, studies have indicated that users of third-generation COCs have a higher risk
of VTE than second-generation users due to increased resistance to activated protein C (89,
91). In a Danish national cohort study comprised of women aged 15-49 years, Lidegaard et al.
concluded that non-users of oral contraceptives (OC) had a risk of 3.01/10 000 person years,
compared to 6.29/10 000 person years in current users, thus implying a more than two-fold
increased risk of VTE in women using OC (93). The study found that risk of VTE was only
increased in women using combined OCs comprised of estrogen and synthetic gestagens, and

not in women using pills solely consisting of progestogens or hormone releasing intrauterine



devices. That progestin-only pills do not increase VTE risk has been supported by later studies
(92, 94). In 2014, a comprehensive meta-analysis of VTE risk and COC use was published (91).
Overall, the study found that all COC users had at least a 2-fold increase in VTE risk compared
to non-users, and the risk surged with increasing estrogen dose. The lowest risk of VTE among
COC users compared to non-users was found among levonorgestrel (RR: 2.2, 95% confidence
interval [Cl]: 1.3-3.6) and gestodene users (RR: 2.2, 95% Cl: 1.4-3.2), while the users of
drospirenone (RR: 3.9) and desogestrel (RR: 3.4) had the highest risks compared to non-users,
further establishing the prothrombotic and procoagulant effect of COCs. In addition to COCs,
women experiencing menopause could have an increased risk of VTE due to exposure to
estrogen through hormone replacement therapy (HRT) During menopause, estrogen levels fall
considerably, and could subsequently lead to hot flushes, night sweats, loss of bone density
and vaginal discomfort (95). Roughly 1-2 out of 10 experiences such complications, and receive
HRT. The risk varies, but the increased risk is roughly 1.6-3-fold compared to non-users (95,

96).

Despite the evidence that supports the association between exogenous estrogen usage
and increased risk of VTE there is conflicting findings on whether endogenous estrogen levels
increase risk of VTE in women. A paper based on the Copenhagen City Heart Study cohort,
found no increase in VTE risk in pre- or postmenopausal women with high vs. low estrogen
levels (97). However, the median time from the drawing of blood samples to event was 17.6
years. Conversely, the MEGA case-control study, which had a shorter time from event to blood
sampling, found that estrogen was associated with VTE risk in the highest quartile compared

to the lowest (OR: 1.6, 95% Cl: 1.0-2.5) (98).

In pregnant women, the risk of VTE is at least four times higher than the risk in
nonpregnant, fertile women (99). During pregnancy, the risk increases throughout, and peaks
in the third trimester. Furthermore, the highest risk has been observed in the first week after
delivery (100), followed by a gradual decline until week 6, when it is no longer significantly

increased compared to the general population. There are several pathophysiological

10



components that contribute to the increased
VTE risk. In the first trimester, the increased
risk of VTE is caused by hypercoagulability
due to hormonal changes like estrogen
increase, which is known to affect
coagulation factor levels (101). Additionally,

in the latter part of the pregnancy, the

VTE Incidence rate ratio during
pregnancy and postpartum:

* 1st trimester: 1.5

+ Atterm: 21

+ st week after delivery: 21

growing uterus and increased weight leads to

venous stasis due to physical pressure on the

pelvic veins (figure 5) (100). In addition to

Coagulation factors in pregnancy:
* T Von Willebrand Factor

1 Fibrinogen

1 Factors I, VII, VIIl and X

4 Protein S

T Activated Protein C resistance

pregnancy, polycystic ovary syndrome (PCOS) 2
is a condition where endogenous sex :
hormones are an important contributor (88; Figure 5. Patophysiological components that contribute to

. . increased VTE risk during pregnancy and the postpartum
102). It is defined by androgen excess (acne, period (100).
alopecia), ovulatory dysfunction and
polycystic ovarian morphology. In a meta-analysis, the risk of VTE was estimated to be 1.5-2

fold higher in individuals with PCOS compared to women without PCOS (102).

In men, there are fewer sex-specific risk factors that increase risk. Exogenous sex
hormones have been associated with increased risk of VTE in men, but the estimates for
exogenous testosterone use have not been as robust as those observed for estrogen in women
(45). In individuals with increased endogenous testosterone levels, there is limited data, but
neither the Tromsg nor the Copenhagen City Heart Study found an increased VTE risk in men
with high testosterone levels (97, 103). However, the prothrombotic effect of estrogen is also

clearin men born with a biologically male sex, undergoing gender-affirming therapy (104, 105).
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1.5 Incidence and lifetime risk of first-time VTE in men and women
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individuals aged >80 Figure 6. Lifetime risk of VTE in four different cohorts (14, 25, 29, 106)

years is more than

100-fold the risk of individuals aged <15 years (29). The previous literature on VTE risk in men
and women has been inconsistent. Some studies have found a higher risk of VTE in men than
in women, (14, 29, 107), while others have shown a higher risk in women than in men (26, 37,

108). Furthermore, some studies have found no difference in sex-specific risk of VTE at all

(109).

In younger age-groups (<50 years), most studies have reported a higher incidence of
VTE in women (25, 27, 110). For example, in individuals aged 20-49, the Trgndelag Health study
(HUNT) reported a 1.6-fold higher risk of VTE in women compared to men (27). In the Tromsg
study, women aged 30-50 years had a 1.1-fold increased risk of VTE compared to men (25). A
Dutch population study in the municipalities of Hague, Leiden and Utrecht (HLU) estimated a
1.6-fold higher risk in premenopausal women compared to men (110). The elevated VTE
incidence in younger women compared to men is largely explained by female-related risk
factors, like oral contraceptives and pregnancy (93). Using the Multiple Environmental and
Genetic Assessment of Risk Factor for venous thrombosis case-control study (MEGA study),
Roach and colleagues showed that the risk of a first VTE was 2-fold higher in men than in

women who had not been exposed to reproductive risk factors for VTE (oral contraceptive use,
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post-menopausal hormone therapy or pregnancy) (111). Furthermore, the women aged 18-50
years who were exposed to reproductive risk factors had 2- to 6 times the risk of experiencing
a VTE compared to men in the same age group. These findings support the notion that the
intrinsic risk of VTE might be higher in men than in women once reproductive risk factors are
accounted for. This theory is further supported by the observed increased risk of recurrence
reported in men (112, 113). However, the MEGA study consisted of VTE patients that had
survived the initial phase of anticoagulant therapy, and the case-control design did not permit

the calculation of absolute risk differences.

Among the middle-aged (50-74 years), most studies have reported a higher incidence
of VTE in men than in women. The Rochester Epidemiology Project (REP), an American,
population-based cohort study, reported a 1.6-fold higher incidence in men compared to
women (29), while the HLU, HUNT and Tromsg studies reported a 1.4-, 1.3- and 1.2-fold higher
incidence in men, respectively (25, 27, 110). In the elderly (=75 years), the incidence rates of
VTE increases exponentially in both men and women. Both the HUNT and Tromsg study
reported similar incidence rates between the sexes (25, 27). However, the REP study reported
a 1.2-fold higher incidence in men (29), and the Longitudinal Investigation of
Thromboembolism (LITE) study estimated that the risk of VTE in elderly men is twice what the
risk is in elderly women (107). Taken together, the existing literature on the sex-specific risk of
VTE in men and women indicates that women have a higher risk of VTE in the young, mostly
due to reproductive risk factors, whereas the risk is higher in men among the middle-aged and
essentially similar among the elderly. Therefore, the inconsistent findings in previous studies
on the risk of VTE in men and women could be explained by differences in the age-ranges of
the populations under study since the sex-specific risk in men and women fluctuates

considerably with age (52, 114).
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While the overall incidence rates of VTE in men and women has been studied in
numerous studies consisting of populations of varying age-range, the lifetime risk has rarely
been estimated. Of note, since most VTE events occur after the age of 60, the population that
has the highest risk of VTE also has increased risk of competing events, which may impact risk
estimates through an overestimation of risk in traditional survival analysis. A central
assumption in traditional survival analysis is the concept of non-informative/independent
censoring, which assumes that censoring occurs randomly, and is unrelated to the outcome
of interest. In other words, the uncensored individuals who are still under follow-up should be
representative of the survival risk of censored individuals (115). However, some reasons for
censoring does affect an individual’s risk of experiencing an event, and the competing event
that has the strongest impact on the risk of VTE is the competing risk of death. Death would
change the risk of an event, for example VTE, to zero. Therefore, the censoring would be
informative, and it would subsequently lead to an overestimation of the incidence in groups
affected by the competing risk of death. Naturally, the risk of death on a population level
increases with age, and length of follow-up. In men and women, the lifetime risk would

therefore be overestimated
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(figure 7) (117).
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In a review article by Engbers et al., the lifetime risk of VTE was estimated to be 15%
(118). However, this study did not account for the competing risk of death. We know of only
one study that has examined the lifetime risk of VTE in men and women while accounting for
the competing risk of death. The study used data from two, large prospective cohort studies,
the Atherosclerosis Risk in Communities (ARIC) study and the Cardiovascular Health Study
(CHS) and consisted of 19,599 participants aged >45 years who were followed up from date of
inclusion to either age 85 or end of follow-up. The follow up-period was from 1987-2011 in
ARIC and 1989-2001 in CHS, and the estimated overall lifetime risk was 8.1%. In men, the risk
was 7.7%, while in women, the risk was 8.4% (119). The results indicate that women might
have a slightly higher lifetime risk. However, the study had some limitations. First, the study
population did not include younger participants, an age range where women have a
considerably higher risk of VTE than men (27, 29, 120), and therefore the lifetime risk estimates
could be somewhat underestimated in women. Second, the study only calculated the risk up
to age 85, therefore the lifetime risk is potentially underestimated, and any difference in risk
among men and women in individuals 285 years would not be included in the estimated
lifetime risk. An estimate of the overall lifetime risk of VTE in men and women in a population

that included the entire lifespan was therefore of significant interest.
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1.6 Genetic risk factors and VTE in men and women

The first report of a family with a clearly recognized hereditary risk of thrombosis was made
by the Norwegian doctor Olav Egeberg in 1965. He identified an antithrombin (AT) deficiency
in a Northern Norwegian family from the island of Skjervgy (51, 121). Now, we know that
individuals with an AT deficiency have a more than 10-fold increased risk of VTE, but less than
0.2% of the general population have the deficiency. In the ensuing decades, several other rare
defects were uncovered, such as protein C and S deficiencies, which are associated with a 5-
and 7-fold increase in the risk of VTE, respectively. Nonetheless, these defects are only found
in less than 0.5% of the population, and while potent when present, they only account for a
small percentage of the VTE events in the population (122). Additionally, family and twin
studies have suggested that the hereditary component for VTE is strong, with a reported
heritability of up to 60% (123), which suggests that VTE heritability is multifactorial and

complex (124).

Since the early 90s, and the advent of the mapping of the human genome, several new
heritable risk factors, or single nucleotide polymorphisms (SNPs) have been found to be
associated with an increased risk of VTE (60, 124, 125). Some genetic variants, such as factor
V Leiden (FVL) (Relative risk increase [RRI]: 2- to 3-fold, prevalence: 2-5%), prothrombin
G20210A (RRI: 3- to 4-fold, prevalence: 2%), and non-O blood groups (RRI: 1.5-fold,
prevalence: 60%), are associated with a significantly increased risk of VTE (122, 126, 127).
However, there are hundreds of SNPs associated with VTE, and most of the effect estimates
are rather small (60, 128). Therefore, the combined effect of multiple SNPs on the risk of VTE

is important to investigate.

The MEGA and Leiden Tromphophilia studies examined the performance of a
polygenetic risk score based on 31 SNPs known to be associated with VTE and compared it
with a parsimonious 5-SNP score consisting of the SNPs with the strongest association to VTE
(129). This 5-SNP model had similar results to the 31-SNP model, thereby indicating that a
large proportion of the genetic risk is attributable to a small amount of prothrombotic SNPs.
However, the analysis was conducted in case control populations with no participants older

than 70 years. Furthermore, an American case-control study calculated the individual and
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cumulative population attributable fraction (PAF) of FVL, prothrombin (F2) and non-O blood
groups, and found a cumulative PAF of 40% (126). In genetic research on VTE, PAF is a measure
that is used to assess the proportion of VTE that are attributable to a risk factor. The PAF
estimate is dependent on both prevalence and the risk estimate and can assess individual and
cumulative contributions on a population level. Hence, the case-control study indicated that
40% of all VTE events were attributable to FVL, F2 and non-O genetic variants. However, since
most studies that have investigated prothrombotic genotypes are case-control-studies, the
results could be overestimated. Additionally, the FVL genotype is known to lead to a higher
risk of DVT than PE, known as the “FVL paradox”. However, little is known about whether other
prothrombotic genotypes could have similar effects (130). Previous studies have also found
that individuals with prothrombotic genotypes who experience a VTE are much more likely to
have their first event at young age, rather than later in life (118, 131). However, the number of
genotypes investigated in these studies were limited, and their effects in different age groups

have not been extensively studied in population-derived cohort studies.

Multiple studies have investigated whether the association between VTE and genetic
risk factors vary in men and women (120, 122, 126, 132). Using the Swedish Multi-generation
register, Zoller and colleagues investigated the heritability of VTE in the general Swedish
population (132). They found that the genetic heritability of VTE was 47% for men and 40% for
women. The sex-difference in heritability was higher for unprovoked VTE (51% in men and 30%
in women). These studies suggest that genetic factors may contribute differently to VTE risk in
men and women. Moreover, data from the MEGA case-control study showed that the strength
and prevalence of these SNPs was similar in male and female controls. The individual PAFs in
men and women were 10% and 8% for FVL, 4% and 3% for prothrombin, and 39% and 35% for
non-O blood group (120). However, the impact of prothrombotic variants has not been
assessed in a population-based case-cohort with a wider age range, which would enable the
calculation of absolute risk of VTE for each individual SNP in the general population.
Furthermore, the impact of newly discovered SNPs and the combination of several
prothrombotic SNPs on the risk of VTE in the general population, and men and women has not
been broadly studied. Further the proportion of VTEs that can be attributed to recognized
prothrombotic genotypes has not been determined in the general population or in men and
women of different ages.
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1.7 Body height and risk of VTE in men and women

Taller stature is a recognized risk factor of both first-time and recurrent VTE in the general
population (53, 133-135). The causal relationship between body height and VTE has been
confirmed through a mendelian randomization study that found that single-nucleotide
polymorphisms associated with greater height were related to VTE (57), and further
consolidated by a co-sibling study that found that increased body height was associated with
increased VTE risk, regardless of common environmental and genetic risk factors (56).
However, the association between increasing body height and VTE risk in men and women has
yielded some ambiguous results. All studies report a consistent relationship between
increasing height and VTE risk in men (53, 54, 56, 63), but the relationship has not been as
consistent in women (53, 54). A Dutch case-control study used 166-170 cm as a reference
group and found a consistent dose-response relationship between taller stature and VTE risk
in men. The VTE odds ratio (OR) risk by body height peaked in the tallest height category (>200
cm, OR: 3.8). However, for women the risk of VTE barely increased with increasing body height
and peaked in the tallest height category (>185 cm, OR: 1.5) (54). A previous study from the
Tromsg cohort reported a similar trend, with a hazard ratio (HR) per 10 cm increase in body
height of 1.34 in men, but only 1.13 in women (53). All these studies had a limited number of
participants in the highest and lowest height categories. Therefore, the inconsistent risk
estimates in women could be explained by lack of power in taller height groups. Conversely,
the lowa Women’s Health study found a 1.8-fold higher risk of VTE in taller women (136), and
a Swedish registry-based study including over 1 million men and 1 million women reported a

similar association between taller stature and VTE in both sexes (56).

The more consistent association between body height and risk of VTE detected in men
could be due to men’s tendency to reach a taller stature than women. This possibility has been
further explored in The Danish Diet, Cancer and Health (DCH) cohort conducted by Severinsen
et al., which consisted of a middle-aged population aged 45-70 years at baseline. The study
found that an increased incidence rate ratio (IRR) of VTE in men versus women (IRR:1.55) was
eliminated when accounting for differences in body height (IRR: 0.82) (55), thereby indicating
that body height could play an important part in understanding the VTE risk profiles of men

and women. However, the VTE risk in men versus women after adjustment for body height
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has not been explored in an unselected population consisting of all age groups. This is of
considerable interest, since body height could play a major role for the risk of VTE in men

versus women across age groups (45, 52).

19



2. Aims of the thesis

The specific aims of this thesis were:

I.  To estimate the lifetime risk of VTE in men and women taking the competing risk of

death into account in a nationwide cohort.

. To estimate the proportion of VTEs in the population that could be attributed to

established prothrombotic genotypes using a population-based case-cohort.

lll.  To estimate the individual and cumulative PAF of established prothrombotic SNPs in
men and women, and to estimate the cumulative PAF in men and women across age

groups in a population-based case-cohort.
IV.  To investigate the risk of VTE according to body height in men and women in a large

population-based cohort, and to investigate the risk of VTE in men versus women after

adjustment for body height in young, middle-aged and elderly individuals.
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3. Methods

3.1 Study populations
3.1.1 The Tromsg Study

The Tromsg study is an ongoing, single center prospective population-based study with
repeated health surveys of the inhabitants of the municipality of Tromsg, in Northern Norway
(137). In total, seven surveys (Tromsg 1-7) have been conducted. The first, Tromsg 1 was
conducted in 1974, and bore the name The Troms¢ Heart Study, and aimed to investigate
arterial CVD. Since then, the focus of the Tromsg@ Study has expanded considerably, and at
present, it covers a broad spectrum of diseases and conditions. Additional surveys were
conducted in 1979-80, 1986-87, 1994-95, 2001-02, 2007-08 and 2015-16. In all Tromsg
surveys, baseline information was collected through self-administered questionnaires, non-
fasting blood samples and physical examination performed by trained personnel. The study’s
greatest strengths are its longitudinal design, long-term follow-up of patients, high attendance

rates, repeated measurements and single center follow-up.

The study population for papers II-IV included surveys 4-7 of the Tromsg Study (137,
138). In 1994-95, all inhabitants of the municipality of Tromsg aged >24 years were invited to
participate in the fourth survey of the Tromsg study. The response rate was high (77%) and
27,158 individuals participated. In 2001, Tromsg 5 was conducted, and 8,130 individuals aged
30-89 participated (79%). In 2007-08, Troms 6 included 12,984 participants aged 30-87 years
(66%), and in 2015-16, Troms@ 7 included 21,083 participants aged 40-99 years (65%). Overall,
almost 40,000 individuals participated in the four surveys, and more than 7000 participated in

three or more surveys.

3.1.2 The Trgndelag Health Study

The Trgndelag Health study was initiated in 1984-86, and it’s initial aim was to investigated
hypertension, diabetes, tuberculosis and quality of life (139). Since then, the scope of the study
has expanded considerably. To date, four surveys have been carried out. HUNT1-3 included
only inhabitants of the former Nord-Trgndelag county, while HUNT4 included the population
of Sgr-Trgndelag county. The HUNT2 survey was conducted in 1995-97 and all inhabitants of

the Nord-Trgndelag county aged >19 years were invited to participate. In total, 65,228
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individuals (69%) participated. The HUNT3 survey was conducted in 2006-08 and included
50,800 participants (54%) aged >19 years. Baseline information was obtained from physical

examinations, blood samples and self-administered questionnaires.

3.1.3 The Danish population

Denmark has a government—funded, tax-supported welfare system for the entire Danish
population, ensuring free and equal access to education and medical care for all residents. The
Danish Civil Registration System (CRS) assigns all Danish residents a unique 10-digit personal
identifier (CPR number) upon birth or immigration. This number is used in all Danish registries,
thereby enabling record linkage to up-to-date individual level data across all Danish
government-maintained nationwide registries, with almost complete long-term follow-up
(140). The Danish National Patient Registry (DNPR) is linked to the CRS and contains data on
more than 99% of all inpatient stays and outpatient visits to Danish hospitals. Since 1995,
every hospitalization or outpatient visit has been recorded in the DNPR with one primary

diagnosis and one or more secondary diagnoses coded according to ICD-10 (141).

3.1.4 Exposure measurements

Selection of SNPs and genotyping

For both studies, genotyping was performed for seventeen SNPs with recognized association
with VTE risk (125, 128). The Tromsg sample was genotyped using the Sequenom and the
TagMan platforms. The HUNT sample was genotyped using the Illumina HumanCoreExome
array. Individuals were classified as carriers (21 risk allele) or noncarriers (0O risk alleles), and
no differentiation was made between hetero- and homozygous carriers in the analyses. For
the SNPs rs4524 (F5), rs2036914 (F11), rs1801020 (F12), rs1039084 (STXBP5), and rs1613662
(GP6), the major allele was defined as the risk allele. (125, 128). For the rs8176719 SNP in the
ABO gene, the G allele tags non-O blood type (risk group), while homozygous carriers for

deletion at this site are phenotyped as blood type O (reference group) (142).
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Measurement of body height and confounders

Baseline information was obtained from physical examinations, blood samples and self-
administered questionnaires in both cohorts. Measurement of body height and weight was
conducted at the physical examination with participants wearing light clothes and no shoes. In
Tromsg 4 and HUNT2, height was measured to nearest centimeter (cm) and weight was
measured to the nearest half kilogram (kg), while Tromsg 5-7 and HUNT3 measured height to
the nearest millimeter and weight to the nearest hectogram. BMI was calculated as weight in
kg divided by the square of height in meters (kg m-2). Information on arterial cardiovascular
disease (CVD; myocardial infarction, stroke, and angina) and smoking was collected via self-

report questionnaires.

3.2 Outcome measurement

3.2.1 Venous thromboembolism

In paper |, the entire population of Denmark in January 1%, 1995 served as a source cohort.
We categorized the cohort according to sex and age groups, and follow-up time was the period
January 1, 1995, through December 31, 2016. We used data from the DNPR to identify all
inpatients and outpatients with a first-lifetime primary or secondary diagnosis of DVT, PE,
splanchnic vein thrombosis or cerebral vein thrombosis. We used ICD-10 codes to identify all

in- and outpatients with a diagnosis of DVT or PE in this period (141).

In papers II-1V, we used data from the Tromsg study, which started a VTE registry in
1994. All possible VTE events from January 1%, 1994 through December 315, 2012 papers Il
and I, and January 1%, 1994 through December 315t 2020 in paper IV were identified and
validated by trained personnel using the radiology procedure registry, hospital discharge
diagnosis registry and the autopsy registry at the University Hospital of North Norway (UNN),
Tromsg@. UNN Tromsg is the sole provider of all VTE related health care and diagnostic radiology
procedures for VTE in the area. The discharge diagnosis codes used were the International
Classification of Diseases (ICD)-9 codes 325, 415.1, 451, 452, 453, 671.3, 671.4 and 671.9 for
the period 1994-98, and the ICD-10 codes 126, 180, 181, 182, 167.6, 022.3, 022.5, 087.1 and

087.3 for the period 1999-2020. A diagnosis of VTE was verified and recorded when objective
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confirmation tests, such as venography, spiral computed tomography, compression
ultrasonography, pulmonary angiography, prefusion-ventilation scan or autopsy were
combined with the presence of clinical signs and symptoms. For cases derived from the
autopsy registry, a VTE event was only recorded when the autopsy-record indicated PE as the
sole cause of death or as a significant contributing cause of death. Patients with concurrent
DVT and PE were registered as having PE. Recurrent episodes of VTE were identified and

validated using the same criteria as described above for first lifetime VTE events.

In the HUNT Study, used in papers lI-IV, VTE events were identified by searching the
discharge diagnosis registry and the radiology procedure registry at two local hospitals
(Levanger and Namsos) and the discharge diagnosis registry at the tertiary-care center in the
region, St. Olavs Hospital in Trondheim. The medical records were reviewed by health-care
personnel, and the diagnosis criteria for VTE were symptomatic DVT or PE confirmed by a
radiological procedure (venography, duplex ultrasound and Doppler ultrasound). VTEs were
identified by hospital discharge codes; ICD-9 codes 415.x, 451.x, 452, 453.x, 325, 362.3, 433,
557.0, 634—-638 (with decimals 6 and 7), 639.6, 639.8, 639.9, 671.x, 673.x, 674, and 997.2, and
ICD-10 codes 126.x, 180.x, 181, 182.x, 1 63.6, 167.6, K55, H34.8, 008.x, 022.x, 087.x, and 088.x.
Two physicians reviewed and validated potential VTE cases. DVT cases and PEs were

objectively confirmed by radiological procedures (27).

All events were classified as either PE (with or without DVT) or isolated DVT and as
provoked or unprovoked based on the presence of provoking factors at the time of diagnosis.
In the Tromsg Study, the VTE events were classified as provoked if one or more of the following
provoking factors were present: surgery, trauma or acute medical conditions (acute myocardial
infarction, acute ischemic stroke, or acute infection) within 8 weeks prior to the event,
immobilization (bed rest >3 days or confinement to wheelchair within the last 8 weeks, or long-
distance travel 24 h within the last 14 days), active cancer at the time of VTE diagnosis, or other
factors specifically described as provoking by a physician in the medical record (e.g.,
intravascular catheter). In the HUNT Study, an event was labeled as provoked if one or more
of the following factors were present: trauma or surgery, cancer (active malignancy at the time
of the event or within 6 months after the event), marked immobilization (paresis, paralysis,

prolonged bedrest due to acute medical illness, or travel >8 hours) within the previous 3
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months, pregnancy or puerperium at the time of the event, or use of oral contraceptives at
the time of the event or up to one month prior to the event. Strengths for both the Tromsg
and HUNT studies are: Clearly defined geographical areas, feasible follow-up of disease

occurrence and outcome due to few hospitals in the region.

3.3 Statistical Analysis

Estimated lifetime risk and competing risk of death (Paper I)

Paper | was a nationwide cohort study where we calculated the cumulative incidence of VTE
in men and women when accounting for the competing risk of death. Person-time of follow-
up accrued from inclusion in the cohort until the date of an incident VTE, emigration from
Denmark, death, or end of the study period (Dec 31, 2016), whichever occurred first. To
estimate IRs of VTE and death, the population was divided into five-year age groups ranging
from 0-4 to 100+ years, and age was used as time scale. Additionally, individuals contributed
person-time to different age groups as they grew older during the study period. These IRs were
expressed as number of events per 1000 person-years (PY) at risk. Since VTE is strongly
associated with increasing age, and men have a higher mortality risk than women, the
cumulative incidence could be more overestimated in men than in women (143, 144).
Therefore, cumulative incidence curves with and without death as a competing event were
estimated using age as the time scale. Cumulative incidence with death as a censoring event
was estimated using the complement of the Kaplan—Meier product limit estimator (1-KM),
while the cumulative incidence estimates with death as a competing event was calculated
using the cumulative incidence function (CIF), developed by Fine and Gray (145). The
estimated lifetime risk was defined as the CIF-estimate at age 100. Additionally, since the
incidence of VTE has increased in the last decades, we conducted sensitivity analyses to study

whether potential birth cohort effects differed in men and women.

Proportion of VTE attributable to prothrombotic genotypes (Papers li-lil)

Papers Il and Il were case-cohort studies where we investigated the proportion of VTE events

attributable to known, common prothrombotic genotypes in the general population, and in
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men and women, respectively. We calculated hazard ratios with 95% Cls using Cox regression
models, with non-carriers (0 risk alleles) serving as the reference group. Age served as time
scale. The entry time was age at inclusion and exit time was age at VTE/ censoring, and the
model was adjusted for BMI. To ensure that the proportional hazards assumption was not

violated, we used Schoenfeld residuals.

The population attributable fraction (PAF) was calculated individually for each SNP with

p(HR-1)

SHR_D 11’ where p represents the prevalence of carriers in the population (146).

the formula

Additionally, we created a cumulative 6-SNP PAF model based on the highest individual PAF
estimates. Additionally, prothrombin was added due to its considerable HR. The model was
created for the general population and men and women. We also calculated the cumulative
PAF of the 6-SNP model according to separate age groups (<70 years and =70 years) in the total

population and according to <50, 50-74 and =75 years in men and women.

Body height and risk of VTE (Paper IV)

Paper IV was a population-based cohort study where we investigated the risk of VTE according
to body height in men and women and assessed VTE risk in men versus women after
adjustment for body height in the young, middle-aged and the elderly. Cox-proportional
hazards regression models were used to estimate sex-specific HR with 95% Cls for VTE in men
and women according to 5-cm body height categories before and after adjustment for BMI.
The 166-170 cm category was used as reference group for both sexes. In addition, we also
estimated VTE risk per 10 cm increase in body height in men and women. Next, we split the
population into age categories, and estimated the VTE risk in men versus women in the age
groups 19-49, 50-74 and 275 years before and after adjustment for height. Furthermore, we
estimated the hazard ratios when taking the competing risk of death into account, and the HRs

of unprovoked and provoked VTE for every age category and adjusted for body height.

In paper |, the statistical analysis was performed using the Statistical Analysis System
(SAS) version 9.4 (SAS Institute, Cary, NC). Statistical analysis for paper II-IV was performed
with STATA version 16.0 and 18.0 (Stata Corp, College Station, Texas, USA).
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4. Main results

Paper | — Estimated lifetime risk of venous thromboembolism in men and women

The incidence of VTE risk varies by sex and age. Some studies have reported an overall higher
risk of VTE in men, especially when the VTEs triggered by female reproductive factors are
excluded. However, higher mortality rates in men may have led to overestimation of lifetime

VTE risk in men compared with women.

In a large cohort including the entire population of Denmark (>5 mill persons) in 1995-
2016, we estimated the lifetime risk of VTE in men and women, taking into account competing
risk by death. All first-time VTEs occurring in 1995-2016 were identified from the Danish
National Patient Registry covering all Danish hospitals. The cumulative incidences of VTE were
estimated in men and women with age as time scale, while accounting for the competing risk
of death. Estimated lifetime risk was defined as cumulative incidence at age 100. In a
simulation study, we excluded the proportion of female cases that could be attributed to

reproductive risk factors and re-estimated the cumulative incidence.

We identified 123,543 incident VTEs. The cumulative incidence of VTE was 1.9% in
women and 1.3% in men at age 50, 4.3% in women and 4.4% in men at age 70, and 9.3% in
women and 8.1% in men at age 100 when competing risk by death was taken into account.
After accounting for VTEs attributed to reproductive factors, the corresponding incidences in

women were 1.2% at age 50, 3.2% at age 70, and 8.2% at age 100.

In conclusion, the estimated lifetime risk of VTE was slightly higher in women than in
men when accounting for competing risk of death. Additionally, our simulation study
suggested that reproductive risk factors contribute modestly to the estimated lifetime VTE risk

in women.

27



Paper Il — The Risk of Venous Thromboembolism Attributed to Established Prothrombotic

Genotypes

The proportion of VTE events that can be attributed to established prothrombotic genotypes
has been scarcely investigated in the general population. We aimed to estimate the proportion
of VTEs in the population that could be attributed to established prothrombotic genotypes

using a population-based case-cohort.

Cases with incident VTE (n=1,493) and a randomly sampled subcohort (n=13,069) were
derived from the Tromsg Study (1994—-2012) and the HUNT study (1995-2008). DNA samples
were genotyped for 17 single SNPs associated with VTE. HRs with 95% Cls were estimated in
Cox regression models. PAFs with 95% bias-corrected Cls (based on 10,000 bootstrap samples)
were estimated using a cumulative model where SNPs significantly associated with VTE were
added one by one in ranked order of the individual PAFs. Six SNPs were significantly associated
with VTE (rs1799963 [Prothrombin], rs2066865 [FGG], rs6025 [FV Leiden], rs2289252 [F11],
rs2036914 [F11], and rs8176719 [ABO]).

The cumulative PAF for the six-SNP-model was 45.3% (95% Cl: 19.7-71.6) for total VTE
and 61.7% (95% Cl: 19.6-89.3) for unprovoked VTE. The PAF for prothrombotic genotypes was
higher for deep vein thrombosis (DVT; 52.9%) than for PE (33.8%), and higher for those aged
<70 years (66.1%) than for those aged 70 years (24.9%).

In conclusion, our findings suggest that 45 to 62% of all VTE events in the population
can be attributed to known prothrombotic genotypes. The PAF of established prothrombotic

genotypes was higher in DVT than in PE, and higher in the young than in the elderly.
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Paper lll — Proportion of venous thromboembolism attributed to recognized prothrombotic

genotypes in men and women

VTE has a strong hereditary component, and studies have indicated an overall VTE heritability
of up to 60%. Whether the individual and cumulative impact of prothrombotic genotypes on
VTE risk is similar in men and women has not been addressed. Furthermore, whether known
prothrombotic genotypes contribute to age-specific variations in risk of VTE in men versus
women is not known. Therefore, we aimed to identify the individual and cumulative effect of
common prothrombotic genotypes on VTE risk in men and women using PAFs. Additionally,
we investigated the cumulative PAF in young, middle-aged and elderly men and women. The
Tromsg Study (1994-2012) and HUNT Study (1995-2008) cohorts were used to create a case-
control population consisting of 1,493 cases with incident VTE and a randomly sampled
subcohort of 13,069 individuals. DNA samples were genotyped for 17 SNPs already associated
with VTE. Individual PAF estimates with 95% bias-corrected Cls based on 10,000 bootstrap
samples were estimated for SNPs significantly associated with VTE. In addition, a cumulative,

6-SNP model was constructed for men and women.

In women, the SNPs included in the cumulative model had individual PAFs of 16.9% for
ABO, 17.6% for F11 (rs2036914), 15.1% for F11 (rs2289252), 8.7% for FVL, 6.0% for FGG, and
0.2% for F2. This resulted in a cumulative PAF of 38% in women. In men, the SNPs included in
the cumulative model had individual PAFs of 21.3% for ABO, 12.2% for F11 (rs2036914), 10.4%
for F11 (rs2289252), 7.5% for FVL, 7.8% for FGG, and 1.1% for F2. The cumulative PAF in men
was 52%. For the age-specific analysis, the cumulative PAF varied in both sexes and was
particularly pronounced in middle-aged (50-74 years) men (73%) compared to women

(54.5%).

To conclude, our results indicate that the known prothrombotic genotypes that we
have investigated contribute to a higher proportion of the VTE events in men than in women.
The differential effect of prothrombotic genotypes on PAF in men versus women was especially

pronounced in the middle-aged.
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Paper IV — Body height and risk of venous thromboembolism in men and women

Several studies have shown an association between increasing body height and risk of VTE.
However, while there is a clear association between body height and VTE risk in men, the
findings have been somewhat inconsistent in women. Furthermore, it has been proposed that
differences in VTE risk in men versus women could be attributed to differences in body height,
presumably because men tend to reach a taller stature. However, this has only been

investigated in one previous study, which only included middle-aged individuals at baseline.

In this merged cohort study consisting of 114,567 participants from the Tromsg Study
(1994-2020) and the Nord-Trgndelag Health study (1995-2019), we used Cox regression to
estimate the risk of VTE per 10 cm increase body height in men and women. In addition, we
estimated whether the VTE risk in men versus women was affected after adjustment for body

height in the young (19-49 years), middle-aged (50-74 years) and elderly (275 years).

We found that taller stature per 10 cm was associated with increased VTE risk in both
men (HR: 1.34, Cl: 1.25-1.44) and women (HR: 1.23, Cl: 1.13-1.33). In the young (HR: 0.87, CI
0.70-1.08) and elderly (HR: 1.08, Cl: 0.97-1.20) there was no difference in VTE risk in men
versus women before adjustment, while the risk was higher in women after height adjustment
(HR: 0.60, Cl: 0.44-0.83 and HR: 0.83, Cl: 0.71-0.97, respectively). In the middle-aged group,
the risk of VTE was higher in men than in women (HR: 1.45, Cl: 1.32-1.60), but diminished after
adjustment for height (HR 0.98: Cl 0.85-1.13).

In conclusion, we found that the risk of VTE in men versus women was considerably
influenced by adjustment for body height at all ages. We also confirmed that taller stature was

a risk factor for VTE in both men and women.
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5. General discussion

5.1 Methodological considerations
5.1.1 Study design

In this thesis, we aimed to assess sex differences in risk of VTE in men and women. Risk is the
probability of a future VTE, and we explored this challenge by exploring the following three
areas: (i) the lifetime risk of VTE in men and women after accounting for competing risk by
death, (ii) the association between prothrombotic genotypes and risk of VTE in the general
population, and specifically in men and women, (iii) the influence of body height on risk of VTE
in men and women. All four papers presented in this thesis were epidemiological studies.
Three of the studies had prospective designs derived from population-based cohorts, while

one study had a prospective design created by merging national, population-based registries.

In paper I, we merged multiple Danish, population-based registries to create a
nationwide cohort population in order to estimate the lifetime risk of VTE in men and women.
A population-based registry aims to incorporate all individuals with a certain attribute, event
or exposure in a geographic area within a defined period of time (147). An advantage with
population-based registries is prospective data accumulation over long time periods, and
ideally, the recording of an exposure before the outcome occurs (148). Population-based
registry studies are therefore efficient in terms of both time and costs and makes it possible to
study the incidence of disease on a national level (148). Additionally, they allow for a large
study size, comprehensive population coverage and less probability of differential
misclassification. Nonetheless, registry-based studies often lack clinical information making it
challenging to assess the severity and progression of disease. Furthermore, since registry
information is collected with a defined purpose rather than answering a specific research
guestion, registries may be incomplete and information on some variables may be missing
(149). However, this is not likely to affect our findings, since the thesis focuses on incident VTE,
rather than disease severity or recurrence. Furthermore, the national health registries in the
Nordic countries have a strong reputation internationally due to their tax-supported, universal
health care coverage, and mandatory documentation of all health services. In addition, the
unique personal number allows linkage between several national registries like birth, death,

hospital discharge, outpatient registries, and more (150).
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Paper lI-1V consisted of study populations derived from the prospective cohorts Tromsg
and HUNT studies. The term cohort is derived from Latin, and originally referred to a 300-600-
man unit in the Roman army. In medicine, a cohort design follows a defined study population
until either the outcome of interest (for instance VTE), a censoring event (e.g. death) or end of
the follow-up period (151). In prospective cohort studies, such as the Tromsg and HUNT
studies, exposure (i.e., body height) is recorded at study entry, and the occurrence of the
outcome is registered when it occurs, or the individual is censored at end of follow-up. A major
benefit of cohort studies is the possibilities to obtain a large population size and multiple
outcomes that may be associated with multiple exposures. Other important strengths of the
cohort design are the possibility to estimate both incidence and relative risks and several
outcomes at the same time, in addition to a clear temporal sequence between exposure and
outcome, which minimizes the risk of recall bias (152). However, cohort studies have some
considerable drawbacks. The main challenges are the considerable economic and time-
consuming demands, and cohort studies have limited usefulness when investigating rare or
latent outcomes. In addition, cohort studies are vulnerable to differential loss to follow-up,
which will be discussed as a potential bias further down. Further, long follow-up time from
classification to event/censoring increases the chance of a change in exposure status, which
could impact the validity of the findings (150). For instance, a single measurement made
several decades before an event takes place regarding an individual’s smoking status, blood
pressure or weight is not necessarily representative of the person’s exposure status at the time
of the event. In our cohorts, our main exposure variables in papers II-1V are body height and
genetics, which are not susceptible to large variations over time in an individual. Therefore,
even single measurements are sufficient to capture an individual’s exposure status for such

exposures.

In papers Il and Ill, a case-cohort design was utilized. As implied by its name, the study
design implements features of both case-control and cohort studies. In a case-cohort, every
person that experiences the outcome of interest during the follow-up period in the source
cohortisincluded as a case. Additionally, every person in the cohort has an identical likelihood

of being included in the study as part of a subcohort, regardless of whether the individual
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experiences the outcome of interest or not (figure 8) (150). This creates an overlap between
the cases and the subcohort population. The overlap, and the creation of the subcohort at
baseline permits time-to-event analysis. By design, case-cohorts are an efficient and cost-
effective way of obtaining additional information from the cohort that was not obtained or

measured for the whole cohort (153).

Case-cohort sampling
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end of follow-up
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Figure 8. Case-cohort-sampling. Subcohort members represented by a yellow box are
selected from the baseline cohort. Cases from the cohort are selected every time they occur
and are represented by red arrows. The case-cohort has some overlap, since VTE events also
occur in the subcohort. This is represented by the merged boxes (108).
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5.1.2  Validity

Validity in epidemiological studies is broadly divided into internal and external validity.
Internal validity addresses whether an observed association is true for the population under
study, while external validity deals with whether an observation from the study can be
generalized to other populations than the population under study (150). One of the main
benefits of population-based cohort studies and population register studies is that they are
recruited from the general population (141). Therefore, the internal validity is intact, unless
there are errors in the recruitment, data gathering or analytic process (for instance,
confounders that are not accounted for). Bias in the recruitment and/or follow-up has the

potential to limit the internal validity and generalizability of population-based cohorts. To
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counteract this, high participation rates and minimal loss during follow-up are important

components to ensure strong external validity (154, 155).

5.1.3 Bias

Bias, or systematic errors, are an element in all epidemiological studies, and mostly affect the
internal validity of the study. A systematic error differs from a random error in that it’s effect
will be present regardless of sample size, unlike random errors, whose effects will be reduced
by an increase in sample size (152). Three general categories of challenges to internal validity
are confounding, selection bias and information bias. They can occur in the design, execution
or analysis of the study and lead to mistaken estimates of an exposure’s influence on disease

risk.

Information bias is a methodological error that occurs because the information
collected about study subjects is erroneous. Further, such errors lead to inaccurate information
about exposures or outcome (152). In other words, the information is misclassified.
Misclassifications can either be differential or nondifferential. Differential misclassifications
are systematic errors that are related to the occurrence of the disease (i.e. VTE), while
nondifferential misclassifications are not related to the disease. Measurements of exposure
variables in prospective cohort studies are typically conducted before the outcome occurs.
Therefore, the most typical type of misclassifications in cohort studies are nondifferential
misclassifications. In this thesis, such a misclassification could occur during body height
measurement. All study subjects were measured before the occurrence of the outcome, and
therefore, any measurement errors would be random. Hence, any misclassification would be
equally distributed between those who contract the disease, and those who do not contract
the disease. An example of a differential misclassification is a faulty blood pressure apparatus
that is only used to measure the blood pressure of the cases, therefore leading to a

misclassification of the exposure in all cases (152).

Differential misclassification could occur for both exposure and outcome. In the Tromsg

and HUNT study, relevant exposures like BMI, body height and blood sampling for genotyping
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was procured by trained personell, and at baseline. Therefore, there is little risk of a differential
misclassifation concerning the relevant exposures. In both Norway and Denmark, all in- and
outpatient hospital diagnoses are registered in national registries. Moreover, diagnoses of VTE
are not made by a general practitioner without referral to a hospital, therefore, the VTE
registries likely capture most of the VTE events. In addition, both the Troms@ and HUNT studies
have objectively confirmed VTE diagnoses through radiological procedures and review of
medical documents by trained personnel (27, 72). Denmark’s registry, the DNPR, is one of the
world’s oldest nationwide hospital registries, and individual-level linkage with other
nationwide registries is secured through the CRS. Furthermore, the CRS includes
comprehensive information on birth dates, deaths and migration, further securing objective
measures for the follow-up period (149). The DNPR has collected data from all Danish hospitals
with complete nationwide coverage from 1978 until today. Since 1995, the DNPR has included
information on all somatic outpatients (141). The positive predictive value (PPV) for DNPR
varies significantly by disease, but VTE diagnoses in Denmark are usually made by trained
specialists, and a validation study of DNPR data reported PPV of 86% and 90% for diagnoses of
first-time DVT and PE (156). Therefore, the risk of misclassification of outcome does not appear

to be a major problem in this registry.

Selection bias is an error that arises from the selection process, and from factors that
influence study participation. It occurs when the association between exposure and disease
differs for those who participate in the study, and those who do not participate in the study.
Therefore, the study participants are not representative of the target population. Cohort
studies like the Tromsg and HUNT studies are vulnerable to selection bias through self-
selection since subjects who voluntarily take part in cohort studies generally are healthier than
those who do not participate (157). This challenge is largely countered by the high attendance
rates of the Tromsg and HUNT studies. Further, earlier studies have indicated that even
estimates from population-based cohort studies with attendance rates of 30%, only differs
marginally from estimates in population-based cohorts with attendance rates of up to 70%
(158). Additionally, the Tromsg and HUNT study has experienced a slight decrease in
participation rates in the last decades, which has been the global trend in large,
epidemiological studies since the 1970s (159). In the Tromsg study, there has been a moderate
reduction since Tromsg 4, but the attendance rate was stable between 6 and 7 (Tromsg 4: 77%,
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Tromsg 5:79%, Troms@ 6: 66%, Tromsg 7: 65%) (137). For the HUNT study, there has been a
larger reduction in attendance rate, but the study has also stabilized its attendance rate
(HUNT2: 70%, HUNT3: 54%, HUNT4: 54%) (160). Nevertheless, the possibility of bias is always
present, and in both Tromsg and the HUNT study, the participation rates are particularly low
among young, single males and individuals aged >80 years (137, 160). An additional form of

selection bias that will be addressed later in the thesis is the competing risk of death.

In the DNPR, the risk of selection bias is minimal due to the universal health care system
with virtually complete follow-up of all patients owing to the Danish CRS (141). In two of our
studies, genetic material from blood samples were used. Potentially, a self-selection bias could
occur if individuals with known genetic conditions were less willing to participate in our cohort
study than individuals with no known genetic conditions. However, this does not seem likely
since both allele frequencies and effect estimates in the studies are comparable to other,
international studies on genetic variation (161). Additionally, existing literature has not found
a clear selection bias in other cohorts (162, 163). Conversely, a Norwegian study on
adolescents found that male sex, poor self-reported health and low socio-economic status

were predictors for not consenting to provide DNA samples (164).

5.1.4 Confounding

Confounding refers to situations
where non-causal associations are Confounde
observed between a given exposure
and outcome, because of the
influence of another variable,

2 'Y

commonly labeled as a confounder. In ] [
Exposure J :[ Outcome

short, confounding leads to a

confusion of effects, and threatens

the internal validity of the study. A  Figure 9. Confounding (152).

confounder must fulfill  three

conditions: (i) It must be associated with the exposure and the outcome, (ii) it must be

unevenly distributed between the study groups, and (iii) it cannot be part of the causal
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pathway from exposure to outcome (figure 9) (152). A classic example of a confounding factor
is the prevalence of birth defects by birth order. There is a larger risk of birth defects among
women who give birth to their fifth child, compared to women who give birth to their first
child. However, birth order and age of the mother is highly correlated. Therefore, the
association between birth order and birth defects is confounded. There are several ways to
account for confounding, either during the design of the study through for example matching
or during the statistical analysis by adjustment, stratification or standardization, but only if
information on potential confounding factors is available. If not, the results could be subject

to residual confounding, where not all relevant confounding factors are accounted for.

In this thesis, we stratified by sex in papers |, lll and IV. Additionally, papers Il and IV
included age-stratification into the young (20-49 years), middle-aged (50-74 years) and elderly
(275 years), while paper Il stratified on those over and under 70 years of age. The main benefit
of stratification is the formation of subgroups that have more in common with each other than
the rest of the population (150). For an illness like VTE, where the relative risk varies
substantially among the sexes throughout the lifespan, there are considerable benefits to
comparing age ranges in order to ensure that we lose as little information as possible on the

association between body height and prothrombotic genotypes, and VTE in men and women.

Regression methods were used in all the papers included in this thesis, and it was also
used to account for the confounding factor of age. As the risk of VTE increases with age at an
exponential rate, and the underlying baseline risk in a 25-year-old is much lower than in a 75-
year-old, it is essential to account for when investigating associations between exposures and
VTE. Also, age is an especially important factor to account for in the study on body height since
physical stature declines with age (165). Considering that VTE risk increases significantly with
age, not accounting for the effect of age could potentially lead to a significant underestimation
of taller stature’s association with VTE risk. In regression analysis, age can be accounted for in

many ways, but in a prospective study, an effective way is to use age as the time scale. This
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(166).
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Figure 10. Date and age as time scale illustrated (166).

affect the association

between body height

and VTE in men and women is potential birth cohort effects. Birth cohort effects are variations
over time, for one or more characteristics among individuals defined by some shared
experience such as year or decade of birth (167). For instance, those raised during the war or
during the ensuing years with extensive rationing could be more susceptible to disease or
shorter in stature due to lack of nutrients. When considering whether birth cohort effects
could affect the association between body height and VTE in men versus women, the main
guestion is whether there are any differences in body height time trends in men and women.
Multiple studies have shown that the average body height in European countries is increasing,
and this is also true in our population. A recent time trend study in the Tromsg study
population, found that the sex-specific average body height increased by 3.4 cm in men and
women from the 1930-1939 birth cohort to the 1970-77 birth cohort (168). Similar results have
previously been published in HUNT (169). Therefore, one way of accounting for potential birth
cohort effects is by conducting what is known as a sensitivity analysis, where separate analyses
are run for different birth cohorts. For instance, estimation of the association between body
height and VTE in men and women, could be conducted separately in those born in 1930-1950
from those born in 1950-1970. However, since the differences in body height in men and
women seem to be consistent over long time periods, the potential effect most likely would
lead to an underestimation of the association between body height and VTE risk. Therefore,
birth cohort effects would have little to no impact on comparisons on the association between
body height and VTE if age effects have been accounted for. However, birth cohort effects could

potentially have a differential impact on VTE identification. In the 1990s, there was
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considerable development in the diagnostic tools of VTE, and especially in the use of more
sensitive tools like CTPA in addition to more clinical awareness about VTE. Potentially, this
could have led to more incident VTEs in either men or women if the new diagnostic methods
or increased diagnostic awareness were more sensitive for one of the sexes. In paper |, where
we investigated the overall lifetime risk, we conducted a sensitivity analysis to see whether
there were marked differences in the number of VTE events in men and women in the time

periods 1995-2005 and 2006-2016, and we found no difference.

5.1.5 Competing risk of death
Censoring is a fundamental element in survival analysis, and the concept of non-informative
censoring is an important assumption in traditional survival analysis. If an individual is lost to
follow-up to for example migration, that individual is treated as censored because whether
that person experienced the outcome of interest or not, is unknown. In short, we are

uninformed about the subject’s status after the censoring date.

A competing risk event is an event (e.g. death) whose occurrence prevents the
occurrence of the event of interest (e.g. VTE). A competing event prevents the observation of
an event of interest or alters the chance that this event might happen. The incidence of VTE
increases significantly with age, and the competing risk therefore also increases significantly
throughout a person's life. The difference in censoring happens when a competing risk occurs.
In traditional Kaplan-Meier (KM) method, the competing event is treated the same as any
other reason for censoring. This leads to an overestimation of risk at the next event of interest.
Using the CIF, the competing risk is treated as a failure. The differences in how the methods

affect cumulative incidence is illustrated in figure 11.

Follow- Kaplan-Meier method Competing risk method using CIF
up Stat KAPLAN-MEIER VS.
time us 4
o) KM TN =t < COMPETING RISKS
o -1 0 1 0 ——1-KM(t) —m—Cl(t)
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11 Cen 09x9/9=09 01+(09x0/9)=01 09x99=09  01+(0.80x0/9)=01 100
15 CR 0.9x%88=09 0.1+ (0.9 = 0/8)=0.1 0.9x7/8=079 0.1+(0.90x0/8)=0.1 290
18 Ev 09x6/7=0.77 01+(09x1/7)=0.23 0.79=x6/7=068 0.1+(0.79=1/7)=0.21 g §g
23 Cen 077 x6/6 =077 0.1+(0.9x0/6)=0.23 068 x6/6 =068 0.21+(068x0/6)=021 5 'P
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31 CR 077 x4/4=077 01+(08x04)=023 |063x34=042 021+ (0.63x0/4)=021 ¥ ;5
33 Ev 077x2/3=051 023+(0.77x1/3)=049 |042x2/3=028 021+(042x1/3)=0.35 <= 3p
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CR= Competing risk, Ev= Event of interest, KM=Kaplan-Meier, CIF=Competing 12 3 4 5 & 7 8 9 10
incidence Function, S=survival, Cl=cumulative incidence, Cen=Censored TIME

Figure 11. Example of how the competing risk of death influences the cumulative incidence of the event of interest.
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5.1.6 Population attributable fraction (PAF)

In papers |, Il and 11, we used PAF (figure 12) to quantify the proportion of VTEs that could be
attributed to known reproductive (paper I) and prothrombotic risk factors (papers Il and Il1).
The PAF estimate is dependent on the increased risk associated with the exposure, and the
prevalence of the exposure (170). PAF values are usually larger than other comparable genetic
measures, like heritability (171) which quantifies the effects on the variability of risk at the
population level. Although PAF and heritability measure different aspects of genetic
contributions to disease risk, the two measurements are related (172). While PAF is a useful
tool to analyze the influence of genetic factors, it can be overestimated when the risk factor
prevalence is very high, due to its direct dependence on prevalence (171, 173). The complete,
cumulative PAF models used in our study had a high prevalence, and consequently the
percentages might be somewhat overestimated. However, since the prevalence of the SNPs
was similar in men and women, our PAF estimates would still allow for comparison between
the sexes. Importantly, there is a difference between the attributable fraction of events among
those exposed to a certain risk factor, and the population attributable fraction. For instance,

individuals with an Population attributable fraction

PAF Formulas:

1) (IR total population)-(IR unexposed)

IR total population

antithrombin deficiency have a

high risk of VTE compared to

Population
attributable —
those not exposed to P 2) pp(w;%)ﬂ

antithrombin deficiency. but
p=prevalence

overall, AT deficiency is rare,

Baseline
and accounts for only a small Risk

. Exposed to Unexposed
proportion of all VTE events risk factor to risk factor
(150). Figure 12. Population attributable fraction illustrated.

There are several ways to calculate the PAF. In this thesis, two different PAF formulas

have been applied. In paper |, the formula wused was based on IRs:

IR¢otal population_IRunexposed population

, which was used to estimate the proportion of VTE events
IRtotalpopulation

in women aged 15-49 years that could be attributed to reproductive risk factors in the Danish

population. In paper Il and Ill, the formula 2252

el Was employed to analyze the proportion of

events attributable to known prothrombotic genotypes (174).
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5.2 Discussion of main results
5.2.1 Lifetime risk of venous thromboembolism in men and women

In paper |, we used the complete population of Denmark from 1995 to 2016 to investigate the
age-specific cumulative incidence and estimated lifetime risk of VTE in men and women when
accounting for the competing risk of death. We found that the estimated lifetime risk of VTE
was 9.3% in women and 8.1% in men, which indicates that women have a slightly higher risk
of VTE than men. The competing risk of death clearly impacted the cumulative risk estimates
of VTE in both sexes, but especially in men, due to the increased mortality rate in men

compared to women at all ages.

Several studies have investigated the sex-specific risk of VTE (25, 26, 29, 55, 107, 110,
111, 119, 175, 176), but the results have varied considerably between studies. The varying
results could be due to differences in study designs, age range of the population under study,
or the statistical methods that have been used. To determine whether differences in results
between studies could be explained by differences in the age range of the study populations,
we decided to explore the sex-specific risk of VTE in a nationwide cohort that consisted of
individuals in the entire age range, and assess the incidence rates according to different age-
groups, as well as the cumulative incidence according to increasing age. The main advantages
of using the complete population of Denmark in 1995 as our source cohort were fourfold: (i)
It ensured that incidence rates in all age groups were captured, (ii) the DNPR is expected to
have a near-complete recording of all diagnosed first time-VTE events in Denmark in the study
period since VTE diagnoses are mostly made by specialists, (iii) the registry-based nationwide
approach ensured negligible loss to follow-up since linkage through the CRS provided us with

complete information on date of emigration and death.

The age-specific incidence rate patterns in our population corresponded well with
those reported in previous studies. Among individuals aged 20-49 years, we found an IRR of
1.4 for VTE in women compared to men. A higher incidence rate among women in this age
range is consistent with results from the HUNT study (IRR: 1.6) (27), HLU study (IRR: 1.6) (110)
and REP study (IRR: 1.6) (29). Among middle-aged individuals, women had a lower IR of VTE
than men, which corresponded to an IRR of 0.8 for women versus men. The same pattern was

found in the HUNT study (IRR: 0.8), Tromsg Study (IRR: 0.8 in individuals aged 50-70), REP
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study (IRR: 0.7) and HLU study (IRR: 0.7) (25, 27, 29, 110). In the elderly, the IR of VTE in men
and women in our cohort was essentially similar, resulting in an IRR of 1.0. These results
corresponded well with the results from the HUNT study (IRR: 1.0), the Tromsg Study (IRR: 1.0)
and the HLU study (IRR: 1.2) (25, 27, 110). In contrast to our findings, the REP study found a
higher incidence in men (IRR for women versus men: 0.8), and the LITE study reported a

twofold higher incidence in men compared to women aged >75 years (29, 107).

When analyzing the entire lifespan, the overall IR of VTE in our study was 1.28 per 1000
person-years in women and 1.17 per 1000 person-years in men, which yielded an overall IRR
of 1.1. In agreement with our findings, the HUNT study (participants aged >20 years) and the
Tromsg study (participants aged >25 years) reported an IRR of VTE of 1.0 for men versus
women (25, 27), while the REP study (participants of all ages) and the HLU study (participants
aged 215 years) reported an IRR of 1.1 for women compared to men (29, 110). However, the
REP study also reported an age-adjusted IRR of 0.8 in women compared to men (29). In
addition, the DCH study (participants aged 50-64, IRR: 0.6), and the LITE study (participants
aged 245 years, IRR: 0.7) also reported higher incidence rates in men (55, 177). All the studies
that reported higher overall incidence rates in men were composed of middle-aged to elderly
individuals at baseline, which corresponds well to our findings in the same age groups.
Therefore, despite some minor differences, the age-specific incidence rates of VTE in men and
women in our study followed the same pattern variations across age groups as most of the
previously published studies. This further supports that while the overall sex-specific incidence
of VTE in men and women reported in previous studies varied somewhat, these variations can

likely be explained by the age distribution of the population under study.

Since the IRs of VTE in men and women vary across different age groups, the cumulative
lifetime incidence of VTE in men and women is of interest. Furthermore, since both the risk of
VTE and death increases exponentially with age (144), and high death rates are known to lead
to an overestimation of cumulative incidence measures (178), it is important to account for
death as a competing event when assessing life-time risk. Additionally, VTE risk estimates in
men could be especially affected since men have a higher death rate than women at all ages
(117). The only publication we know of that has previously estimated the lifetime risk of VTE

in men and women and accounted for the competing risk of death consisted of two American
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cohort studies, the CHS and the ARIC study, which comprised of participants aged 45-64 years
and =65 years, respectively (119). The participants were followed to a maximum age of 85,
and the lifetime risk of VTE was 8.4% in women and 7.7% in men, which corresponded well
with our findings of 9.3% in women and 8.1% in men. The slightly higher estimate found in our
study is most likely due to the inclusion of individuals aged 0-100 years, which enabled us to

look at the whole lifespan.

Another point of contention regarding VTE risk in men and women is the contribution
of reproductive risk factors in younger (<50 years) women. Young women have a swift rise in
the cumulative incidence of VTE compared to young men, which is mostly caused by pregnancy
and estrogen-containing oral contraceptives (45, 88). In our study, young women had a higher
risk than young men. However, if we consider the overall risk of experiencing a VTE throughout
the entire lifespan, the risk of VTE among the young was relatively low in both men and women
compared to the risk of experiencing a VTE at a later point in life. In fact, we found that merely
22% of all VTE events in women and 19% of all VTE events in men occurred before age 50.
Hence, while the relative risk difference in men and women among the young is considerable,

the absolute risk is low in both sexes compared to the risk in older age groups (27).

In 2016, a study based on the MEGA case-control population, which consisted of adults
aged 18-70 years, reported that the risk of a first-time VTE was twice as high in men compared
to women after exclusion of women with reproductive risk factors (120). However, the study
included few females without reproductive risk factors, was based on relative measures, the
cases had survived initial treatment with anticoagulation and the upper age limit at inclusion
was 70 years. In our study, we found that half of all VTEs in the female population occurred
after the age of 70, a stage of life where women are not exposed to reproductive risk factors.
Therefore, we wanted to address the effect of reproductive risk factors on the lifetime risk of
VTE and investigate whether men had a twofold higher risk of VTE compared to women in a
lifetime perspective when reproductive risk factors were accounted for. Unfortunately, we did
not have exact information on pregnancy and the use of oral contraceptives in our dataset.
Hence, we conducted a simulation study where 45% of all VTE events in females aged 15-49
were treated as if they had not occurred. The proportion of VTE events attributed to oral

contraceptives was arrived at using IRs provided by a nationwide Danish study on hormonal
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contraception and risk of VTE (93). There, the IR of VTE in all women aged 15-49 was reported
to be 4.03/10,000 woman-years, while the IR among former or never users of oral
contraceptives was 3.01/10,000 woman-years. This translated to a PAF of 25% for oral
contraceptives. In another nationwide Danish study on pregnancy-related VTE, the risk of VTE
in non-pregnant women was 3.6/10,000 woman-years (100). This corresponded to a PAF of
10%. To ensure that we did not underestimate the proportion of events attributable to
reproductive factors, we chose to treat 45% of all VTE events in females aged 15-49 years as if
they had not occurred. We concluded that while the lifetime risk in women was somewhat
reduced when reproductive factors were accounted for, the lifetime risk was still 8.2% in
women, and thereby very similar to the lifetime risk in of 8.1% in men. Considering that the
lifetime risk in women dropped with only 1.1% when we ignored 45% of VTE events in women
aged 15-49 years, it is likely that the lifetime risk of VTE in women would be reduced with
approximately 2.2-2.3% if we had ignored all VTE events among women in this age group. Thus,
if we had assumed that all VTE events in women at reproductive age could be attributed to
reproductive risk factors, the lifetime risk of VTE in women would still be around 7%.
Furthermore, it is highly unlikely that all women who experience a VTE due to reproductive
factors would go through life without experiencing a VTE due to other circumstances.
Therefore, we most likely overestimated the effect of reproductive risk factors, and our
findings indicate that the lifetime risk of VTE is essentially similar in men and women when

accounting for reproductive factors.

Several studies have reported a higher risk of recurrent VTE in men compared to
women, and this could suggest a higher inherent risk of first-time VTE in men when accounting
for reproductive factors (112, 179). In 2011, Douketis et al. reported that the risk of a recurrent
VTE was 2.2-fold higher in men compared to women after a first unprovoked VTE, and that it
remained 1.8-fold higher after adjustment for hormone-associated VTE, while no sex-
difference was found among individuals with a provoked event (179). However, the mean
length of follow-up of the included individuals was only 27 months, and considering that
approximately 30% of the included female VTE cases in the review were hormone-associated,
and they were significantly younger than the rest of the included individuals (mean age 40
years vs. 58 years), such a short follow-up time could affect the estimates. In a systematic

review and meta-analysis on recurrent VTE from 2019 the cumulative risk difference was
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merely 1.4-fold higher in men than in women, thereby indicating that the difference in
recurrence risk is not as large as previously thought (112). However, the follow-up time was
quite short in this study as well, with only a handful of studies exceeding two years of follow-
up. Additionally, the meta-analysis did not assess recurrence risk stratified by age groups,
which could have revealed an age-sex interaction, did not adjust for potential confounders,
such as BMI and body height, and did not take the competing risk of death into account (which

would be important as men have a higher death rate).

Whether the presenting location of first-time VTE events differ in men and women has
previously been discussed. In a case-control study based on the MEGA, RIETE and Hokusai-VTE
studies, Scheres et al. found that a higher proportion of women presented with PE than men,
with the difference ranging from 3.1% to 8.5% (83). However, these were relative proportions,
and not absolute risks, which would be required to clearly demonstrate potential sex
differences in the presenting location of VTE. In our study, we found a 2-percentage-point
higher proportion of first time PE-events among women compared to men (41.9% vs. 39.1%).
Nonetheless, the estimated lifetime risk measurements did not reveal any considerable
differences in anatomical locations of DVT (5.4% vs. 4.9%) or PE (4.0% vs. 3.4%), which is
consistent with other studies that have not found any substantial differences in the presenting
location of DVT and PE in women compared to men (25, 26, 107). Thus, we did not find any

indication that the presenting location of VTE vary considerably in men and women.

The main aim of this paper was to estimate the lifetime risk of VTE in men and women,
and ideally, the best way to estimate this would be to follow a cohort throughout an entire
lifetime. However, since the DNPR does not have complete information on in- and outpatients
from before 1995, we were not able to follow our cohort from cradle to grave. Nonetheless,
the long follow-up time of 20 years in a complete, nationwide cohort that included individuals
of all ages likely yields a robust indication of the lifetime risk in men and women. Furthermore,
even if we had information on all VTE events from 1900 until today and could estimate the real
lifetime risk in this period, this would increase the likelihood of bias due to time trends and
birth cohort effects and could weaken the generalizability of our results to current populations
(167). We tried to account for birth cohort effects and time trends by conducting a sensitivity

analysis where we divided the study period into 1995-2005 and 2006-2016, and calculated the
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cumulative incidence of VTE in men and women in each period while accounting for the
competing risk of death. The results displayed that the incidence of VTE had increased in both
sexes, but the incidence patterns were stable in men and women, and therefore there were
no obvious sex-differences due to birth cohort effects. Additionally, a Danish study on temporal
trends from 2006 to 2015 further supports this finding (16). Hence, while we cannot rule out
the potential presence of birth cohort effects that could differ in men and women, we have no

indication that they have affected our results in any significant way.
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5.2.2 Prothrombotic genotypes and VTE

In paper Il, the proportion of first-time VTE events that could be attributed to known
prothrombotic genotypes in a Norwegian population was estimated. To achieve this, we
created a 6-SNP cumulative PAF model based on the highest individual PAF estimates in our
population and found that 45% of the VTE events in our population could be attributed to
these 6 SNPs. Furthermore, using the same cumulative model, we found that 62% of all
unprovoked VTEs and 66% of all VTE events occurring before age 70 could be attributed to

known prothrombotic genotypes.

The cumulative model was built with the intention of exploring the genetic contribution
of multiple prothrombotic genotypes on the risk of VTE. First, we calculated hazard ratios and
the individual PAFs, and based on these measures, we constructed a cumulative PAF model
where we combined multiple SNPs. For each step, we added one SNP. The SNPs used were
added in the following order: rs8176719 (ABO), rs2036914 (F11), rs2289252 (F11), rs6025
(FVL), rs2066865 (FGG) and rs1799963 (F2). In the model, we saw an increase in the PAF
estimate up to and including the addition of the fifth SNP, where a peak estimate of 45.3% was
reached. With the addition of the sixth SNP, F2, there was no further increase in the PAF, which
indicated that the genetic contribution on the risk of VTE is explained by relatively few SNPs.
The rationale for using a limited amount of SNPs to evaluate the PAF of prothrombotic
genotypes is supported by a 5-SNP genetic risk score developed by De Haan et al., which found
that 5 SNPs had the same predictive capabilities as a risk score consisting of 31 SNPs (129).
Interestingly, all 5 of the De Haan-score-SNPs were found in our model (FVL, F2, ABO, FGG,
rs2036914), which further supports that the included SNPs contribute to a large proportion of
VTE events in the general population. Heit et al. also used three of the same SNPs (ABO, FVL,
F2) in a joint model which yielded a PAF of 35% (126). Taken together, these findings suggest
that much of the genetic risk of VTE in the total population can be attributed to a small number
of SNPs. For unprovoked VTEs, we found that more than 60% of events could be attributed to
known prothrombotic genotypes. While we are not aware of any previous PAF estimates of
prothrombotic genotypes on unprovoked VTE, our finding is in agreement with studies
reporting a higher prevalence of thrombophilia among individuals with unprovoked VTE (131,

180).

47



The individual PAF estimates of the SNPs included in the 6-SNP cumulative model were
mostly in accordance with the previously published literature. We found that non-O-blood
types contributed to the largest proportion of VTE events, with a PAF estimate of 19%, which
is in keeping with a Swedish population-based cohort, which reported a PAF of 20% for non-
O-blood types (142). The considerable proportion of events attributable to non-O was mainly
explained by the relatively high prevalence of 62% and a modest VTE-risk increase of 38%.
Accordingly, several case-control studies have found that non-O-blood type has the largest
influence on VTE risk in the population (120, 126). Both F11 SNPs included in our model had
sizable PAF estimates of 13-14%, but the PAF values were considerably lower than the PAF
values of 28% and 24% previously reported in a combined case-control population (181). The
associations between FVL and F2 and VTE risk on a population level have been firmly
established previously (120, 126, 142, 180). Notably, the average age of participants in
previous study populations where PAF has been estimated has usually been lower than in our
cohort population (120, 126), and some studies recruited participants who were referred to
thrombophilia clinics (126). Both the lower age and the recruitment of participants that were
referred to thrombophilia clinics may have contributed to an increased prevalence of
prothrombotic risk factors among the VTE cases included in these studies compared to our
population, which consisted of unselected VTE cases from the general population. Additionally,
differences in study design could also account for some of the observed differences, since the
risk estimates (i.e., ORs) from case-control studies often are higher than those from cohort
studies (150). Of note, our risk estimates for FVL, F11, FGG and ABO were similar to those
reported in a genome-wide association study (GWAS) meta-analysis by Lindstrom et al. which

pooled the results of 18 studies (60).

The PAF estimates in our study could be overestimated due to their dependence on
prevalence. This is a particular challenge for our cumulative PAF models since the prevalence
becomes quite high (96%). Furthermore, the rs8176719 used in this study is not optimal for
evaluating VTE risk mediated by the ABO locus as it does not consider the A2 and 02 blood
groups which are associated with a lower risk of VTE compared with A1 and B (182). However,
as the prevalence of A2 and 02 in the population is low (haplotype frequencies <5% and <1%,

respectively), this is likely to have a negligible effect on the PAF estimates.

48



Whether certain prothrombotic genotypes contribute differently to the formation of
thrombi in specific anatomical locations is a topic of major interest, particularly due to the
observed difference in thrombus location in FVL carriers which has been reported in several
studies, and is known as the “FVL paradox” (130, 183, 184). According to the MEGA case-
control study, FVL carriers have a threefold increased risk of experiencing a DVT than a PE
(185). In our study, a larger proportion of DVT events than PE events were attributed to
prothrombotic genotypes. The difference between presenting location was mainly explained
by FVL and ABO. For FVL, the individual PAF estimates were 11.2% in DVT and 3.3% in PE,
indicating that the fraction of DVT events attributed to FVL is more than 3 times higher than
the proportion of PE events attributed to FVL. In ABO, the difference was more marginal, with
21.2% and 15.6% of DVT and PE events attributable to ABO, respectively. For FVL, it has been
theorized that the difference could be explained by the formation of more stable clots that are

less susceptible for embolization (184). Potentially, the same could hold true for ABO.

To assess the impact of individual and multiple prothrombotic genotypes in the young
and elderly, we investigated the influence of prothrombotic genotypes on VTE risk in
individuals older and younger than 70 years. We found that the prothrombotic genotypes
contributed more to the occurrence of VTE among individuals <70 years. The higher PAF for
prothrombotic genotypes in the younger age group was particularly explained by higher HRs
of VTE for the SNPs rs8176719 (ABO), rs2303914 (F11), and rs2066865 (FGG). In accordance
with our findings, earlier studies have reported an age effect for the association between
family history and the risk of VTE, with the highest risk found in the younger age groups (186,
187). Additionally, among those aged 20 years or younger who had experienced a VTE event,
nearly 50% had prothrombotic genotypes compared with only 22% among those who
experienced their first event aged 70 years and older (131), suggesting that individuals with
genetic risk factors experience VTE at a younger age. As aging is associated with an
accumulation of acquired and environmental risk factors, the relative contribution of the
genetic factors may be diluted with increasing age. The age effect may also be explained by
the phenomenon “attrition of susceptibles” where those highly vulnerable have higher risk of

developing a thrombus at a younger age than later in life.
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Proportion of VTE events attributable to known prothrombotic genotypes in men and women

In Paper lll, we investigated the individual risk of VTE according to 17 established
prothrombotic genotypes in men and women. Additionally, we estimated the total and age-
specific cumulative PAF by using the same 6-SNP-model established in paper Il. We found that
the allele frequencies of the included SNPs were similar in men and women, but the relative
risk measures and individual proportion of VTE events that could be attributed to
prothrombotic genotypes varied somewhat for the included SNPs, ABO, F11 rs2036914 and
rs2289252, FVL, FGG and F2. For the 6-SNP-model, we found that the fraction of first-time VTE
events that could be ascribed to prothrombotic genotypes differed between sexes and was
38% in women and 52% in men. The age-specific analysis among the young (19-49 years),
middle-aged (50-74 years) and elderly (75 years) yielded cumulative PAFs of 47%, 54% and

13% in women, while the corresponding PAFs in men were 54%, 73% and 14%.

The association between the 17 SNPs included in our study and risk of VTE has scarcely
been studied in men and women separately. None of the included SNPs are linked to sex
chromosomes, and therefore, the allele frequencies of the included genotypes were similar in
men and women. The allele frequencies of our SNPs fit well with those previously reported in
populations of European origin (125, 126, 188). Roach et al. studied the association of FVL, F2
and non-0-blood groups with risk of VTE in men and women. They reported similar ORs and
PAFs in men and women, with 39% and 35% for non-O, 10% and 8% for FVL, and 4% and 3%
for F2, separately. The estimates for FVL were comparable to our findings, but their estimates
were larger for F2 and non-O blood type. This could be explained by differences in study
design, as the MEGA study is a case-control study with a younger age distribution which could
lead to increased risk estimates due to a lower baseline risk of VTE in the control population.
A surprising finding in our study was the association between TC2N and increased VTE risk in
women, but not in men, with PAF estimates of 11.6% in women compared to 2.1% in men,
which could indicate a differential impact of TC2N in men and women. The previous literature
on TC2N and risk of VTE has been inconsistent. The first study that identified TC2N as a possible
prothrombotic genotype for VTE estimated ORs in three different European case-control
studies, and the results varied from 1.08 to 1.30 (189). However, later studies have found little

to no association between TC2N and VTE (60, 188, 190). A large meta-analysis of GWAS data
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from 18 studies reported an OR of only 1.05 (60), and two studies in women reported no
association between TC2N and VTE (188, 190). Therefore, even though our findings indicate
that TC2N could play a role as a substantial attributable risk factor in women, this could be a

chance finding.

We are not aware of any previous study that has investigated the cumulative PAF of
prothrombotic genotypes in men and women separately. Our sex-specific analyses uncovered
that the cumulative PAF model explained a larger percentage (52%) of the VTEs in men than in
women (38%). We also found that the portion of VTE events attributable to prothrombotic
genotypes varied in men and women of different ages. Few previous studies have investigated
sex-specific genetic VTE risk in different age groups. In a cross-sectional study, Weingarz et al.
studied patients aged >40 years with a first-time VTE, and found a higher prevalence of
thrombophilia in men (46.3%) than in women (41.3%) (131). Furthermore, Zoller et al.
reported marginally higher standardized incidence ratios in men than in women in a
nationwide sibling study of individuals aged 20-60 years (187). However, the observed sex-
differences in these studies were not statistically significant. In the MEGA case-control study,
Roach et al. hypothesized that the observed higher VTE risk in men compared with women
without reproductive risk factors could be explained by a difference in genetic risk (111).
However, further study of FVL, prothrombin and ABO-blood group uncovered only slightly
higher risk estimates in men than in women in the same population (120). When determining
cumulative PAF, we applied the same model as in paper Il, (191) as the SNPs included in this
model were in accordance with earlier research on prothrombotic genotypes and VTE (126,
129, 190). Alternatively, we could have based our model on the SNPs with the highest
individual PAF estimates in our sex-specific analysis. However, if we constructed our model
based solely on our own data, this could render the results susceptible to overestimation of
the genetic association, more commonly known as winner’s curse (192). We strived to avoid
this by ensuring that the SNPs selected for the cumulative model corresponded well with
previous literature on the VTE risk and did not select SNPs for the model based solely on the

HRs in our own sample.

In individuals aged <50 years, we observed a slightly lower cumulative PAF in women

(47%) than in men (54%). As a proportion of the VTEs in young women would be attributed to
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female reproductive risk factors (52, 88, 120, 193) this could likely explain why the proportion
attributed to genetic factors was lower in young women than in young men. Among the
middle-aged (50-75 years), we found that the cumulative PAF of prothrombotic genotypes was
noticeably higher in men (73%) than in women (54%) Bearing in mind that reproductive risk
factors are rare in the middle-aged (194), and that post-menopausal hormonal therapy use has
decreased in the Norwegian population in the last decades (195), it is unlikely that the
differences in PAF in this age group is due to reproductive risk factors. One possibility is that
genetically susceptible women experience VTE earlier in the lifespan than men with a similar
genetic profile due to the additional effect of reproductive risk factors. Furthermore,
genetically susceptible men could be more vulnerable in middle-age due to an additive effect
of other risk factors such as body height (53, 54) and obesity (62). This hypothesis is supported
by the “catch-up” effect observed in middle-aged men when studying the sex-specific lifetime
risk in men and women separately (193). Finally, the comparatively low PAF of prothrombotic
genotypes observed in the elderly (women: 13%, men: 14%) could be explained by further
erosion of susceptible individuals in both sexes, in addition to the higher frequency of other
major risk factors for VTE in the elderly, such as cancer, surgery and immobility (45). The
increased proportion of prothrombotic genetic risk factors among young individuals
experiencing incident VTE events compared to the proportion among elderly individuals has
previously been recounted in other studies (131, 187, 191), and our findings further support

that people with a high genetic risk usually experience VTE earlier in life, regardless of sex.
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5.2.3 Body height and VTE in men and women

In paper IV, using a population-based cohort consisting of the HUNT and Tromsg studies, we
confirmed the association between taller stature and increased risk of VTE in men and women.
Additionally, we investigated whether differences in body height in men and women could
account for differences in risk of VTE. In the middle aged, men had a much higher risk of VTE
than women, but the difference in risk of VTE disappeared after adjustment for body height.
Among those aged 19-49 and >75 years, the VTE risk was comparable in men and women
before accounting for body height, but a higher risk was found in women after adjustment.
Our results imply that differences in body height impacts the VTE risk in men versus women in

all age groups.

Previous studies have established that taller stature is a risk factor for VTE in men (53,
54, 63, 64), but the results have been less convincing in women (53, 54, 63). The Tromsg study
found a strong association between increasing body height and VTE in men, but a less distinct
association in women (53). Correspondingly, the MEGA study, reported a linear relationship
between VTE risk and body height in men, while a much weaker association was reported in
women (54). The observed weak association between body height and VTE seen in women in
these studies could be due to limited sample size. There are other studies that have shown a
robust association between VTE risk and taller stature in women. The lowa Women’s Health
study (136), a cohort which consisted solely of women aged 55-69 years, reported a near two-
fold increased risk of VTE in women 2167.6 cm compared to those <157.5 cm. Additionally, the
LITE cohort uncovered that longer leg-length was associated with VTE in both men and women
aged 245 years (134). Furthermore, Zoller et al. reported a strong association between taller
stature and VTE risk in both sexes in a Swedish registry-based study (56). The study found a
threefold increase in VTE risk in men 2190 cm compared to men <160 cm, and in women 2185
cm compared to women <155 cm. Similarly, we confirmed that increasing body height is a risk
factor for first-time VTE in both men and women in a large cohort with objectively assessed

body height and VTE events, and a wide age span.

The possibility that body height could add more to the VTE risk in men than in women

due to their tendency to achieve a taller stature has been explored once before. In the Danish
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DCH study (64), which consisted of middle-aged men and women at baseline, the crude IR of
VTE was 55% higher in men versus women but was reduced to 18% lower in men versus
women after adjustment for difference in body height. Since men are known to have a higher
risk of VTE than women among the middle-aged (193), and most studies reporting a higher
risk of VTE in men have consisted of middle-aged participants at baseline (113, 120, 196, 197),
we wanted to investigate the effect of body height on the VTE risk in men versus women in the
young, middle-aged and elderly population. In agreement with the DCH study, we found a
higher risk of VTE in middle-aged men compared to women, which diminished after
adjustment for body height. In the younger population, men had a lower risk of VTE before
adjustment for body height, and this association was further strengthened after body height
adjustment. Among the elderly, there was no difference between men and women before
body height adjustment, but the VTE risk was higher in women than in men after adjustment,
which indicates that taller stature contributes to increase the risk of VTE more in men than in
women in this age group as well. Overall, our findings suggest that the risk of VTE is mediated

through body height to a greater degree in men than in women across the entire lifespan.

The relationship between body height and VTE has been investigated in a Mendelian
randomization study, which found that SNPs linked with taller stature were associated with
increased VTE risk, strongly indicating that body height is a causal risk factor for VTE (198). The
pathophysiological mechanisms that cause the increased risk of VTE in taller stature is not fully
known. Zoller et al. used a co-sibling design to display that the association between body
height and VTE was not affected by familial genetic or environmental risk factors (56).
Furthermore, the LITE cohort reported that markers of inflammation and hypercoagulability
did not mediate the association between body height and VTE (196), and although height is
associated with increased risk of cancer, the strong association between height and
unprovoked VTE supports that the relationship is not explained by cancer-related VTE (53).
Several hypotheses for why body height increases the risk of VTE have been presented. Lutsey
et al. established that leg length was a risk factor of VTE independent of body height, while
body height was not associated with VTE risk after accounting for leg length (134). Taller
people could have a higher number of venous valves in their legs, which is a common point of
origin for venous thrombi (134, 199). Taller people have greater venous surface area and
increased venous pressure than shorter individuals which could lead to venous stasis (200,
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201). Lastly, there are some genetic anomalies that are associated with taller stature and
increased risk of VTE, like XXY and XYY (135, 202). Unfortunately, we did not have information
on these genetic anomalies in our population, but their rarity suggest that they would have

minimal impact on the study estimates.

55



6. Conclusions

Paper |

We found that the estimated lifetime risk of VTE was slightly higher in women than in men
when accounting for the competing risk of death. Our simulation study suggested that
reproductive risk factors contribute modestly to the estimated lifetime VTE risk in women. Our
findings challenge previous studies reporting a twofold higher risk of first-time VTE in men
compared to women without reproductive risk factors, and studies reporting a higher

proportion of PEs in women than in men.

Paper Il

Our findings suggest that 45% to 62% of all VTE events in the population were attributed to
known prothrombotic genotypes. The PAF of established prothrombotic genotypes was higher

in DVT than in PE, and higher in the young than in the elderly.

Paper lll

Our findings in a Norwegian population suggest that 52% and 38% of the VTEs can be
attributed to known, common prothrombotic genotypes in men and women, respectively. The
proportion of VTE events attributed to genotypes varied across age groups in both sexes and
was particularly high among middle-aged men. In the elderly, the PAF of prothrombotic

genotypes was similar in men and women.

Paper IV

Taller stature was a risk factor for VTE in men and in women. The risk of VTE in men versus
women varied across age groups but was substantially affected by adjustment for body height
in all age groups. Our findings suggest that VTE risk is mediated through body height to a larger

extent in men than in women in the young, middle-aged and elderly.
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7. Final remarks and future perspectives

The aim of this thesis was to expand our knowledge about differences in the risk of VTE in men
and women. We found that women had a marginally higher lifetime risk of VTE than men when
the competing risk of death was accounted for. Our simulation study indicated that
reproductive risk factors have a modest contribution to the lifetime risk of VTE in women. An
important issue we did not address is the “lifetime risk” of recurrent VTE in men and women
with a first VTE. It has been proposed that men could have up to twice the risk of recurrent
VTE compared with women. However, since most recurrence studies have a short follow-up
period (<10 years) they have not been able to capture the “life-time” risk of recurrence (for
instance, in a woman with a first VTE at age 20, a recurrence at age 55 would not be captured
in a study with short follow-up) (112, 179). Interestingly, a case-control study that assessed the
association between a remote history of VTE and the development of VTE in older age
reported that among men the OR was higher if the remote VTE event happened 10-30 years
ago than if it happened more than 30 years ago (OR: 3.17 vs. 2.10). In contrast, among women,
the OR was lower if the remote VTE happened 10-30 years ago than if it happened more than
30 years ago (OR: 1.35 vs. 2.28). Additionally, potential confounders like age, body height and
BMI have rarely been accounted for, and few studies have taken the higher death rate in men
into account when assessing recurrence risk in men versus women. Further research should
aim to investigate the lifetime risk of recurrent VTE in men and women in an unselected

population of patients with a first VTE.

This thesis has shown that the lifetime risk of VTE in men and women is similar, but
that the contribution of VTE-related risk factors could differ in men and women. We found that
a larger portion of VTE events in men than in women were attributable to common
prothrombotic genotypes, using a 6-SNP-model. However, it is important to note that our
study is the first to report such a difference in men and women, and our findings should be
further explored in other study populations. Additionally, there could be other genetic risk
factors that contribute differently to VTE risk in men and women that we have not addressed

in this study.

We confirmed that body height was a risk factor in men and women, and that taller
stature mediated a significant proportion of incident VTE events in men. Few studies have
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explored the risk of recurrent VTE by body height in men and women, and whether differences
in body height can account for some of the reported differences in recurrent VTE risk in men
versus women. A case-control study found that the incidence of recurrent VTE was higher in
men than in women of the same height (54). The study also reported that body height only
explained a small part of the increased recurrence risk in men compared to women. However,
the study population was middle-aged, and the average time of follow-up was 5 years. We are
not aware of any study that has investigated this in an unselected cohort population with a
long follow-up time. Additionally, further studies on the underlying mechanisms of body height
and VTE risk, and more widespread use of other proposed anthropometric measurements, like

leg length, is of interest.

Lastly, while we have studied the VTE risk in men and women, sex is increasingly
understood as a spectrum, rather than the binary understanding that we have explored in
this thesis. The effects of VTE risk factors like long-term exogenous hormones and gender-
affirming surgery in transmen- and women is a field of research in rapid growth, but as of
today, data is still limited (45, 88, 203). More robust data is needed to fully comprehend the

VTE risk of all groups in this landscape.
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Abstract

Incidence of venous thromboembolism (VTE) risk varies by age and sex. Some studies have reported overall higher risk in
men, especially when VTEs triggered by female reproductive factors are excluded. However, higher mortality rates in men
may have led to overestimation of lifetime VTE risk in men compared with women. Therefore, we estimated the lifetime
risk of VTE in men and women in a Danish, nationwide cohort, taking into account the competing risk of death. Within the
population of Denmark (> 5 million persons), all first-time VTEs occurring in 1995-2016 were identified from the Danish
National Patient Registry covering all Danish hospitals. The cumulative incidences of VTE were estimated in men and women
with age as timescale, taking into account the competing risk of death. Estimated lifetime risk was defined as cumulative
incidence at age 100. In a simulation study, we excluded the proportion of female cases that could be attributed to reproduc-
tive risk factors and re-estimated the cumulative incidence. We identified 123,543 incident VTEs. The cumulative incidence
of VTE was 1.9% in women and 1.3% in men at age 50, 4.3% in women and 4.4% in men at age 70, and 9.3% in women
and 8.1% in men at age 100. After accounting for VTEs attributed to reproductive factors, the corresponding incidences in
women were 1.2% at age 50, 3.2% at age 70, and 8.2% at age 100. In conclusion, the estimated lifetime risk of VTE was
slightly higher in women than in men when accounting for competing risk of death. Our simulation study suggested that
reproductive risk factors contribute modestly to the estimated lifetime VTE risk in women.

Keywords Epidemiology - Estimated life time risk - VTE - DVT - PE - Competing risk of death - Cumulative incidence -
Reproductive risk factors

Introduction

Previous studies of venous thromboembolism (VTE) risk
by sex have provided inconsistent results, with some stud-
ies reporting a higher risk in women [1], some reporting a
higher risk in men [2-4], and others finding no difference
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[5]. Incidence rates of VTE in men and women are also
reported to vary with age, and differences in study results for
overall VTE in men versus women are likely explained by
differences in the age range of the populations under study
[2, 3, 6, 7]. In younger age groups (<50 years) the inci-
dence of VTE is higher in women than in men [7] due to
female reproductive risk factors (e.g. oral contraceptives and
pregnancy), while in middle-aged persons (50-70 years) the
incidence is higher in men than in women [2, 6].

A case—control study of persons aged 18-70 years
reported that when female reproductive factors were taken
into account, the odds ratio was twofold higher in men than
in women [8]. This has led to the hypothesis that men have a
higher intrinsic risk of incident VTE than women [8]. How-
ever, female reproductive risk factors are mainly present at
young age (< 50 years), when the baseline risk of VTE is
low, thus resulting in a large relative, but modest absolute
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risk increase. To date, no study has assessed VTE risk in
men and women over the lifespan, accounting for the con-
tribution of female reproductive risk factors to lifetime risk
in women.

The competing risk of death is another factor that can
influence VTE risk differences in men and women [9].
Men have a higher mortality rate than women across all
age groups [10, 11]. This may result in overestimation of
VTE risk in men compared with women, particularly in the
older age groups, which have the highest absolute difference
in mortality rates by sex [12]. Thus, the apparently higher
VTE risk in middle-aged and older men could potentially
be explained by differences in mortality rates. We are aware
of only one study that assessed the lifetime risk of VTE
in men and women, while accounting for the competing
risk of death. Using two US cohorts aged 45-85 years, Bell
et al. found marginally higher cumulative VTE incidence
in women than in men (8.4% vs. 7.7%) [13]. To our knowl-
edge, no study has assessed the age-specific cumulative inci-
dence of VTE in men and women using a nationwide cohort
including subjects of all ages and taking into account the
competing risk of death.

The aim of this study was to estimate the lifetime risk of
VTE, deep vein thrombosis (DVT), and PE among men and
women using a Danish nationwide cohort, and accounting
for death as a competing event. Furthermore, to examine the
hypothesis that the inherent lifetime risk of VTE is higher in
men, we simulated how absence of female reproductive risk
factors could influence the lifetime risk of VTE in women
compared with the lifetime risk in men.

Methods
Setting and study population

Our study was based on data obtained from Danish health-
care and administrative registries. The Danish healthcare
system is government-funded and provides all legal residents
with free access to health care [14]. Complete individual-
level linkage between all health and administrative regis-
tries is enabled by the unique 10-digit identification number
assigned by the Danish Civil Registration System (CRS) to
all legal residents at birth or upon immigration [15]. The
Danish National Patient Registry (DNPR), which is linked
to the CRS, contains data on more than 99% of all inpa-
tient stays and outpatient visits to Danish hospitals. Each
hospitalization or outpatient visit is recorded in the DNPR
with one primary diagnosis and one or more secondary diag-
noses coded according the International Classification of
Diseases, Tenth Revision (ICD-10) [16].

The entire population of Denmark in 1995 (N=5,306,416)
served as the source cohort. Individuals with a history of
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VTE before 1995 were excluded. The cohort was followed
from January 1, 1995 through December 31, 2016. Informa-
tion on age, sex, date of emigration (when applicable), and
death (when applicable) was obtained from the CRS.

Ascertainment of patients with venous
thromboembolism

The DNPR was used to identify all inpatients and outpatients
with a primary or secondary discharge diagnosis of DVT,
PE, splanchnic vein thrombosis, or cerebral vein thrombo-
sis, based on ICD-10 diagnosis codes (listed in Supplemen-
tary Table 1), during the period January 1, 1995 through
December 31, 2016. In patients experiencing DVT and PE
simultaneously, only PE was counted due its greater severity.

Competing risk of death

Non-informative (i.e. independent) censoring is an assump-
tion in the traditional Kaplan—Meier survival analysis. This
means that at each time point, subjects who remain in the
study should have the same future risk of the disease (i.e.
VTE) as those who have dropped out of the study (cen-
sored). However, when a person is censored due to death, the
risk of VTE is instantly reduced to zero, and the assumption
of non-informative censoring is therefore violated. Conse-
quently, a high risk of death will lead to an overestimation
of VTE risk, and thus bias the results [17, 18]. The cumula-
tive incidence function (CIF) allows for estimation of the
incidence of an outcome while taking competing risk into
account. In the competing risk setting, only one type of event
can occur. Thus, the occurrence of one event precludes sub-
sequent occurrence of other event types. The sum of the CIF
estimates for each separate outcome equals the CIF estimate
for the composite outcome comprising all the competing
events [17].

Statistical analysis

We characterized the source cohort according to sex and age
groups. Person-time of follow-up accrued from inclusion
in the cohort until the date of an incident VTE, emigration
from Denmark, death, or end of the study period (Dec 31,
2016), whichever occurred first. To estimate incidence rates
of VTE and death, the population was divided into five-year
age groups ranging from 0—4 to 100 + years. Age was used
as the time scale, and the 5-year age groups were modeled
as time-varying covariates (i.e., individuals contributed
person-time to different age groups as they grew older dur-
ing the study period). Incidence rates (IRs) with 95% con-
fidence intervals (Cls) for overall VTE, DVT, PE and death
were calculated for each 5-year age group by dividing the
number of VTEs by the person-time accrued in that specific
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age group in men and women separately. These IRs were
expressed as number of events per 1000 person-years (PY)
at risk.

Cumulative incidence curves with and without death as a
competing event were estimated using age as the time scale.
Cumulative incidence with death as a censoring event was
estimated using the complement of the Kaplan—Meier prod-
uct limit estimator (1-KM), while the cumulative incidence
estimate with death as a competing event was calculated
using CIF [19]. The estimated lifetime risk was defined as
the CIF-estimate at age 100.

Since the incidence of VTE has increased during the last
20 years [20], we performed sensitivity analyses to investi-
gate potential birth cohort effects in men and women. The
study period was divided into 1995-2005 and 2006-2016,
and cumulative incidence curves for men and women were
created for each interval.

Simulation study to account for female reproductive
risk factors

During their lifetimes, most women are exposed to risk fac-
tors associated with female reproduction, such as hormo-
nal contraception or pregnancy, which is known to increase
the risk of VTE [21]. We therefore wished to simulate how
absence of female reproductive risk factors would influence
the cumulative incidence of VTE in women. Studies using
relative measures have reported a twofold higher risk of
VTE in men compared to women without reproductive risk
factors [7, 8]. In a nationwide study of Danish women aged
15-49, Lidegaard et al. reported an overall IR of VTE of
4.03 per 10,000 woman-years in the total population [22].
The IR among former or never users of oral contraceptives
was 3.01 per 10,000 woman-years, while the IR among cur-
rent oral contraceptive users was 6.29 per 10,000 woman-
years [22]. Based on these rates, the population-attributable
fraction (PAF) of oral contraceptives would be 25% in the
15-49-year age group. Similarly, a nationwide Danish study
of pregnancy-related VTE in women aged 15-49 reported
that the IR among non-pregnant women was 3.6 per 10,000
woman-years, while the IR among pregnant women was
10.7 per 10,000 woman-years [23]. This corresponded to
an estimated PAF of pregnancy of 10%. We estimated con-
servatively that 45% of all VTE cases in the 15-49 age group
could be attributed to oral contraceptive use or pregnancy.
In our simulation, we therefore randomly treated 45% of the
VTE cases in this age group as if they had never occurred
(i.e., the proportion of female cases that could be attributed
to reproductive risk factors) and re-estimated the CIF of
VTE in women. The simulation approach was repeated 10
times, to obtain an average cumulative incidence measure
from the 10 simulations.

SAS version 9.4 (SAS Institute Inc. Cary, North Carolina,
USA) was used to perform the statistical analyses and the
simulation.

Results

Our study cohort consisted of 2,623,180 (49.4%) men and
2,683,236 (50.6%) women. We identified 123,543 individu-
als with a first-time diagnosis of VTE between January 1,
1995 and December 31, 2016. The baseline distribution
of the study population by 5-year age groups in men and
women is presented in Fig. 1. Among the VTEs, 73,749
(59.7%) were DVTs and 49,794 (40.3%) were PEs. The pro-
portion of VTEs presenting as PEs was 41.4% in women and
39.1% in men.

Incidence rates of VTE

The overall crude incidence rates of VTE were 1.28 (95%
CI 1.27-1.29) per 1000 person-years in women and 1.17
(95% CI 1.16-1.18) per 1000 PY in men. The incidence
rates increased with age in both men and women. In the
15-45-year age group, the incidence rates were higher in
women than in men, ranging from 0.24 to 0.68 per 1000
PY in women and from 0.07 to 0.62 per 1000 PY in men
(Table 1). For persons aged 45 to 80 years, the rates were
higher in men than in women (ranges: 0.85—4.16 per 1000
PY in men and 0.79-3.94 per 1000 PY in women). In the
oldest age groups (>80 years) the rates were similar or
slightly higher in women than in men, ranging from 4.94 to
5.73 per 1000 PY in women and from 4.92 to 4.98 per 1000
PY in men (Table 1). The overall incidence rate of DVT was
0.75 (95% CI 0.74-0.76) per 1000 PY in women and 0.71
(95% CI10.70-0.72) per 1000 PY in men. The rate of PE was
0.53 (95% CI 0.52-0.54) per 1000 PY in women and 0.46
(95% CI 0.45-0.47) per 1000 PY in men. The incidence
rates of DVT and PE followed the same patterns as those
observed for overall VTE in men and women across all age
groups (Supplementary Tables 1 & 2).

Death rates

Death rates in men and women by 5-year age groups are
shown in Fig. 2. The death rates were essentially the same
for men and women up to the age of 40 and then were con-
sistently higher in men.

Cumulative incidence of VTE

With the traditional 1-KM approach, the total cumulative

incidences of VTE in men and women were 0.2% and 0.6%
at age 30, 1.3% and 1.9% at age 50, 4.9% and 4.6% at age
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Fig. 1 Distribution of the study
population at baseline inclusion
in 1995 by sex and five-year age
groups

Table 1 Incidence rates per
1000 person-years of venous
thromboembolism by five-year
age groups in men and women

70, and 17.6% and 17.4% at age 100, respectively (Fig. 3a).
With the CIF approach, accounting for the competing risk
of death, the estimated cumulative incidence of VTE was

Age Male total = 2,623,180 Female total = 2,683,236 Age
100+ years 100+ years
95 - 99 years 95 - 99 years
90 - 94 years 90 - 94 years
85 - 89 years 85 - 89 years
80 - 84 years 80 - 84 years
75- 79 years [ | 75- 79 years
70- 74 years | ] 70- 74 years
65 - 69 years I | 65 - 69 years
80 - 64 years [ | 60 - 64 years
55 - 59 years | I 55 - 59 years
50 - 54 years | ] 50 - 54 years
45 - 49 years | [ 45 - 49 years
40 - 44 years | | 40 - 44 years
35- 39 years | ] 35- 39 years
30- 34 years | l 30 - 34 years
25 - 29 years f \ 25- 29 years
20 - 24 years | [ 20 - 24 years
15 - 19 years I | 15- 19 years
10- 14 years [ | 10 - 14 years
5-9years | | 5- 9years
0-4years [ I 0-4years
250,000 175,000 100,000 25,000 50,000 125,000 200,000
Women Men
Age (years) n Events IR (95% CI) n Events IR (95% CI)
0-4 167,754 2 0.00 (0.00-0.01) 176,096 0 -
5-9 313,930 5 0.00 (0.00-0.01) 329,681 7 0.01 (0.00-0.01)
10-14 451,067 25 0.01 (0.01-0.02) 472,786 17 0.01 (0.00-0.01)
15-19 614,941 620 0.24 (0.22-0.25) 643,523 194 0.07 (0.06-0.08)
20-24 799,829 1355 0.40 (0.38-0.43) 835,050 461 0.13 (0.12-0.14)
25-29 893,259 1927 0.55 (0.52-0.57) 935,255 706 0.19 (0.18-0.21)
30-34 929,095 2206 0.58 (0.56-0.61) 972,259 1272 0.32 (0.30-0.34)
35-39 971,995 2412 0.60 (0.58-0.62) 1,013,893 1929 0.46 (0.44-0.48)
40-44 1,003,078 2790 0.68 (0.65-0.70) 1,040,689 2652 0.62 (0.60-0.65)
45-49 1,022,809 3266 0.79 (0.77-0.82) 1,058,651 3618 0.85 (0.82-0.88)
50-54 1,002,258 3467 0.85 (0.83-0.88) 1,029,410 4652 1.12 (1.09-1.15)
55-59 925,235 3967 1.05 (1.01-1.08) 935,699 5703 1.50 (1.46-1.54)
60-64 849,920 5082 1.48 (1.44-1.52) 837,997 7029 2.09 (2.04-2.14)
65-69 767,425 6600 2.19 (2.13-2.24) 726,802 7610 2.69 (2.63-2.75)
70-74 671,501 7449 2.98 (2.91-3.05) 594,091 7425 3.44 (3.36-3.51)
75-79 544,360 8002 3.94 (3.86-4.03) 431,649 6416 4.16 (4.06-4.26)
80-84 430,778 7592 4.94 (4.83-5.05) 290,458 4772 4.92 (4.78-5.06)
85-89 296,681 5502 5.59 (5.44-5.74) 159,768 2684 5.58 (5.37-5.79)
90-94 153,877 2477 5.70 (5.47-5.92) 61,578 848 5.52 (5.14-5.89)
95-99 47,600 611 5.73 (5.27-6.18) 13,635 134 4.98 (4.13-5.82)
>100 7179 44 3.65 (2.57-4.73) 1402 13 5.88 (2.68-9.07)
Total 12,864,571 65,401 1.28 (1.27-1.29) 12,560,372 58,142 1.17 (1.16-1.18)

substantially lowered after the age of 65 in both sexes. The
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CIF estimates in men and women were 0.2% and 0.6% at
age 30, 1.3% and 1.9% at age 50, 4.3% and 4.3% at age
70, and 8.1% and 9.3% at age 100, respectively (Fig. 3b).
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Fig.2 Death rates in men and
women per 1000 person-years
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Fig. 3 Cumulative incidence of venous thromboembolism (VTE) by increasing age in men and women, in analyses using traditional censoring
(1-Kaplan Meier) (Panel A) and including death as a competing event (Panel B)

In subgroup analyses of DVT and PE, the 1-KM
and CIF estimates followed the same patterns as those
observed for overall VTE in men and women. With the
1-KM approach, the cumulative incidence of DVT at
age 100 was similar in men (10.0%) and women (10.1%)
(Fig. 4a). With the CIF approach the estimated cumulative
incidence was marginally higher in women (5.4%) than
in men (4.9%) (Fig. 4b). A similar pattern was observed
for PE: the cumulative incidence at age 100 was 8.1% in

women and 8.5% in men in the regular 1-KM analysis,
and 4.0% in women and 3.3% in men in the CIF analysis
(Fig. 5b).

Our sensitivity analysis showed that the CIF estimates
of VTE were higher in both sexes during 2006-2016
compared to 1995-2005. Nevertheless, the patterns were
similar in men and women in the two intervals, indicating
no gender differences due to birth cohort effects (Supple-
mentary Figs. 1a & b).
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Fig.4 Cumulative incidence of deep vein thrombosis (DVT) by increasing age in men and women in analyses using traditional censoring
(1-Kaplan Meier) (Panel A) and including death as a competing event (Panel B)
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Fig.5 Cumulative incidence of pulmonary embolism (PE) by increasing age in men and women in analyses using traditional censoring
(1-Kaplan Meier) (Panel A) and including death as a competing event (Panel B)

Simulation study of cumulative incidence of VTE
to account for female reproductive risk factors

In our simulation study, in which we ignored 45% of VTEs
occurring in the female population aged 15-49 years (the
proportion of events that could be attributed to female
reproductive factors), the cumulative incidence of VTE
was 0.5% at age 30, 1.2% at age 50, 3.2% at age 70, and
8.2% at age 100 (Fig. 6) after accounting for the compet-
ing risk of death.

@ Springer

Discussion

We assessed age-specific cumulative incidence and esti-
mated lifetime risk of VTE in men and women from the
entire Danish population from 1995 to 2016, using an
approach accounting for the competing risk of death. The
estimated lifetime risk of VTE (cumulative incidence of
VTE at age 100), was 9.3% in women and 8.1% in men
based on incidence rates from a time period of approxi-
mately 20 years. Correspondingly, the estimated lifetime
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Fig.6 Cumulative incidence of venous thromboembolism (VTE) by
increasing age in men and women including death as a competing
risk, and simulated data on females excluding VTE cases caused by
reproductive risk factors

risk of DVT was 5.4% in women and 4.9% in men, while
the estimated lifetime risk of PE was 4.0% in women and
3.4% in men. In the simulation study, in which we ignored
the proportion of VTEs that could be attributed to repro-
ductive risk factors in women, we found that the estimated
lifetime risk was similar in men and women (8.1% and 8.2%,
respectively). Our results indicate that the overall lifetime
risk of VTE is marginally higher in women than in men after
accounting for sex differences in death rates. The simulation
study suggests that while female reproductive risk factors
influence VTE risk in young women, they have a modest
influence on their overall lifetime VTE risk.

Previous studies on sex-specific VTE risk have reported
that men are either equally [5] or more at risk of VTE than
women [24]. Since the incidence rates of VTE vary sub-
stantially across different age groups in men and women,
the comparison of rates between the sexes is highly depend-
ent on the age range of the population under study [18].
Moreover, when the rate of death is high from causes other
than the disease of interest, the incidence rates of the dis-
ease are generally overestimated in traditional Kaplan—Meier
survival analysis due to competing risks. To compare the
lifetime risk of VTE in men and women, we therefore per-
formed our analyses on an unselected nationwide cohort of
women and men of all ages, considering death as a compet-
ing event. We found that the 1-KM estimate at age 100 was
highly overestimated in both sexes. This is likely explained
by the high death rate combined with the long follow-up
in the study, as these parameters are known to increase the
overestimation [12, 18]. As expected, the 1-KM estimate
was more overestimated in men than in women due to the
higher mortality rate in men.

We are aware of only one previous study that estimated
cumulative VTE incidence while accounting for higher
death rates in men than in women. Bell et al. estimated the
lifetime risk of VTE in a cohort of 19,599 men and women
aged 45-85 years with death as a competing risk [13]. In
line with our findings, they reported a lifetime risk of VTE
at age 85 of 8.4% in women and 7.7% in men [13], indicat-
ing that the overall lifetime incidence of VTE is marginally
higher in women than in men, after accounting for death as
a competing event.

The rapid increase in cumulative incidence observed in
women in their early twenties may be explained by expo-
sure to female reproductive risk factors, such as contracep-
tion and pregnancy. In men, we observed a steep increase
in VTE incidence after age 50. At age 65 the proportion of
men and women who had experienced a VTE was similar. A
case—control study of persons aged 18—70 reported that the
risk of a first VTE was twice as high in men than in women,
after excluding females with reproductive risk factors [8].
However, the study included few females without reproduc-
tive risk factors, was based on relative measures, and the
upper age limit was 70 years. Our study showed that half of
all VTEs in the female population occurred after the age of
70, i.e., at an age when women are not exposed to reproduc-
tive risk factors. Moreover, only 22% of VTEs in women
occurred before age 50. Based on previous literature [22],
we estimated that approximately 45% of all VTEs in this age
group could be attributed to oral contraceptives and preg-
nancy. In our simulation, in which we treated the proportion
of cases among young women that could be attributed to
reproductive risk factors as if they had not occurred, we
found that the estimated lifetime risk was 8.2% in women.
This was similar to the estimated lifetime risk in men of
8.1%. This indicates that even if VTEs occurring in women
due to reproductive risk factors were avoided, the risk of
VTE, taking a lifetime perspective, is similar in men and
women.

A paper by Scheres et al. [25] based on the MEGA,
Hokusai-VTE, and RIETE studies reported sex differences
by the anatomical location of first VTE. A higher propor-
tion of women than men presented with PE, with the differ-
ence ranging from 3.1 to 8.5 percentage points [25]. Of note,
their findings were presented as conditional proportions, and
not as absolute risks, which are needed to fully elucidate
potential sex differences in presenting location. Like Scheres
et al., we found a two-percentage-point higher proportion of
PE among women (41.9%) than among men (39.1%) when
considering all VTEs in the population. However, when
expressed as absolute risks, the estimated lifetime risk was
only marginally higher in women than in men for both PE
(4.0% vs. 3.4%) and DVT (5.4% vs. 4.9%). Thus, our find-
ings are in line with previous studies showing that the overall
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incidence of DVT and PE do not differ greatly in men and
women [1, 2, 4, 6, 26].

The main strength of our study was use of an unselected
nationwide cohort, which reduced the risks of selection and
attrition bias that might occur in more traditional cohort
studies. Moreover, VTE diagnoses in Denmark are usually
made by trained specialists, and a validation study of DNPR
data reported positive predictive values of 86% and 90% for
diagnoses of first-time DVT and PE [27], further strength-
ening our findings. The study cohort consisted mostly of a
homogenous Caucasian population, which reduced the likeli-
hood of confounding by ethnicity, but also may limit its gen-
eralizability beyond this population. Another concern is that
the slight increase in incidence of VTE during recent dec-
ades could be different in men and women [20]. However, a
Danish study on temporal trends from 2006 to 2015 reported
the same number of new VTE cases in men and women
[20], and our sensitivity analyses showed that cumulative
incidence patterns in men versus women were very similar
in the first (1995-2005) and second (2006-2016) intervals
of the study period. Unfortunately, we could not follow a
closed cohort from birth to death, but estimated lifetime risk
in a Nationwide cohort of all ages followed over 20 years.
Even though we used age as time scale, included participants
within the entire age range, and assessed whether there were
sex-differences in cumulative incidence during follow-up,
we cannot rule out potential presence of birth cohort effects
that could differ in men and women. Another potential weak-
ness of our study is that precise information on pregnancy
and oral contraceptive use was not available in our database.
However, Lidegaard et al.’s studies, which are derived from
the same source population, indicated that 35-45% of VTEs
in the 15-49 age group could be attributed to reproductive
risk factors. Our simulation approach may be justified fur-
ther by the exposure of the majority of young women either
to oral contraceptive use and/or pregnancy during their
lifetime. Restriction of the study population to women who
were never exposed to such factors would result in a small
and extremely selected population, which is unlikely to be
representative of young women in general.

In conclusion, we found that when the competing risk of
death was taken into account, the estimated lifetime risk of
VTE, DVT and PE was marginally higher in women than in
men. Furthermore, when VTEs that could be attributed to
female reproductive risk factors were accounted for in a sim-
ulation study, the estimated lifetime risk of VTE was simi-
lar in men and women, indicating that the contribution of
reproductive risk factors to the overall lifetime risk of VTE
in women is modest. Our findings challenge previous stud-
ies reporting a twofold higher risk of first-time VTE in men
compared to women without reproductive risk factors, and
studies reporting a higher proportion of PEs in women than
in men. Finally, our observation of 8-10% estimated lifetime
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risk of VTE in women and men highlights the importance of
improved primary prevention in both sexes.
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Abstract

Background: Data on the proportion of venous thromboembolism (VTE) risk attributed
to prothrombotic genotypes in men and women are limited.

Objectives: We aimed to estimate the population attributable fraction (PAF) of VTE for
recognized, common prothrombotic genotypes in men and women using a population-
based case cohort.

Methods: Cases with incident VTE (n = 1493) and a randomly sampled subcohort (n =
13,069) were derived from the Tromsg study (1994-2012) and the Trgndelag Health
Study (1995-2008) cohorts. DNA samples were genotyped for 17 single-nucleotide
polymorphisms (SNPs) previously associated with VTE. PAFs with 95% bias-corrected
Cls (based on 10,000 bootstrap samples) were estimated for SNPs significantly asso-
ciated with VTE, and a 6-SNP cumulative model was constructed for both sexes.
Results: In women, the individual PAFs for SNPs included in the cumulative model were
16.9% for ABO (rs8176719), 17.6% for F11 (rs2036914), 15.1% for F11 (rs2289252),
8.7% for FVL (rs6025), 6.0% for FGG (rs2066865), and 0.2% for F2 (rs1799963). The
cumulative PAF for this 6-SNP model was 37.8%. In men, the individual PAFs for SNPs
included in the cumulative model were 21.3% for ABO, 12.2% for F11 (rs2036914),
10.4% for F11 (rs2289252), 7.5% for FVL, 7.8% for FGG, and 1.1% for F2. This resulted
in a cumulative PAF in men of 51.9%.

Conclusion: Our findings in a Norwegian population suggest that 52% and 38% of the
VTEs can be attributed to known prothrombotic genotypes in men and women,

respectively.

KEYWORDS
epidemiology, risk factors, sex differences, single-nucleotide polymorphism, venous
thromboembolism
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Essentials

« Sex-specific data on venous thrombosis risk attributed to prothrombotic genotypes are scarce.

* We estimated the cumulative population attributable risk of 6 single-nucleotide polymorphisms in men and women.

« For this 6-single-nucleotide polymorphism model, the cumulative population attributable risk was 51.9% in men and 37.8% in women.

» Prothrombotic genotypes appeared to explain a higher proportion of venous thromboses in men than in women.

1 | INTRODUCTION

Venous thromboembolism (VTE) is a common and complex disease
that is the result of both genetic and environmental factors [1]. The
risk of VTE in men vs women has been shown to vary according to
age, with a higher risk in women than in men among the young (<50
years) and a higher risk in men than in women among the middle-aged
(50-75 years) [2,3]. Even though the overall lifetime risk of VTE ap-
pears to be similar in men and women [4], the contribution of different
risk factors to disease development may vary across both sex and age.

VTE has a strong hereditary component, and family and twin
studies have suggested an overall VTE heritability of 45% to 60%
[5-9]. Of note, some family studies suggest a stronger genetic
component in men than in women [9], whereas others find little [7] or
no overall difference [5]. Several single-nucleotide polymorphisms
(SNPs) associated with increased VTE risk have been detected
[10-14], and genome-wide association studies (GWASs) report that
the recognized prothrombotic SNPs contribute 15% to 20% of the
VTE heritability [15]. Few studies have investigated the impact of the
recently identified SNPs on VTE risk in men and women separately.
Moreover, the proportion of the VTEs that can be attributed to these
SNPs in men and women in different age groups has not been studied
in a general population.

Population attributable fraction (PAF) estimates the fraction of
disease that potentially can be prevented if efficient interventions are
available [16,17]. From an epidemiological perspective, PAF is a useful
tool to quantify disease risk attributable to genetic factors. We have
previously shown that a 6-SNP cumulative PAF model explained about
45% of all VTEs in the population [18]. Whether the individual and
combined PAFs of known prothrombotic SNPs for VTE are similar in
men and women has not been addressed. Additionally, whether ge-
netic risk impacts men and women differently in certain age groups
has not been extensively studied. Therefore, this study aimed to es-
timate (i) the individual and cumulative PAF of established pro-
thrombotic SNPs in men and women and (ii) the cumulative PAF in

men and women across age groups in a population-based case cohort.

2 | METHODS
2.1 | Study population

The population under study was derived from the fourth survey of the

Tromsg study (Tromsg 4) and the second survey of the Trgndelag

Health Study (HUNT). Both studies are population-based cohort
studies of residents in the Tromsg municipality and Nord-Trgndelag
County, respectively. To Tromsg 4 (1994/1995), all residents aged at
least 25 years were invited, and 77% (27,158) participated. To the
second survey of HUNT (1995-1997), all residents aged at least 20
years were invited, and 71% (66,140) participated. A thorough
description of the Tromsg [19] and HUNT [20] studies can be found in
their cohort profile papers.

Follow-up of participants started from the inclusion date in the
respective cohort surveys and lasted until the date of incident VTE,
migration, death, or end of follow-up (December 31, 2012, in Tromsg
and December 31, 2008, in HUNT), whichever occurred first. The
procedures for identification of all VTEs in the Tromsg study [21] and
the HUNT Study [22] have been extensively presented elsewhere and
will be briefly summarized here. For the Tromsg study, information on
VTE events was obtained by searching the radiology procedure registry,
the autopsy registry, and the hospital discharge diagnosis registry at the
University Hospital of North Norway. The medical documents of each
patient were carefully examined. The adjudication criteria for VTE were
symptoms and signs of pulmonary embolism or deep vein thrombosis,
followed by objective verification by radiological imaging and initiation
of anticoagulant treatment (unless treatment contraindications were
present). In the HUNT Study, identification of VTE events was obtained
by searching the radiology procedure registry and the discharge diag-
nosis registry at the 2 local hospitals, Namsos and Levanger, as well as
the discharge diagnosis registry at St. Olavs Hospital in Trondheim, the
tertiary care center of the region. Two doctors examined the medical
records, and all radiologically verified VTE events among the partici-
pants were recorded.

A case cohort was created based on all cases with a first-lifetime
VTE (n = 1493) and a subcohort (n = 13,072) randomly sampled from
the source cohorts (Tromsg and HUNT). Participants in the source
cohorts with a known VTE event before attending the baseline survey
were excluded before the creation of the case cohort. Participants not
registered as residents of Tromsg or Nord-Trgndelag at study inclu-
sion (n = 3) were excluded. Ultimately, the case cohort consisted of
14,562 participants (1493 VTE cases and 13,069 subcohort partici-
pants). The composition of the case cohort is displayed in Figure 1.
When sampling the subcohort, every person in the source cohort
(including cases) has the same probability of being sampled. Therefore,
217 of the VTE cases were by chance also sampled to the subcohort.
The Regional Committee of Medical Health Research Ethics approved
the study, and all study participants gave their informed written
consent to participate.
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Tromsg 4 (1994-95)
n=27,158
Attendance rate: 77%

HUNT2 (1995-97)
n=66,140
Attendance rate: 71%

Tromsg study and HUNT

n=93,298
Incident VTE cases Sub-cohort
n=13,072

n=1493

VTE cases in sub-cohort, n=217

Case-cohort
n=14,565
\ Exclusions
Moved before study start,
n=3
Y
Case-cohort
n=14,562

VTE cases, n=1493
Sub-cohort= 13,069
VTE cases in sub-cohort=217

FIGURE 1 Overview of the case cohort study composition.
HUNT, Trgndelag Health Study; HUNTZ2, second survey of the
Trgndelag Health Study; Tromsg 4, fourth survey of the Tromsg
Study; VTE, venous thromboembolism.

2.2 | Baseline measurements

Baseline information was collected by physical examinations, blood
samples, and self-administered questionnaires in both studies. Infor-
mation on arterial cardiovascular disease (stroke, myocardial infarc-
tion, and angina) and diabetes was self-reported. Measurement of
weight and body height was conducted with participants wearing no

shoes and light clothing, and body mass index (BMI) was calculated.

2.3 | SNP selections and genotyping

Genotyping was performed for 17 SNPs with recognized association
with VTE risk. The TagMan (Thermo Fisher) and Sequenom platforms
(Sequenom) were used for genotyping in the Tromsg study, as previ-
ously documented [10], while the lllumina HumanCore Exome array
was used for genotyping in HUNT.

Participants were categorized as carriers (>1 risk allele), or non-
carriers (O risk alleles), and no distinction was made between hetero-
and homozygous carriers in the PAF and hazard ratio (HR) analyses.
For the SNPs rs2036914 (F11), rs1801020 (F12), rs1039084
(STXBP5), rs1884841 (TC2N), rs1613662 (GP6), and rs4524 (F5), the
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major alleles were labeled as the risk alleles [11-13,23]. For the
rs8176719 SNP (in ABO), the G allele marks non-O blood type (risk
group), while those who were homozygous carriers for deletion at this
site were classified as blood type O and served as the reference

group [23].

2.4 | Statistical analysis

Stata version 16 (Stata Corp) was used to run the statistical analyses.
The person-time of follow-up was accumulated from the date of in-
clusion for each participant until the date of first-time VTE, migration,
death, or the end of follow-up. Follow-up ended on December 31,
2012, in Tromsg and on December 31, 2008, in HUNT. All analyses
were run distinctly for women and men. For each SNP, sex-specific
HRs for VTE with 95% Cls were estimated using Cox regression
models with noncarriers (O risk alleles) serving as reference category.
Age served as a time scale. The entry time was the age at inclusion,
and the exit time was the age at VTE/censoring. The HR model was
adjusted for BMI. Schoenfeld residuals were used to evaluate the

proportional hazards assumption, which was not violated.

p(HR=1)
p(HR-1)+1*

where HR is the VTE risk in carriers vs noncarriers of the risk allele,

PAF was calculated for each SNP using the formula

and p is the prevalence of carriers in the population [16]. We
applied a cumulative PAF model previously created by Evensen
et al. [18]. The model was constructed by adding SNPs one-by-one
in order based on the highest individual PAF estimates, beginning
with the 2 SNPs with the highest estimates in the total population.
Despite a low PAF, prothrombin (F2) was added to the model due
to its considerable HR and because it is a well-recognized risk factor
for VTE. The SNPs included in this cumulative PAF model were ABO
(rs8176719), F11 (rs2036914), F11 (rs2289252), FVL (rs6025), FGG
(rs2066865), and F2 (rs1799963). The model was applied to men
and women separately. The calculation of 95% bias-corrected Cls
for the PAF estimates was based on 10,000 bootstrap samples. We
also calculated the cumulative PAF of the 6-SNP model according to
separate age groups (<50, 50-75, and >75 years) in men and
women. We omitted individuals with missing information on SNPs
included in the cumulative PAF model (women, n = 28; men, n = 87)
and BMI (women, n = 66; men, n = 25) from these analyses (to
preserve identical samples in each analysis).

3 | RESULTS

Descriptive information on VTE cases and the subcohort according to
sex are displayed in Table 1. Mean age, systolic blood pressure, BMI,
diabetes, and the proportion of arterial cardiovascular diseases were
higher among the VTE cases compared with the subcohort in both
sexes.

Sex-specific allele frequencies and distribution of risk alleles for
all prothrombotic SNPs in the cases and the subcohort are shown in

Table 2. In the subcohort, the allele frequencies were essentially
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TABLE 1

VTE cases (n = 1493)

Baseline characteristics of venous thromboembolism cases and the subcohort.

Subcohort (n = 13,069)

Women (n = 790)

Age (y), mean + SD 62 + 15
BMI (kg/m?), mean % SD 27.9 50
Systolic blood pressure (mm Hg), mean + SD 145.9 + 25.0
Arterial cardiovascular disease,” % (n) 11.8 (93)
Diabetes, % (n) 41 (32)
History of cancer, % (n) 7.2 (57)

BMI, body mass index; VTE, venous thromboembolism.
®Myocardial infarction, stroke, and angina.

similar in men and women and comparable to those reported in other
populations of European ancestry [24].

Table 3 contains the sex-specific HRs and PAF estimates with
95% Cls of VTE for all 17 individual SNPs. As displayed in Table 3, the
HRs and PAFs of the individual SNPs diverged somewhat between the
sexes. The most noticeable differences in PAFs were found for
rs1884841 (TC2N: 11.6%; 95% Cl, —1.3% to 24.4% in women vs 2.1%;
95% Cl, —11.8% to 15.9% in men), rs2036914 (F11: 17.6%; 95% Cl,
0.4%-34.1% for women vs 12.2%; 95% Cl, —5.5% to 29.2% for men),
rs8176719 (ABO: 16.9%; 95% Cl, 5.8%-28.0% for women vs 21.3%;
95% Cl, 9.6%-32.5% for men), and rs2289252 (F11: 15.1%; 95% Cl,
3.4%-26.7% for women vs 10.4%; 95% Cl, —2.0% to 22.4% for men).

Figure 2 shows the results of the previously established 6-SNP
cumulative PAF model for women (Figure 2A) and men (Figure 2B)
separately. In total, 51.9% of the VTE cases in the male population
could be explained by these 6 SNPs, while the corresponding estimate
in the female population was only 37.8%. The cumulative PAFs for the
6-SNP model according to age groups in men and women are shown in
Figure 3. In those <50 years, the cumulative PAF was 46.6% and
53.7% in women and men, respectively, while the corresponding PAF
in those aged 50 to 75 years was 54.5% (women) and 73.0% (men). In
people >75 years, the cumulative PAF of the 6 SNPs was 12.9% in
women and 14.1% in men.

4 | DISCUSSION

In the present study, we investigated the individual risk of VTE
contributed by 17 known prothrombotic genotypes in men and
women and estimated the total and age-specific cumulative PAF for
the combination of 6 SNPs (ABO, F11 [rs2289252], F11 [rs2036914],
FVL, FGG, and F2). Even though the frequencies of the 17 SNPs did not
differ between men and women, the relative risk estimates and indi-
vidual PAFs differed slightly for some of the SNPs. Furthermore, the
fraction of VTEs that could be ascribed to the 6 prothrombotic SNPs
was 38% in women and 52% in men. Analyses stratified into young,
middle-aged, and elderly individuals showed cumulative PAFs of 54%,
73%, and 14% in men, respectively, while the corresponding PAFs in

Men (n = 703) Women (n = 6909) Men (n = 6160)
60 + 13 51+ 17 50 + 16

269 + 3.6 262 + 4.6 263 + 35
143.8 + 20.8 136.4 + 24.2 140.1 + 18.6
16.2 (114) 6.1 (420) 10.1 (619)

4.6 (32) 3.1(217) 3.1 (193)

5.5 (39) 4.1 (280) 3.1 (193)

women were 47%, 54%, and 13%, respectively. Thus, particularly
among the middle-aged, prothrombotic genotypes appeared to explain
a higher proportion of the VTE events in men than in women.

Few studies have reported on the association between all 17
SNPs and the risk of VTE in men and women separately. Neither of
these SNPs is linked to sex chromosomes, and as expected, the allele
frequencies of the various SNPs were similar in men and women in our
subcohort. Moreover, the allele frequencies in our study corre-
sponded well with those reported in other Caucasian populations
[25-27]. Using the Multiple environmental and genetic assessment of
risk factors for venous thrombosis (MEGA) case-control study, Roach
et al. [28] investigated the effect of FVL, prothrombin mutation, and
non-O blood group on the risk of VTE in men and women separately.
They reported similar odds ratios (ORs) and PAFs for both sexes, with
individual PAFs in men and women of 10% and 8% for FVL, 4% and 3%
for prothrombin, and 39% and 35% for non-O blood group, respec-
tively. For prothrombin and the non-O blood group, the ORs and PAF
estimates in MEGA were considerably higher than in our study. This
may depend to some extent on the case-control design and the
younger age distribution (and thereby lower baseline risk of VTE) of
the MEGA participants. Of note, our risk estimates for FVL, F11, FGG,
and ABO corresponded well with those reported in a GWAS meta-
analysis of 18 studies [15]. We found that rs1884841 in TC2N was
associated with increased VTE risk in women but not in men, resulting
in PAF estimates of 11.6% in women and 2.1% in men. Previous
studies on TC2N and VTE have shown somewhat diverging results.
The study that first identified TC2N as a potential risk factor for VTE
reported ORs ranging from 1.08 to 1.30 in 3 European case-control
studies [11]. A later meta-analysis of GWAS data from 18 studies
found a weak association with an OR of 1.05 [15]. Neither of these
studies reported risk estimates for men and women separately. In
contrast with our findings, 2 studies restricted to women [27,29] re-
ported no association between TC2N and VTE (OR, 1.02). Thus, even
though our results suggest that TC2N could serve as a substantial
attributable genetic risk factor in women, we cannot rule out the
possibility of a chance finding.

To our knowledge, no study has investigated the cumulative PAF
of prothrombotic genotypes in men and women separately. In a
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TABLE 3 Hazard ratio and population attributable fraction with 95% Cls for venous thromboembolism by individual single-nucleotide
polymorphisms in men and women in alphabetical order.

Gene
ABO
C4BPB
FGG
FVL

F2

F2

F5

F11
F11
F12
F13
GPé6
KNG1
SERP
STXBP5
TC2N
VWF

SNP
rs8176719
rs3813948
rs2066865
rs6025
rs1799963
rs3136520
rs4524
rs2036914
rs2289252
rs1801020
rs5985
rs1613662
rs710446
rs2227589
rs1039084
rs1884841
rs1063857

Women Men

Subcohort Subcohort

prevalence®  HR (95% CI)° PAF (95% Cl) prevalence®  HR (95% CI)° PAF (95% Cl)

0.61 1.33 (1.15to 1.55)  16.9 (5.8 to 28.0) 0.62 144 (1.23 to 1.69)  21.3 (9.6 to 32.5)
0.15 1.01 (0.83 to 1.23) 0.2 (-3.5 to 4.2) 0.15 0.93 (0.75 to 1.16) —1.0 (—4.8 to 2.9)
0.42 1.15 (1.00 to 1.33) 6.0 (-1.8 to 14.2) 0.43 1.20 (1.03 to 1.39) 7.8 (0.5 to 16.0)
0.06 248 (2.04 to 3.00) 8.7 (5.4 to 12.3) 0.07 217 (1.76 to 2.69) 7.5 (4.0 to 11.2)
0.01 1.17 (0.65 to 2.13) 0.2 (-0.8 to 1.5) 0.01 179 (113 to 2.81) 1.1 (-0.3 to 2.9)
0.06 0.95 (0.70 to 1.28) —0.3 (-2.5to 2.1) 0.06 1.16 (0.85 to 1.57) 0.9 (—1.6 to 3.7)
0.92 1.27 (0.95 to 1.70)  20.0 (—10.9 to 47.3) 0.92 1.97 (1.33 t0 2.92)  47.3 (19.0 to 72.1)
0.79 1.27 (1.05 to 1.54) 17.6 (0.4 to 34.1) 0.78 1.18 (0.98 to 1.42) 122 (-5.5 to 29.2)
0.63 1.28 (1.10 to 1.49)  15.1 (3.4 to 26.7) 0.63 1.19 (1.01 to 1.39)  10.4 (-2.0 to 22.4)
0.93 1.04 (0.75 to 1.44) 3.6 (—38.3 to 38.3) 0.94 0.89 (0.64 to 1.23) —11.1 (-57.8 to 29.9)
0.47 1.07 (0.92 to 1.25) 3.3 (-6.2to 2.1) 0.45 1.15 (0.97 to 1.35) 6.1 (-3.6 to 15.6)
0.97 0.9 (0.60 to 1.37) —10.3 (-74.2 to 44.6)  0.97 1.62 (0.94 to 2.80)  37.5 (—10.2 to 76.4)
0.66 1.07 (0.92 to 1.24) 4.2 (-8.1 to 16.7) 0.65 0.97 (0.83 to 1.14) —1.7 (-15.1 to 11.2)
0.17 1.20 (1.01 to 1.43) 3.2 (-0.9 to 7.7) 0.17 1.00 (0.80 to 1.20) —0.2 (—4.4 to 4.1)
0.76 1.15 (0.97 to 1.37) 0.1 (-5.3 to 27.0) 0.77 103 (0.86 to 1.22) 1.9 (—15.9 to 18.8)
0.67 1.20 (1.02 to 1.40)  11.6 (—1.3 to 24.4) 0.67 1.03 (0.88 to 1.20) 2.1 (—11.8 to 15.9)
0.61 1.05 (0.91 to 1.22) 2.7 (7.5 to 13.6) 0.61 1.01 (0.87 to 1.18) 0.7 (—10.6 to 12.0)

HR, hazard ratio; PAF, population attributable fraction; SNP, single-nucleotide polymorphism.
2Great than or equal to the risk allele.
bAdjusted for age (as time scale) and body mass index.

A

100

Population attributable fraction (%)

Cumulative PAF Women total

100 +

Population attributable fraction (%)

Cumulative PAF Men total

52.6

51.9

FIGURE 2 Cumulative population attributable fraction (PAF) of venous thromboembolism by increasing number of single-nucleotide
polymorphisms (SNPs) in (A) women and (B) men. The following SNPs were included: rs8176719 (ABO), rs2036914 (F11), rs2289252 (F11),
rs6025 (FVL), rs2066865 (FGG), and rs1799963 (F2). SNPs were added in order of the individual PAF estimates (Table 3).

case-control study, a joint PAF of 40% was reported for the SNPs in
F2 (rs1799963), F5 (rs6025), ABO (rs2519093), and ABO (rs8176719)
[26]. However, no sex-specific analyses were presented, and several of

the SNPs included in our study were not investigated in their study
[26]. We have previously shown that the model containing ABO, F11,
F11, FGG, FVL, and F2 yielded a cumulative PAF of 45% in the total
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population. However, our sex-specific analyses revealed that this
model explained a larger proportion (52%) of the VTEs in men than in
women (38%).

We found that the portion of VTE events attributable to pro-
thrombotic genotypes varied in men and women of different ages.
Few previous studies have investigated sex-specific genetic VTE risk
in different age groups. In a cross-sectional study of patients aged >40
years with first-time VTE, Weingarz et al. [30] reported a higher
prevalence of thrombophilia in men than in women. Furthermore,
Zoller et al. [5] reported slightly higher standardized incidence ratios
in men than in women in a nationwide study of siblings aged 20 to 60
years. Of note, the sex differences observed in these studies did not
reach statistical significance. In a study of VTE cases and controls aged
18 to 70 years, Roach et al. [31] hypothesized that the observed
higher VTE risk in men compared with women without reproductive
risk factors could be explained by a genetic risk difference. However,
further study of FVL, prothrombin, and ABO-blood group yielded only
marginally higher risk estimates in men than in women in the same
population [28]. In our study, there was a moderate difference in the
cumulative PAF in individuals aged <50 years (women, 46.6%; men,
53.7%). In this age range, female reproductive risk factors such as
pregnancy and oral contraceptives [4,8,28,32] are well-known con-
tributors to VTE risk, and the impact of these strong risk factors may
explain why a lower proportion of all VTEs were attributed to genetics
in women. Among the middle-aged (50-75 years), the cumulative PAF
of prothrombotic genotypes was substantially higher in men than in
women in our study (women, 54.5%; men, 73.0%). Considering that
the prevalence of reproductive risk factors in the middle-aged is low
[33] and that the use of postmenopausal hormonal therapy has
declined substantially in the Norwegian population in the last decades
[34], it is unlikely that the PAF disparity in this age group is due to
reproductive risk factors. A possible explanation could be that women
who are genetically susceptible to VTE are affected at a younger age

than men with a similar genetic profile due to the additive influence of
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reproductive risk factors. In addition, genetically susceptible men
could be more vulnerable in middle age due to an additive effect from
risk factors such as body height [35,36] and obesity [37]. This hy-
pothesis is supported by the “catch-up” effect observed in men within
this age range when modeling the cumulative lifetime risk in men and
women separately [4]. Finally, the substantially lower PAF of pro-
thrombotic genotypes observed in the elderly (women, 12.9%; men,
14.1%) could be explained by further depletion of susceptibles in both
sexes, as well as the higher prevalence of other major VTE risk factors
in this age group, such as cancer, surgery, and immobility [8]. This age
pattern has previously been reported in both family history and ge-
notype studies [5,18,30], further supporting the idea that people with
a prothrombotic genotype usually experience VTE earlier in life,
regardless of sex.

Our study used PAF to quantify the proportion of VTEs that could
be attributed to known prothrombotic risk factors. The PAF estimate is
usually larger than other genetic measures, like heritability [38], which
quantifies the effects on the variability of risk at the population level.
Although PAF and heritability measure different aspects of genetic
contributions to disease risk, the 2 measurements are related [17].
While PAF is a useful tool to analyze the influence of genetic factors, it
can be overestimated when the risk factor prevalence is very high due
to its direct dependence on prevalence [38,39]. The complete, cumula-
tive PAF models used in our study had a high prevalence, and conse-
quently, the percentages might be somewhat overestimated. However,
since the prevalence of the SNPs was similar in men and women, our
PAF estimates would still allow for comparison between the sexes.

The main strengths of this study are its prospective design, high
participation rate, large number of genotyped participants, and long-term
follow-up in both the Tromsp and HUNT studies. Moreover, VTE events
were objectively confirmed and systematically validated, and the geno-
typing had few missing values for most SNPs. The study cohort is a ho-
mogenous Caucasian population, which limits the likelihood of

confounding by ethnicity but also limits its generalizability beyond this
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group. Due to the overlap between the present sample and the sample in
which the associations were estimated, our results could be susceptible
to overestimation of the genetic association, more commonly known as
the winner’s curse [40]. To avoid this, we ensured that the SNPs selected
for the cumulative PAF models corresponded well with previous obser-
vations from the literature [23,26,27,29] and refrained from selecting
SNPs based solely on the HRs in our own sample. The statistical power for
some subgroup analyses resulting in wide Cls for some of the risk esti-
mates, especially affecting the bootstrap estimates for PAF, implies that
these results should be interpreted with caution. We cannot rule out the
possibility that some participants included in the subcohort could have
had a previous VTE. Nevertheless, the prevalence of (misclassified) pre-
vious VTE is expected to be low, and if present, this would likely have a
negligible impact on the risk estimates. Additionally, we did not run any
subgroup analysis on the type of VTE, which perhaps could have revealed
whether some SNPs are more relevant for specific types of VTE.

In conclusion, our findings in a Norwegian population suggest that
52% and 38% of the VTEs can be attributed to known, common
prothrombotic genotypes in men and women, respectively. The pro-
portion of VTE events that could be attributed to genotypes varied
across age groups in both sexes and was particularly high among
middle-aged men. In the elderly, the PAF of prothrombotic genotypes
was similar in men and women.
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Abstract
Background: Body height is associated with venous thromboembolism (VTE) and may contribute to

differences in VTE risk in men versus women.

Aims: To investigate the risk of VTE according to body height in men and women, and assess VTE risk

in men versus women after adjustment for height in young, middle-aged, and elderly individuals.

Methods: Participants of the Tromsg Study (1994-2020) and the Nord-Trgndelag Health Study (1995-
2019) formed the study cohort (n=114,567). Cox regression was used to estimate hazard ratios (HR)
with 95% confidence intervals (Cl) of VTE per 10 cm increase in body height in men and women. VTE
risk in men versus women was estimated in the age groups 19-49, 50-74 and 275 years before and

after adjustment for height.

Results: Taller stature was associated with increased VTE risk in both men (HR: 1.34, Cl: 1.25-1.44)
and women (HR: 1.23, Cl: 1.13-1.33). In the middle-aged, the risk was higher in men than in women
(HR: 1.45, Cl: 1.32-1.60), but diminished after adjustment for height (HR 0.98, Cl 0.85-1.13). In the
young (HR: 0.87, Cl 0.70-1.08) and elderly (HR: 1.08, Cl: 0.97-1.20) there was no difference in VTE risk
in men versus women before adjustment, while the risk was higher in women after height

adjustment (HR: 0.60, Cl: 0.44-0.83 and HR: 0.83, Cl: 0.71-0.97, respectively).

Conclusions: Taller stature was a risk factor for VTE in men and women. The risk of VTE in men versus

women was substantially affected by adjustment for body height in all age groups.



Introduction

Venous thromboembolism (VTE) is a severe, potentially life-threatening disease affecting 8-9% of all
individuals during their lifetime (1, 2). Although the lifetime risk of VTE appears to be similar in men
and women (1), the incidence rate across the sexes varies substantially with age, suggesting that the
risk factor profiles vary in men and women. In the younger population (<50 years), women have a
higher risk of VTE than men, which is largely attributed to reproductive risk factors like pregnancy and
oral contraception (1, 3, 4). Among middle-aged individuals (50-75 years), men have a higher risk than

women, but the reasons for the observed differences are not fully elucidated (1, 5-7).

Several studies have shown an association between body height and VTE risk in men, while the
findings have been somewhat inconsistent in women (6, 8-11). The risk of VTE surges with increasing
body height, and the more pronounced association observed in men is presumably explained by the
fact that men generally achieve a taller stature than women (6, 8, 10). Based on this, it has been
suggested that differences in VTE risk in men versus women could be attributed to differences in body
height. To our knowledge, only one previous study has investigated the effect of body height on sex-
specific VTE risk. In a Danish cohort of 56,014 middle-aged individuals (50-64 years), Severinsen et al.
reported a higher crude incidence rate of VTE in men compared with women (incidence rate ratio [IRR]:
1.55), which was substantially reduced after adjustment for body height (IRR: 0.82) (6). This indicates
that height may partially explain the difference in VTE risk between the sexes in this age group. To our
knowledge, no study has explored the impact of body height on the risk of VTE in men versus women
in the young and the elderly. This would be of particular interest, since the risk of VTE in men versus
women is known to vary over the life span (1, 12, 13). In this study, we therefore aimed to investigate
the risk of VTE according to body height in men and women in a large population-based cohort, and to
investigate the risk of VTE in men versus women after adjustment for body height in young, middle-

aged and elderly individuals.



Methods and results

Study population

The study population consisted of all participants from the fourth, fifth, sixth and seventh surveys of
the Tromsg Study (1994-1995, 2001-02, 2007-08, 2015-16), and the second and third (1995-1997,
2006-08) surveys of the Trgndelag Health (HUNT) study. Both the Tromsg Study and HUNT are
Norwegian population-based cohorts comprising inhabitants of Tromsg Municipality and the former
Nord-Trgndelag county, respectively. In total, 36,626 unique individuals aged 25-97 years attended at
least one of the Tromsg studies. In the HUNT2 and 3 surveys, 78,959 unique individuals aged 19-100
attended at least one survey. The two cohorts were merged into one large cohort (figure 1). Detailed

methodology of both studies has been published in their cohort profile papers (14, 15).

Baseline measurements

Baseline information was obtained from physical examinations, blood samples and self-administered
questionnaires in both cohorts. Measurement of body height and weight was conducted at the physical
examination with participants wearing light clothes and no shoes. In Tromsg 4 and HUNT2, height was
measured to nearest centimeter (cm) and weight was measured to the nearest half kilogram (kg), while
Tromsg 5-7 and HUNT3 measured height to the nearest millimeter and weight to the nearest
hectogram. Body mass index (BMI) was calculated as weight in kg divided by the square of height in
meters (kg m™). Information on arterial cardiovascular disease (CVD; myocardial infarction, stroke, and

angina) and smoking was collected via self-report questionnaires.

Follow-up and outcome assessment

Study participants were followed from the day of inclusion in their individual cohorts until the date of

incident VTE, migration, death, or end of follow-up, whichever occurred first. In the Tromsg Study, VTE



events among the participants 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). Trained health-care personnel reviewed the medical records, and the adjudication criteria were
signs and symptoms of DVT or PE, combined with objective confirmation by a radiological procedure
that resulted in treatment unless contraindications were present. In the HUNT Study, VTE events were
identified by searching the discharge diagnosis registry and the radiology procedure registry at two
local hospitals (Levanger and Namsos) and the discharge diagnosis registry at the tertiary-care center
in the region, St. Olavs Hospital in Trondheim. The medical records were reviewed by health-care
personnel, and the diagnosis criteria for VTE were symptomatic DVT or PE confirmed by a radiological
procedure. Further description of the process of VTE identification in the cohorts can be found
elsewhere (16, 17). The geographically well-defined areas of these cohorts, with only a few hospitals
serving the entire regions, makes follow-up on disease development feasible, and enables a high

degree of completeness on outcome data.

VTE events were classified as either isolated DVT or PE (+DVT), and as unprovoked or provoked
depending on the presence of provoking factors at the time of diagnosis. In the Tromsg Study,
provoking factors were: surgery or trauma (within the previous 8 weeks), acute medical conditions
(ischemic stroke, acute myocardial infarction or major infectious disease), active cancer, marked
immobilization (confined to wheelchair, bedrest 23 days or long-distance travel for 24 days within the
previous 14 days), or another provoking factor described by a medical doctor in the medical record. In
the HUNT3 study, the definition of provoking factors was the same as in the Tromsg study. In the
HUNT2 study, the definition of provoking factors differed slightly and included: surgery or trauma,
cancer (active at the time of event or within 6 month after the event), pregnancy or puerperium at the
time of the event, or use of oral contraceptives at the time of the event or up to one month prior to
the event, marked immobilization like paralysis, paresis, lengthy bedrest because of acute medical

iliness or >8 hour travel within the 3 months before the event.



Statistical analysis

Stata version 18.0 (Stata Corp, College Station, TX, USA) was used to perform the statistical analyses.
Baseline characteristics were reported for men and women separately. Person-years of follow-up were
accumulated from the date of enrolment until the date of incident VTE, migration, death or to the end
of the study period (Tromsg Study: December 31, 2020; HUNT Study: December 31, 2019). Age served
as time scale in the time-to-event analyses, with the age at enrolment defined as entry time. Cox-
proportional hazards regression models were used to estimate sex-specific hazard ratios (HR) with 95%
confidence intervals (Cl) for VTE in men and women according to 5-cm body height categories before
and after adjustment for BMI. The 166-170 cm category was used as reference group for both sexes to
enable direct comparison between men and women as well as with an earlier study on body height
and VTE risk (9). The lowest height category cut-off was <155 cm for both sexes, while the tallest height
category cut-offs were 2186 cm in women and 2196 cm in men. In addition, we assessed the HR of VTE
per 10 cm increase in body height in men and women. Lastly, we modeled height as a continuous
variable, used 166 cm as reference value and constructed BMI-adjusted restricted cubic splines with
four knots for both sexes to further gauge the potential of a non-linear association between VTE risk

and body height.

Next, we divided the population into age categories (19-49 years, 50-74 years and 275 years,
respectively). Sex-specific incidence rates (IRs) were calculated as the total number of events divided
by the total person-time at risk in each age category and reported as the number of events per 1000
person-years (PYs). BMI-adjusted Cox regression models were used to assess the HR of VTE in men
versus women before (model 1) and after adjustment of body height (model 2) in each age category.
We also estimated the hazard ratios when taking the competing risk of death (CROD) into account
(supplementary table 1). Lastly, we estimated the hazard ratios of unprovoked and provoked VTE for

every age category and adjusted for body height.



Results
Among the 115,585 cohort participants, 52 were excluded due to emigration before the start of follow-

up, 222 due to a previous VTE, and 744 due to missing values on body height and weight.

Baseline characteristics in women (n=60,438) and men (n=54,129) included in the study are
displayed in table 1. Differences were observed in mean height (164.2 cm in women, 177.5 cm in men),
weight (69.8 kg in women, 83.3 kg in men) and history of arterial cardiovascular diseases (5.1% in
women, 8.6% in men). Median follow-up time was 22.7 years in women and 21.9 years in men, and
1,768 and 1,713 first-time VTE events were identified in women and men during follow-up, yielding an
overall VTE incidence rate per 1,000 person-years of 1.64 (95% Cl: 1.57-1.72) in women and 1.85 (95%
Cl: 1.76-1.94) in men. The proportion of DVTs (53.1% and 52.2%) and PEs (46.9% and 47.8%), as well
as unprovoked (43.2% and 46.6%) and provoked (56.8% and 53.4%) VTEs, were similar in women and

men (Table 1).

The risk of VTE increased with increasing body height in both women (Fig. 2A) and men (Fig.
2B). Similarly, the risk of VTE increased gradually per 5 cm category in both sexes compared to the
reference category (166-170 cm) (Table 2). Women in the 2186 cm body height category had a 4-fold
higher risk (HR: 4.27, 95% Cl:1.06-17.13) of VTE compared with the reference, and men in the 2196 cm
group had a 3.5-fold higher risk (HR 3.47, 95% Cl:1.89-6.38) compared with the reference category.
When body height was modeled as a continuous variable, the HR per 10 cm increase was 1.23 (95% Cl:

1.13-1.33) in women and 1.34 men (95% Cl: 1.25-1.44).

Table 3 presents the risk of VTE in men versus women in the young, middle-aged and elderly
(age groups: 19-49 years, 50-74 years and 275 years). The IRs per 1000 PY increased by age groups in
both men and women. In the group 19-49 years, the VTE risk was similar in men and women before
adjustment for body height (HR for men vs. women: 0.87, 95% Cl:0.70-1.08), while after adjustment,
the risk was 1.5-fold higher in women than in men (HR for men vs. women: 0.60, 95% Cl: 0.44-0.83). In

the group 50-74 years, the risk was significantly higher in men before adjustment for body height (HR:



1.45, 95% Cl: 1.32-1.60), but risk difference between sexes disappeared after adjustment for body
height (HR: 0.98, 95% Cl: 0.85-1.13). Among people aged 75 years and above, the risk was similar in
men and women before adjustment for body height (HR:1.08, 95% Cl: 0.97-1.20). After adjustment for
body height, the risk was lower in men compared to women (HR: 0.83, 95% Cl 0.71-0.97). The risk of
VTE in men versus women before and after adjustment for body height showed similar patterns when

taking the competing risk of death into account (supplementary table 1).

The association between unprovoked and provoked VTE in men versus women before and
after adjustment for body height in young, middle-aged and elderly is shown in Table 4. These results
showed similar patterns as the results for overall VTE. For unprovoked VTE, the risk in men versus
women was highest in the middle-aged group before adjustment (HR: 1.72) and was substantially
reduced after adjustment (HR:1.09). Similarly, for provoked VTE, the risk in men was highest among
the middle aged before adjustment (HR:1.28) and was reduced after adjustment for body height (HR:

0.91).

Discussion
In this large population-based cohort, we confirmed that taller stature is associated with increased risk

of VTE in both men and women. Among the middle-aged, the risk of VTE was higher in men compared
with women, but the sex difference disappeared after adjustment for body height. In the younger and
older age groups, the risk of VTE was similar in men and women before adjustment for body height,
but a higher risk was found in women after adjustment. Our findings indicate that differences in body

height impacts the VTE risk in men versus women in all age groups.

Although earlier studies have convincingly shown that increasing body height is a risk factor
for VTE in men (7-10, 18), the results from studies in women have been less clear (8-10). In the MEGA
case-control study, which included 4464 VTE cases and 5803 controls aged <70 years, a dose-response-

relationship between increasing body height and VTE-risk was found in men, while the association was



weaker and not statistically significant in women (9). Similarly, in a previous report from the Tromsg
cohort (n=26,727 with 462 VTEs), we showed a robust association between tall stature and VTE in men
(HR per 10 cm increase in body height: 1.34, Cl: 1.09-1.64), while the association was less pronounced
in women (HR: 1.13, Cl: 0.91-1.40). The observed weak association between body height and VTE in
women in these studies could be explained by limited sample size, and thereby a limited number of
women in the extremes of body height. In the lowa Women’s Health study (19), a cohort of 40,377
women aged 55-69 years, a 1.8-fold higher risk of VTE was observed in those 266 inches (167.6 cm)
tall compared to those <62 inches (157.5 cm). Furthermore, longer leg-length was associated with VTE
in both men and women aged 245 years in the Longitudinal Study of Thromboembolism Etiology (LITE)
cohort (20). A Swedish registry-based study including 1.6 million men and 1 million women reported a
clear association between body height and VTE in both sexes, where VTE risk in men 2190 cm was 2.9-
fold compared to men <160 cm, and VTE risk in women 2185 cm was 3.2-fold compared to women
<155 cm (18). Accordingly, we confirmed that increasing body height is a risk factor for first-time VTE
in both men and women in a large cohort with a wide age span (19-98 years) and objectively assessed

body height and VTE events.

It has been suggested that body height could contribute more to the VTE risk in men than in
women because men achieve a taller stature. In the Danish Diet Cancer and Health (DCH) study, which
consisted of 29,340 women and 26,674 men aged 50-64 years at inclusion, the crude IRR of VTE in men
versus women was 1.55 but was attenuated to 0.82 after adjustment for difference in body height (6),
suggesting that the higher risk of VTE in men in this age group was mainly explained by differences in
body height. Since the risk of VTE in men versus women differs across age groups, and many of the
studies reporting a higher risk of VTE in men have consisted of middle-aged participants at the time of
inclusion (1, 5, 21, 22), we additionally set out to explore the impact of body height on the VTE risk in
men versus women in the young and elderly population. In agreement with the DCH study, we found
a higher VTE risk in men than in women among those aged 50-74 years, which diminished after

adjustment for body height. In those 19-49 years, there was a slight inverse association (i.e., men had



a lower risk than women), which became substantially stronger after adjustment for body height,
indicating that body height contributes to increase the VTE risk more in men than in women also in
this age group. Similarly, among the elderly (275 years), we found no difference between the sexes
before adjustment for body height, but the VTE risk was higher in women than in men after
adjustment. These findings suggest that the risk of VTE is mediated through body height to a larger

extent in men than in women in all age groups.

Mendelian randomization, using genetically predicted height as an instrumental variable, have
supported that body height is a causal risk factor for VTE (23). Yet, the mechanisms by which body
height increases the VTE risk are not fully established. Using a co-sibling design, Zoller et al. showed
that the association between height and VTE was not confounded by familial genetic or environmental
factors (18). Furthermore, Cushman and coworkers reported that markers of inflammation and
hypercoagulability did not mediate the association between body height and VTE in the LITE cohort
(24). Although height is associated with increased risk of cancer, the strong association between height
and unprovoked VTE supports that the relationship is not explained by cancer-related VTE (8, 24). The
association between height and VTE could be related to changes in blood flow. Reduced venous return,
larger venous surface area, or longer distance between venous valves in taller people are features that
may render blood more prone to stasis (20). Further, the number of venous  valves is known to
vary among individuals (25), and it has been hypothesized that taller people might have more valves

than individuals of shorter stature (18, 20), thus being more susceptible to thrombus formation.

The main strengths of the present study are its prospective design, the high attendance rates
and recruitment from the general population in both cohorts, which made it possible to contrast many
categories of body height, as well as the long-term follow-up and thoroughly validated VTE events from
the regional hospitals covering the catchment areas of the cohorts. All hospitals used radiological
imaging to confirm the VTE diagnosis and are the sole treatment centres for VTE in their region (both

inpatient and outpatient care), which increases the likelihood of a complete VTE registration.



Furthermore, the high age diversity, ranging from 19-98 years at baseline makes the results more
applicable to the general population. Additionally, height was measured by health care professionals
and since adult height is a non-modifiable risk factor there is little risk of misclassification and
regression dilution bias. Our study population is mainly of Caucasian descent, which lowers the risk of
population stratification, but limits the generalizability to other ethnicities. Our study was limited by
few subjects that were either very tall or very short, which affected the statistical power in these
groups. We did not have complete baseline information on previous VTE among the study participants.
Therefore, some of the subjects who were included as healthy participants could have had a previous
VTE and should preferably have been excluded at baseline. However, since this proportion would be
relatively small, it is not expected to affect our results. Unfortunately, we did not have information on
leg length which has been proposed as a more accurate measure of VTE risk than body height (9, 20).
There is also potential for birth cohort effects due to a general increase in median height over time in
our study population (26). Further, we do not have genetic information on all participants, and
chromosomal anomalies, such as XYY and XXY is associated with both increased VTE risk and taller
stature (27, 28). However, considering the rarity of these syndromes and the linear increase of VTE risk
by increasing stature, it is unlikely that such anomalies have affected the estimates in any considerable

way.

In conclusion, taller stature was a risk factor for VTE in men and in women. The risk of VTE in
men versus women varied across age groups, but was substantially affected by adjustment for body
height in all age groups. Our findings indicate that the risk of VTE is mediated through body height to

a larger extent in men than in women in all age groups.
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Table 1: Baseline characteristics and characteristics at the time of the venous thromboembolism

event in men and women

Women Men
Baseline characteristics n=60,438 n=54,129
Age (years), Mean + SD 48 + 17 48 + 16
Height (cm), Mean + SD 164.2 £ 6.5 177.5+6.9
Weight (kg), mean + SD 69.8+12.9 83.3+129
BMI, Mean + SD 25.9+4.6 26.4+3.6
Cardiovascular disease*, % 5.3 8.8
VTE characteristics n=1,768 n=1,713
Age at VTE (years), Mean + SD 74.6 70.2
Pulmonary embolism, % 46.9 47.8
Deep vein thrombosis, % 53.1 52.2
Unprovoked, % 43.2 46.6
Provoked, % 56.8 53.4

*Myocardial infarction, stroke, angina



Table 2: Hazard ratios (HR) for total venous thromboembolism according to categories of body

height in men and women.

Women
Height (cm) Person-years Events HR (95% CI)* HR (95% CI)**

0-155 83,817 234 0.87 (0.73-1.03) 0.81 (0.68-0.96)
156-160 201,143 396 0.85 (0.73-0.98) 0.82 (0.71-0.94)
161-165 330,784 558 0.99 (0.86-1.12) 0.97 (0.85-1.10)

166-170 285,716 373 ref. ref.
171-175 134,648 160 1.13 (0.94-1.36) 1.16 (0.97-1.40)
176-180 34,829 38 1.27 (0.91-1.78) 1.32(0.95-1.85)
181-185 4,190 7 2.28 (1.08-4.83) 2.41 (1.14-5.10)
2186 475 2 3.68 (0.92-14.79) 4.27 (1.06-17.13)
Height per 10 cm 1,075,903 1,768 1.17 (1.08-1.27) 1.23(1.13-1.33)

Height (cm) Person-years Events HR (95% CI)* HR (95% Cl)**

0-155 1,027 4 1.83 (0.68-4.91) 1.80 (0.67-4.85)
156-160 4,303 9 0.78 (0.40-1.52) 0.78 (0.40-1.52)
161-165 25,999 61 0.94 (0.70-1.24) 0.93 (0.70-1.24)

166-170 97,275 209 ref. ref.
171-175 212,022 381 1.00 (0.84-1.18) 1.00 (0.85-1.19)
176-180 272,312 504 1.26 (1.07-1.48) 1.27 (1.08-1.49)
181-185 199,326 349 1.43 (1.20-1.70) 1.44 (1.21-1.72)
186-190 88,808 147 1.61 (1.30-1.99) 1.63 (1.31-2.02)
191-195 21,479 38 2.11 (1.49-2.99) 2.16 (1.52-3.06)
>196 4,440 11 3.37(1.83-6.19) 3.47 (1.89-6.39)
Height per 10 cm 926,991 1,713 1.33(1.23-1.43) 1.34 (1.25-1.44)

*Adjusted for age (as time scale)
**Adjusted for age (as time scale) and body mass index



Table 3: Risk of venous thromboembolism in men versus women. Incidence rate (IR) with 95%
Confidence Intervals (Cl) per 1000 person-years (PY) and hazard ratio (HR) with 95% CI.

Model 1 Model 2
Age Range PY Events IR (95% Cl) HR(95% CI)*  HR (95% CI)**
Ages 19-49
Women 398,429 183 0.46 (0.40-0.53) Ref. Ref.
Men 339,657 145 0.43 (0.36-0.50) 0.87 (0.70-1.08) 0.60 (0.44-0.83)
Ages 50-74
Women 515,604 719 1.39(1.30-1.50) Ref. Ref.
Men 475,914 967 2.03(1.91-2.16) 1.45(1.32-1.60) 0.98(0.85-1.13)
Ages 275
Women 161,870 866 5.35(5.01-5.72) Ref. Ref.
Men 111,421 601 5.39 (4.98-5.84) 1.08(0.97-1.20) 0.83(0.71-0.97)

*Adjusted for age (as time scale) and body mass index (BMI)
**Adjusted for age (as time scale), BMI and body height per 1 cm



Table 4: Risk of unprovoked and provoked venous thromboembolism in men versus women.
Incidence rates (IR) and hazard ratios (HR) with 95% Confidence Intervals (Cl).

Age Range P:;‘:: Events IR (95% Cl) HRN(';:;' c1|)* HR'\(’;‘:‘:'CT)**
VTE Unprovoked

19-49 years

Women 398,429 86 0.22 (0.17-0.27) Ref. Ref.

Men 339,657 72 0.22 (0.17-0.27) 0.93(0.68-1.27)  0.62 (0.39-0.99)

50-74 years

Women 515,604 289 0.56 (0.50-0.63) Ref. Ref.

Men 475,914 459 0.96 (0.88-1.06) 1.72(1.48-1.99)  1.09 (0.88-1.35)

275 years

Women 161,870 389 2.40 (2.18-2.65) Ref. Ref.

Men 111,421 267 2.40(2.12-2.70) 1.08(0.93-1.21) 0.90(0.71-1.14)

VTE Provoked

19-49 years

Women 398,429 97 0.24 (0.20-0.30) Ref. Ref.

Men 339,657 73 0.21(0.17-0.27) 0.82(0.61-1.11) 0.58 (0.37-0.91)

50-74 years

Women 515,604 430 0.83 (0.76-0.92) Ref. Ref.

Men 475,914 508 1.07 (0.98-1.16) 1.28 (1.12-1.45) 0.91 (0.75 -1.09)

275 years

Women 161,870 477 2.95 (2.69-3.22) Ref. Ref.

Men 111,421 334 3.00(2.69-3.34) 1.06(0.92-1.23) 0.77 (0.62-0.95)

*Adjusted for age (as time scale) and body mass index (BMI)

**Adjusted for age (as time scale), BMI and body height per 1 cm



Figure 1. Composition of study population
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Figure 2. Spline plot of VTE risk according to body height (cm) in (A) women and (B) men. Hazard
ratios with 95% Confidence Intervals (Cl). 166 cm served as reference value for both sexes. The spline

plots were adjusted for age (as time scale) and BMI.
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Supplementary table 1: Risk of venous thromboembolism in men versus women
including death as a competing event. Hazard ratio (HR) with 95% Confidence Intervals (Cl).

Model 1 Model 2

Age Group HR (95% CI)* HR (95% CI)**
Ages 19-49

Women Ref. Ref.

Men 0.87 (0.70-1.08) 0.60 (0.44-0.83)
Ages 50-74

Women Ref. Ref.

Men 1.41 (1.28-1.55) 0,96 (0.83 -1.10)
Ages 75-->

Women Ref. Ref.

Men 0.89 (0.80-0.98) 0.73 (0.62-0.85)

*Adjusted for age (as time scale), body mass index (BMI) and competing risk of death
**Adjusted for age (as time scale), BMI, competing risk of death and body height per 1 cm
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