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Summary

Venous thromboembolism (VTE), a collective term for deep vein thrombosis (DVT) and
pulmonary embolism (PE), is a common and multicausal disease. Obesity is a major and
likely causal risk factor for VTE. However, to what extent obesity contributes to VTE risk in
the general population and the mechanism of obesity-related VTE remain poorly understood.
The overall aim of this thesis was (i) to determine the risk of VTE attributed to obesity at

population level and (ii) to reveal biomarkers of obesity-related VTE.

The study population in all papers was recruited from the 4"-7" surveys of the Tromsg
Study (enrolment: 1994-2016), a population-based cohort study. Paper 1l also included
participants from the Trgndelag Health Study (HUNT 2). Exposure information was obtained
at survey inclusion through self-administered questionnaires, physical examination, and blood

samples. Incident VTE events during follow-up were registered and objectively validated.

In paper I, to assess the VTE risk attributed to overweight and obesity, we calculated
the population attributable fraction (PAF) using a cohort design and repeated measurements
of body mass index (BMI). The PAF of incident VTE due to overweight (BMI 25-30 kg/m?)
and obesity (BMI >30 kg/m?) was 24.6% (12.9% was attributed to overweight and 11.7% to
obesity). In paper I, the joint effect of obesity and established prothrombotic genotypes
(rs8176719 in ABO, rs6025 in F5, rs1799963 in F2, rs2066865 in FGG, and rs2036914 in
F11) on VTE risk was investigated. Using a case-cohort design, it was observed that the
combination of obesity and prothrombotic genotypes, assessed either individually or as a
genetic risk score, had an additive effect on VTE risk (i.e., no biological interaction).
However, the combination of obesity and some prothrombotic genotypes appeared to have a
supra-additive effect on the risk of DVT and unprovoked VTE. In papers Ill and 1V, a nested
case-control design was used to investigate whether plasma leptin and plasminogen activator
inhibitor-1 (PAI-1) were associated with VTE risk and their potential to mediate the VTE risk
in obesity. The VTE risk increased with increasing levels of leptin, and particularly of PAI-1.
Additional adjustment for BMI markedly attenuated risk estimates for leptin, while PAI-1
remained associated with VTE. In a mediation analysis, PAI-1 mediated almost 15% of the

VTE risk in obesity, while no apparent mediation was observed for leptin.

In conclusion, the main findings of this thesis indicate that obesity is a major risk factor
for VTE at population level and that PAI-1 levels mediate part of the VTE risk in obesity.



Sammendrag

Vengs tromboembolisme (VTE) omfatter dyp venetrombose (DVT) og lungeemboli (LE) og
er en vanlig og multifaktoriell sykdom. Fedme er en viktig og sannsynligvis kausal
risikofaktor for VTE. Til tross for dette er mekanismen bak fedme-relatert VTE lite kjent. Det
overordnede formalet for denne avhandlingen var (i) & beregne hvor stor andel av VTE-
tilfellene som kan tilskrives fedme i den generelle befolkningen og (ii) & finne biomarkarer
for fedmerelatert VTE.

Studiepopulasjonen i alle fire publikasjonene ble rekruttert fra Tromsgundersgkelsen
(Tromsg 4-7, 1994-2016) som er en populasjonsbasert kohortstudie. Artikkel 11 inkluderte i
tillegg deltakere fra Helseundersgkelsen i Trendelag (HUNT 2). Informasjon om eksposisjon
ble samlet inn ved deltakelse i helseundersgkelsene gjennom sparreskjemaer, fysisk
undersgkelse og blodpraver. Alle farstegangs VTE tilfeller i lgpet av oppfelgingsperioden ble

registrert og objektivt validert.

Artikkel 1 undersgkte hvor stor andel av VTE-tilfellene i den generelle befolkningen
som kan tilskrives overvekt og fedme. En kohortstudie med gjentatte malinger av
kroppsmasseindeks (KMI) ble benyttet, og tilskrivbar risiko i befolkningen (PAF) ble
beregnet. Total PAF for farstegangs VTE som skyldtes overvekt og fedme var 24,6%, hvorav
12,9% kunne tilskrives overvekt og 11,7% kunne tilskrives fedme. | artikkel 1l ble
kombinasjonen av fedme og flere velkjente protrombotiske genotyper (rs8176719 i ABO,
rs6025 i F5, rs1799963 i F2, rs2066865 i FGG, and rs2036914 i F11) for VTE risiko
undersgkt i en kasus-kohortstudie. Vi fant ingen synergistisk effekt mellom fedme og de ulike
genotypene, hverken enkeltvis eller kombinert i en genetisk risikoskar. Kombinasjonen av
fedme og noen av de protrombotiske genotypene var imidlertid forbundet med forhgyet risiko
for DVT og uprovosert VTE, noe som muligens kan skyldes synergi. | artikkel 111 og IV
brukte vi en kasus-kontroll studie basert pa Tromsgundersgkelsen til & undersgke om
konsentrasjonen av leptin og PAI-1 i blodet var assosiert med gkt risiko for VTE. Videre ble
det undersgkt om disse biomarkarene kunne forklare den gkte VTE risikoen forbundet med
fedme. Risikoen for VTE gkte med gkende leptin og PAI-1 verdier, men etter justering for
BMI var det bare PAI-1 som fortsatt var assosiert med VTE risiko. | en medieringsanalyse

fant vi at PAI-1 kunne forklare cirka 15% av VTE risikoen ved fedme.

Kort oppsummert er fedme en svert viktig risiko faktor for VTE i den generelle
befolkningen, og PAI-1 ser ut til & forklare en viss andel av VTE-risikoen relatert til fedme.
6
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1 Introduction

Venous thromboembolism (VTE), an umbrella term for deep vein thrombosis (DVT) and
pulmonary embolism (PE), is a disease that primarily results from a disturbed regulation of
hemostasis. DVT is the formation of blood clots in the deep veins, which generally occurs in
the deep veins of the lower extremities. More rarely, DVT is observed in the deep veins of the
upper extremities, the splanchnic veins, and the cerebral veins.! DVT classically manifests
clinically as swelling, redness, and pain in the affected limb, caused by obstruction of venous
return to the heart.? PE is traditionally regarded as a complication of DVT, where parts of the
thrombus break away, travel via the venous system through the right side of the heart, and
lodge in the pulmonary arterial circulation. However, in approximately 50% of PE cases, no
apparent DVT can be detected.® It has therefore been suggested that emboli could originate in
the right atrium as a consequence of atrial fibrillation,*° or that thrombi could arise de novo in
the pulmonary circulation.® Typical symptoms of PE include dyspnea, pleuritic chest pain,
and hemoptysis, while severe cases may lead to circulatory collapse and sudden death.5’

VTE is a common and multicausal disease usually occurring as the result of the
interplay of genetic and acquired risk factors.® Several hereditary and acquired risk factors
have been discovered in the past decades, and acquired risk facts may be divided into
persistent or transient.® While VTE events occurring in the presence of a provoking risk
factor, either of transient (e.g., surgery, trauma, and prolonged immaobilization) or persistent
(e.g., active cancer) nature, are classified as provoked VTEs, those events without an apparent
risk factor are classified as unprovoked.*® Acquired risk factors may also be acknowledged as
non-modifiable (e.g., advancing age) and modifiable factors (e.g., obesity, immobilization,
hormone therapy), where the latter may be subjected to change in order to reduce VTE risk.

Obesity is a major modifiable risk factor for VTE.!! Indeed, Mendelian randomization
(MR) studies showed that genetically elevated body mass index (BMI) is associated with an
increased risk of VTE, supporting a causal link between obesity and VTE.*?*® The prevalence
of obesity has increased dramatically over the last decades and is expected to increase
continuously in the coming years,*518 despite an increased focus on obesity as a major public
health concern. As obesity is a major risk factor for VTE, this may partly explain the
persistent or even slight increase in the incidence of VTE in the past decades.!®?* However,
the pathophysiological mechanisms underlying the association between obesity and VTE

remain poorly understood.
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The focus of this thesis is to provide updated estimates of the contribution of
overweight and obesity to the incidence of VTE in the general population, to investigate
biological interactions between established prothrombotic genotypes and obesity, and to
reveal further insights into the pathophysiology of obesity-related VTE. Unraveling causal
pathways may lead to the identification of novel biomarkers and potential preventive
therapeutic targets for obesity-related VVTE that could ultimately contribute to reduce the

incidence of VTE in the general population.

1.1 Epidemiology of VTE

VTE is the third most common cardiovascular disease (CVD) after myocardial infarct (M)
and ischemic stroke.?? The incidence rate of VTE in a population with European ancestry is 1-
2 per 1,000 persons annually,'®242324 which corresponds to approximately 1.1 million
affected individuals in Europe per year.?® VTE is primarily a disease of older age and the
incidence of VTE increases exponentially with age.®2426-28 \Whether a true sex difference
with regards to VTE incidence exists is under debate, due to contrasting findings from
observational studies.?®3 It appears that women have higher incidence rates in the fertile age,
while men have higher rates in the older age groups,?* and when accounting for reproductive

factors, men and women seem to have a similar life-time risk of VTE.?

The incidence of VTE has been stable or even slightly increased over the past decades,
which was mainly due to an increase in PE rates.'®22° Awareness among clinicians and
improved diagnostic approaches, such as the use of computer tomographic pulmonary
angiography (CTPA), have been considered as possible explanations for the increase in the
incidence of PE.* It is worth noting that the overall trend for VTE incidence is in contrast to a
declining trend for arterial CVD incidence in the same time period.>*® The decrease in
incident arterial CVD can be mainly explained by the development of effective preventive
strategies against major modifiable cardiovascular risk factors, such as smoking,
hypertension, and hypercholesterolemia.®® In contrast, major risk factors for VTE, including
older age,'® surgery,?® cancer,®’ and obesity,'*® have increased concomitantly in the general

population,? likely explaining, at least in part, the observed trends in the VTE incidence.

VTE is a potentially fatal disease and the 30-day all-cause mortality after a VTE event

is between 6% and 11%, the 1-year all-cause mortality is approximately 21-24%,233%40 which
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translates into roughly 540,000 VTE-related deaths in Europe annually.® Furthermore, VTE
Is associated with serious short- and long-term complications, which represent a considerable
socioeconomic burden not only related to treatment of the thrombotic event,*:*? but also to
the detrimental impact on quality of life*3** and increased risk of work-related disability.*>4®
Recurrence is a known complication of VTE and approximately 30% of patients will
experience a recurrence within 10 years after a first event.*’° The risk of recurrence is
highest within the first 6-12 months,*® and recurrent events are more likely to affect the same
location as the index event. Recurrence rates are higher in patients with initial unprovoked
VTEs compared with provoked VTEs.2**’ This is likely explained by the fact that individuals
experiencing provoked VTEs associated with major transient risk factors (e.g., surgery) have
a lower baseline risk of VTE and are consequently at lower risk of recurrence.> Other serious
long-term complications of VTE include the post-thrombotic syndrome (PTS),>-* and the
post-PE syndrome.>*>* The PTS develops in approximately 50% of DVT patients within two
years after the event and is characterized by swelling, pain, edema, venous ectasia, skin
induration, and the development of venous leg ulcers in severe cases.>>>% The post-PE
syndrome is a relatively new concept and develops in approximately 50% of PE patients.> It
may be defined as reduced cardiac function or pulmonary artery flow dynamics, and dyspnea,
exercise intolerance, or lowered quality of life, with no alternative explanation.> The most
severe presentation of the post-PE syndrome is the chronic thromboembolic pulmonary
hypertension (CTEPH), which is characterized by hemodynamic compromise and persistent
pulmonary perfusion defects. CTEPH is found in 0.6-3% of PE patients and presents
commonly with rest dyspnea, hypoxemia, and right sided heart failure.>®

1.1.1 Risk factors for VTE

In a broader definition, anything that may affect the incidence of disease occurrence is
considered a risk factor.” VTE is regarded a multicausal disease where the interplay of
several risk factors is required in order for an event to occur.® In the past decades an extensive
list of hereditary and acquired risk factors for VTE has been established, and some of them

are summarized in Table 1.
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Table 1. Risk factors for venous thromboembolism.>"-%°

Acquired risk factors Hereditary risk factors
e Oldage e Deficiency of antithrombin
e Obesity e Deficiency of protein C
e Oral contraceptives and hormone e Deficiency of protein S
replacement therapy e Factor V Leiden
e Pregnancy and post-partum e Prothrombin G2021A
e Cancer e Other prothrombotic genotypes in
e Surgery ABO, FGG and F11
e Trauma
e Infection
e Immobilization
e Acute medical conditions*
e Chronic inflammatory diseases

FGG, fibrinogen gamma gene. *Acute stroke and myocardial infarction.

1.1.1.1 Hereditary risk factors

Family-based studies showed that VTE has a strong genetic component and approximately
50-60% of variance in VTE incidence can be attributed to genetics.>*** The well-known
inherited thrombophilias can be divided into loss-of-function mutations in genes encoding
natural anticoagulants and gain-of-function mutations in genes encoding coagulation factors.
Deficiencies of natural anticoagulants (i.e., antithrombin [AT], protein C, and protein S) are
rare in the general population (<1%) and associated with high relative risk of VTE.®? The
well-known gain of function thrombophilias are the common single nucleotide
polymorphisms (SNPs) factor V Leiden (FVL) and prothrombin G2021A mutation.
Heterozygous FVL and prothrombin mutation are seen in 5% and 1-2% of the general
Caucasian population, respectively, and are associated with a moderate 2-3 fold increased
relative risk of VTE.®

13



Technical advances, such as high-throughput microarray-based genotyping used in
genome-wide association studies (GWAS), confirmed already known thrombophilias and led
to the discovery of a large number of SNPs associated with the risk of VTE. According to the
NHGRI-EBI Catalog of published GWAS (GWAS Catalog), the search term “venous
thromboembolism” retrieves hundreds of SNPs associated with VTE.®® It is important to
address that the effect sizes for most individual SNPs identified in GWAS are small, or
relatively modest (for instance, in case of the well-known SNPs FVL and prothrombin
G2021A mutation).®+%8 In light of the discovery of new genetic variants, De Haan et al.
developed a genetic risk score (GRS) comprising five SNPs (out of 31) that individually
showed the strongest association with VTE.®® This 5-SNP score included rs8176719 (non-O
blood group) in ABO, rs6025 (FVL) in F5, rs1799963 (prothrombin G20210A) in F2,
rs2066865 in the fibrinogen gamma gene (FGG), and rs2036914 in F11, and identified
subjects at increased risk of VTE similarly to the score including all 31 SNPs.%® The five
SNPs and their associated phenotypes and VTE risk estimates are displayed in Table 2.

Table 2. Established prothrombotic single nucleotide polymorphisms (SNPs) and odds ratios (ORS)
for venous thromboembolism (VTE) derived from genome wide association studies.t37071

Gene SNP Associated phenotype VTE ORs
F5 rs6025 APC resistance’ 3.0-35
F2 rs1799963 T FII73 2.3-2.6
ABO rs8176719 1 VWF, 1 FvIII’ 1.5

F11 rs2036914 T FXI™ 1.35
FGG rs2066865 | Fibrinogen y'™ 1.2-15

Abbreviations: APC, activated protein C; VWF, von Willebrand factor

1.1.1.2 Acquired risk factors

Increasing age is one of the strongest risk factors for VTE. While VTE events in children and
adolescence are extremely rare, 2439777 the incidence rate in the age group of 25-30 years is
approximately 1 per 10,000 person-years.3>"8'® An exponential increase is seen with
increasing age, reaching an incidence rate of 8 per 1,000 person-years in the population over

85 years.233%7980 Ap explanation for the exponential rise is likely the concomitant increase of
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traditional risk factors (e.g., immobility, malignancy, and co-morbidities), increased levels of

coagulation factors,®® as well as stasis and changes in the venous vasculature.81:82

Another major risk factor for VTE is cancer, which is associated with a 4-7-fold
increased risk of VTE compared with the general population.8#° In population-based studies,
approximately 20-30% of incident VTE events are cancer-related.'®?* However, cancer is a
heterogenous disease and the risk of VTE varies largely across cancer types, localization,

stage, and cancer treatment.®38°

Major surgery,®® major trauma,®” immobilization,®® and acute medical conditions
(which include myocardial infarction,® ischemic stroke,® or infections) are highly relevant
transient risk factors.28%! Hospitalization in connection with these risk factors accounts for

more than 50% of VTE events.?

Pregnancy is associated with a 4-5 fold increased VTE risk, where a up to 20-fold
increased risk is observed in the postpartum period, compared with non-pregnant women in
the same age.**** Additionally, exogenous hormone supplements, including combined oral
contraceptives (OCs) and hormone replacement therapy (HRT), are associated with an 2-3

fold increased risk of VTE.%%

Another major modifiable risk factor for VTE is obesity, which will be discussed in
detail in the following sections, including its epidemiology and role as a risk factor for VTE,

along with the potential mechanisms underlying the association between obesity and VTE.

1.2 Epidemiology of Obesity

Overweight and obesity are major public health concerns, often described as a “global
epidemic”. The World Health Organization (WHO) defines overweight and obesity as
excessive fat accumulation that has the potential to cause health impairment.’® The BMI,
calculated as weight in kilograms divided by the square of height in meters (kg/m?), is used to
classify adults into overweight and obesity, defined as a BMI between 25 and 30 kg/m? and a
BMI > 30 kg/m?, respectively.'® BMI is a somewhat suboptimal measure of total body fat and
has a poor sensitivity in assessing excess fatness on individual level,®” because it does not

take factors such as muscle mass or sex-dependent fat distribution into consideration.
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Nevertheless, on a population level, BMI correlates well with body fat and its simplicity
makes it the preferred anthropometric measure in epidemiological studies.®’

The cause of obesity can be simplified as excess energy consumption in relation to
energy expenditure (i.e., a positive caloric balance).®® Frequent causes in high-income
countries are related to a sedentary lifestyle, and highly processed, energy dense food.%
However, the etiology of obesity is complex and includes genetic, physiological,

environmental, psychological, social, and economic factors.*

The worldwide prevalence of overweight and obesity nearly tripled from 1975 to 2016
according to data from the WHO.8 In 2016, the prevalence of overweight and obesity in
adulthood was 39% and 13%, respectively.'® However, the prevalence of obesity differs
largely between countries and ranged from over 40% in high-income countries like the
USA to less than 5% in some low-income countries.?* Currently, as much as two-thirds of

the adult population is overweight or obese in high-income countries.%

Simulation studies estimated that the prevalence of obesity in the USA will increase
continuously, reaching up to 50% in 2030.%17 If trends continue unchanged, it was estimated
that the entire US population may be overweight or obese by 2048.17 Based on survey data
from Europe, the prevalence of obesity is also projected to increase in most European
countries.'%2 Additionally, the development of overweight and obesity in children (5-19 years)
is concerning, as the prevalence increased from 4% in 1975 to 18% in 2018.%® The dramatic
increase in the prevalence of overweight and obesity in adults and children, initially seen in
high-income countries, is currently also observed in low- and middle-income countries,
particularly in urban settings.'® Despite global public health efforts by the WHO supporting
interventions to mitigate the increasing prevalence of overweight and obesity, the obesity
epidemic seems far from being reversed. Potential explanations include the ineffectiveness of
structured weight-loss programs in a long-term perspective and the relapsing nature of

obesity. 103-106

Obesity is a major contributor to mortality and morbidity as it is a major risk factor for a
broad spectrum of noncommunicable diseases, including CVD, diabetes mellitus type 2,
gastrointestinal disease, musculoskeletal disorders, and several types of cancers.'® In fact, the
majority of the world’s population lives in countries where more deaths can be attributed to
overweight and obesity than to underweight. 8107
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1.2.1 Obesity as a risk factor for VTE

A large number of observational studies have investigated obesity as a risk factor for VTE
over the past decades. Obesity is consistently associated with a two- to three-fold increased
risk of VTE compared with normal weight,%1%8-110 and the risk increases linearly with an
increasing BMI.113811 While all anthropometric measures of obesity, including waist
circumference (WC) and hip circumference (HC), are associated with increased risk of

VTE, 1214 WC shows the strongest association and identifies most people at risk.!*

In addition to the well-established association between obesity and VTE, weight gain
over time, especially in the presence of obesity, is associated with increased VTE risk.1>!16
Further, MR studies show that genetically elevated BMI is associated with a higher risk of
VTE, thereby strengthening the notion that obesity is causally related to VTE.!?'°> MR is an
elegant method to make inference on causality, when clinical trials are impossible or
unethical. Genetic variants robustly associated with the exposure under investigation are used
as natural experiments resembling randomization in order to investigate causal relationships

between modifiable exposures and diseases from observational data.!’

Obesity, as a modifiable and likely causal risk factor for VTE, can be analyzed in the
context of the thrombosis potential model conceived by Rosendaal, which illustrates the

dynamics between risk factors leading to a thromboembolic event (Figure 1).8

The impact of obesity on incident VTE in the general population has been scarcely
investigated thus far. In an American community-based cohort, 33% of unprovoked VTE
were attributable to overweight and obesity.?’ However, estimates were based on data
covering a time period from 1980-2012, and updated estimates are needed in light of the

rising prevalence of overweight and obesity.
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Figure 1. Thrombosis potential model. Factor V Leiden (red) and obesity (green) represent a hereditary and an
acquiredrisk factor, respectively. Age (blue) shows the increasing risk of VIE with increasing age. The black line
represents an individuals’ thrombosis potential. The dotted black line represents the thrombosis potential threshold,
which has to be reached m order for an event to occur. While provoking factor 1 does notlead to a VTE event,
provoking factor 2 in the presence of obesity and an advancing age triggers an incident VTE. The gray dashed line
represents the thrombosis potential in a theoretical case where the thrombosis risk attributed to obesity is removed.

(Adapted from Rosendaal, Lancet, 1999)%

1.2.2 Interaction between obesity and other risk factors

Given the multicausal nature of VTE, including genetic and environmental risk factors,
interactions between risk factors leading to a VTE event are likely to occur and clinically
relevant. Biological interactions can be measured in epidemiological studies and in literature
numerous terms like joint or combined effect, synergy, and effect modification are used.!8
Previous studies have investigated the interaction between obesity and both genetic and

environmental risk factors.

In obese subjects, the presence of genetic variants associated with a prothrombotic
state, such as FVL, prothrombin G20210A, and non-O blood group, has been suggested to
synergistically increase the risk of VTE because of biological interaction.%®1%-121 More
recently, a synergistic effect between obesity and a GRS based on 16 VTE-associated SNPs

was reported.t?? Further, the combined effect of obesity and increasing body height showed a
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synergistic effect on VTE risk.!% In addition, obesity is associated with a broad spectrum of
diseases, which themselves are risk factors for VTE, like arterial CVD and cancer.1>83124.125
Indeed, the combination of obesity and MI has been shown to have a supra-additive effect on
VTE risk.1® Interestingly, a synergism between obesity and OCs was observed, and obese
women taking OCs had a 24-fold increased risk of VTE when compared with normal weight

women not taking OCs.1%

1.3 Pathophysiology of VTE

1.3.1 General VTE pathophysiology

In a simplified overview, a VTE develops as result of one or more of the following
characteristics: (i) changes in blood flow (stasis), (ii) changes in blood composition
(hypercoagulability), (iii) changes in the vessel wall.>’ These components are known as the
Virchow’s Triad, named after the German physician Rudolf Virchow, who described the
components already in his works from 1856.1%" The Virchow’s Triad is still used today to
explain the basic concept that
underlies venous thrombus
formation (Figure 2), and VTE
risk factors can be generally

Stasis of
blood flow

ascribed to one or more of
these components. It is
important to address that vessel

wall injury, as initially

suggested by Virchow, does -
_ Endothelial dysfunction Hypercoagulability

not seem to play a role in

venous thrombosis since

thrombi are generally found in

the presence of intact Figure 2. Virchow’s Triad

endothelium.®* However, upon activation, the endothelium is converted from a surface with

anticoagulant properties to one with procoagulant properties, and thereby become

dysfunctional and favoring venous thrombosis.
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Even though the understanding of VTE pathophysiology has advanced since the
concept of Virchow’s Triad, the exact mechanism of venous thrombus initiation remains
largely unknown. Venous thrombi originate commonly in the pockets of venous valves of the
deep leg veins,?8! as suggested by autopsy and venography studies.*?®1%° The initial
thrombus, rich in fibrin and erythrocytes, is formed adjacent to intact endothelial surface.®!
Experimental observations suggest a tissue factor (TF) dependent fibrin deposition as the
primary trigger of thrombus formation,**® whereas it was suggested by others that activation
of the intrinsic coagulation system may be
the primary trigger of thrombus

. formation.®%2 In physiological conditions,
laminar flow is observed in the lumen of
veins, while reduced blood flow or stasis can

be present in the pockets of venous valves.

Two counterrotating vortices are observed in

_ the deep recesses of valvular pockets (Figure
Figure 3. Proposed pathophysiology of venous

thrombosis in venous valve pockets. Hypoxic conditions
due to vortical blood flow in the valvular sinuses trigger
the activation of endothelial cells. Leukocytes, such as

monocytes (Mc), and platelets (Plt) are recruited. These

3),133135 where blood cells are trapped.
Because of the vortical blood flow, cycling
or intermittent hypoxia develops, which is a

strong proinflammatory and procoagulant

cells shed extracellular vesicles that are tissue factor- . . . .
stimulus, activating endothelial cells,

positive. This process may lead to thrombus formation.

monocytes, and platelets.8! Activated cells
express TF and secrete extracellular vesicles (EVs) coated with TF bound to negatively
charged phospholipids (PPLs). TF binds FV1la, triggering the activation of coagulation and

thrombin generation, which initiates thrombus formation.8.:1%

1.3.2 Pathophysiology of VTE in obesity

The underlining pathophysiological mechanism by which obesity increases the risk of VTE is
poorly understood. However, the mechanism appears to be different from arterial thrombotic
disease, as cardiometabolic risk factors associated with obesity, such as increased lipid levels,
hypertension and impaired glucose tolerance or diabetes, were not associated with VTE risk
in population-based cohort studies.3"* In the Tromsg Study, the association of obesity with

MI was essentially explained by the aforementioned cardiometabolic risk factors, as
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adjustments for these factors largely attenuated the association.!'? In contrast, the association
between obesity and VTE remained unchanged after adjustment for these factors, indicating
that the increased VTE risk observed in obese individuals is not mediated by cardiometabolic
disorders induced by obesity.!'? Several pathways have been suggested to underlie the
pathophysiology of VTE in obesity including venous stasis,'**4° chronic low-grade
inflammation and associated hypercoagulability,'*42 and impaired fibrinolysis.143144

A straightforward explanation for obesity-associated VTES is venous stasis. Obese
individuals tend to be more immobile, which could lead to stasis and thrombus formation.!!
Additionally, the accumulation of visceral adipose tissue has been shown to increase intra-
abdominal pressure, which is transmitted to the lower extremities by the femoral veins.1*°
Accordingly, altered venous blood flow parameters were detected in the lower extremities of

obese individauls,*° potentially causing venous stasis and VTE.

Stasis as a sole explanation for the increased risk of VTE in obesity seems unlikely,
and other mechanisms related to the secretory activity of adipose tissue may contribute to
thrombosis risk. While adipose tissue was traditionally viewed as an energy storage organ, it
is now well-recognized that adipose tissue is an active endocrine organ, playing a key role in
the integration of systemic metabolism.2#? Adipose tissue exerts its regulatory function by
secreting various bioactive substances, collectively termed adipokines.#2% In fact,

proteomic studies suggest that adipose tissue may secrete more than 600 different proteins.'4®

It is well-established that obesity is linked to a state of chronic low-grade
inflammation.#2 With the development of obesity, the cellular composition of adipose tissue
changes, including the number, phenotype, and localization of immune, vascular, and
structural cells,*? creating a local inflammatory environment with differential expression of

adipokines, as illustrated in Figure 4.14?

Adipose tissue, in particular visceral adipose tissue, expresses several pro-
inflammatory cytokines such as Interleukin-6 (1L-6) and tumor necrosis factor (TNF).142
Local proinflammatory stimuli elicit a systemic response, which may explain why obesity is
associated with increased circulating levels of C-reactive protein (CRP),}*” a sensitive

downstream marker of inflammation. In the Tromsg and the REasons for Geographic And
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Racial Differences in Stroke (REGARDS) cohort studies, CRP, as a proxy for inflammation,
mediated approximately 15%-20% of VTE risk in obesity.148.14°
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metabolic dysfunction
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metabolic dysfunction
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Figure 4. Obesity. adipose tissue, adipokines, and inflammation. (Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Nature Reviews Immunology, Adipokines in inflammation and
metabolic disease. Ouchi, N, Parker, J., Lugus, J. et al., Nat Rev Immunol 11, 85-97(2011).
https://doi.org/10.1038/nr12921 . Permission conveyed through Copyright Clearance Center, Inc.)

Chronic inflammation is closely related to hypercoagulability, a well-established risk
factor for VTE.2 Although not consistent across studies, obesity is associated with increased
levels of fibrinogen, FVII, FVIII, FIX, FXI, FXII, and VWF.*20150-153 Of these, increased
levels of FVIII are particularly interesting, as high FVII1I is associated with the so-called
activated protein C (APC) resistance, a well-recognize cause of hypercoagulability and risk
factor for VTE.1201%* Nevertheless, in the Leiden Thrombophilia Study (LETS), risk estimates

for VTE according to BMI were only slightly attenuated after adjustment for APC resistance,
indicating a marginal mediating effect at most.*?

Hypofibrinolysis, describing a state of impaired clot resolution, is associated with

increased VTE risk.1>>1%" Of note, obesity is associated with hypofibrinolysis, 4314 likely due

22



to increased levels of plasminogen activator inhibitor 1 (PAI-1), the primary regulator of
fibrinolysis.*®® PAI-1 downregulates the conversion of plasminogen to plasmin by inhibiting
plasma tissue plasminogen activator, which consequently inhibits the breakdown of fibrin
clots. As adipose tissue was reported to contribute to circulating PAI-1 levels,1441°9160 pA]-1

could therefore be a mediator of VTE risk in obesity.

The hemostatic and complement system are closely linked by intensive crosstalk. 161162
Indeed, some factors of the complement system are associated with VTE risk, as recently
demonstrated in the Tromsg Study.*%>1%* Adipose tissue is able to express several complement
factors,®® of which complement factor D (CFD), formerly called adipsin, appears to be
closely related to obesity.1%%1%” CFD is a serine protease that catalyzes the rate-limiting step of
the alternative complement pathway,®® required in the amplification of complement
activation.*®® Given the close link between the complement and hemostatic system, CFD may

be involved in the pathogenesis of obesity-related VTE.

EVs have emerged as another proposed mechanism in the pathogenesis of obesity-
related VTE. EVs include exosomes, microvesicles, and apoptotic bodies, which are released
from cells upon activation and apoptosis.t’® EVs are highly procoagulant in certain disease
states like sepsis, disseminated intravascular coagulation and cancer because of the large
quantity of surface-exposed negatively charged PPLs and TF.17%172 Increased levels of EVs

have been reported in obesity'” and in VTE patients.*"#*"’

The well-known adipokines leptin and adiponectin could potentially play a role in the
mechanism of VTE in obesity. Leptin, a hormone mainly produced by adipocytes'*? was
reported to upregulate the expression of key hemostatic factors in vitro, including TF"817
and PAI-1.18 Although the primary role of leptin is appetite control, plasma leptin is
generally elevated in obesity, which could be attributed to a phenomenon known as leptin
resistance.'® Given the potential of leptin to shift the balance of hemostasis towards a
prothrombotic state, this adipokine could serve as a mediator for the VTE risk in obese
subjects. In contrast, the anti-inflammatory adipokine adiponectin, which primarily regulates
glucose and lipid metabolism, improving whole-body energy homeostasis,*8? was shown to
inhibit TF expression and increase tissue factor pathway inhibitor (TFPI) expression in

vitro.18318 Ags adiponectin levels are reduced in obesity, this could promote venous
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thrombosis. #8186 A simplified overview of potential mediators of VTE risk in obesity is

described in Figure 5.

Hypercoagulability
Hypofibrinolysis * P Fibrinogen, FVII,
«  TPAI1 FVIIL, FIX, FXI, FXII
o JLtPA and VWF
* APCresistance

Stasis
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ressure
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Figure 5. Potential mediators of obesity-related VTE. Abbreviations: APC, activated protein C; CFD, complement
factor D; CRP, C-reactive protein; EVs; extracellular vesicles; IL-6, interleukin 6; PAI-1, plasminogen activator
mbhibitor-1; TNF, tumor necrosis factor; tPA, tissue plasminogen activator; VWE, von Willebrand factor.

1.4 Major knowledge gaps in obesity-related VTE

The prevalence of obesity has increased dramatically during the last decades and is expected
to continue to rise in the future. As obesity is a major, likely causal risk factor for VTE, the
increase in obesity prevalence will probably have an impact on the incidence of VTE in the
coming years. At present, it is not well described to what extent overweight and obesity
contribute to the incidence of VTE in the general population. Using updated data from a large
population-based cohort may improve characterizing obesity-related VTE in the general
population. Since intra-individual BMI may fluctuate over time, the impact of overweight and
obesity on VTE risk may be underestimated in cohort studies with a single assessment of BMI
and long follow-up because of regression dilution.*®” By using a population-based cohort
study with repeated measurements of BMI, our findings will provide updated estimates of the
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proportion of VTE events attributed to overweight and obesity at population level, having the
potential to aid public health interventions aimed to mitigate the incidence of obesity-related
VTE.

As described briefly, it has been observed that obesity may interact with some
prothrombotic genotypes, synergistically increasing the VTE risk. Nevertheless, a
comprehensive investigation of biological interactions between obesity and multiple
established prothrombotic genotypes is missing. This may provide insights into obesity-
related VTE pathophysiology and could help to identify individuals at substantially high risk
of VTE, guiding targeted interventions.

Likewise, identifying mediators on the causal path between obesity and VTE could
facilitate targeted prevention for obesity-related VTE. However, most mechanisms proposed
for the pathophysiology of VTE in obesity are based on in vitro findings, such as the effect of
leptin on the expression of hemostatic factors, and their clinical relevance remains uncertain.
It is therefore vital to expand our understanding of clinically relevant mechanisms in obesity-
related VTE. Indeed, targeting mediators, directly or indirectly via associated pathways, could
emerge as viable therapeutic options. Additionally, mediators could serve as biomarkers

helping to identify obese individuals at particularly high risk of VTE.
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2 Aim of the thesis

The overall aim of the thesis is to improve the understanding of obesity-related VTE by
providing estimates of the impact of obesity on incident VTE in the general population and

unravelling biomarkers of incident VTE in obesity.
Specific aims:

i.  To investigate the population attributable fraction (PAF) of overweight and obesity for
the risk of VTE in a population-based cohort study with repeated measurements of
BMI (the Tromsg Study).

ii.  Toinvestigate the joint effect of obesity and established prothrombotic genotypes on
the risk of VTE in a population-based case-cohort study derived from the Tromsg
Study and the Trendelag Health Study (HUNT).

lii.  To investigate the potential of adipose-tissue enriched plasma proteins, such as leptin

and PAI-1, to mediate the association between obesity and VTE risk in a population-

based nested case-control study derived from the Tromsg Study.
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3 Methods

The papers included in this thesis were all built on population-based cohort studies and
applied three different study designs. In brief, Paper | included participants from surveys 4-7
of the Tromsg Study and a cohort design was employed. In paper Il, participants were
recruited from the fourth survey of the Tromsg Study and the second survey of the HUNT
Study to conceive a case-cohort study. A nested case-control design was used in Papers 111

and IV, and participants were recruited from the fourth survey of the Tromsg Study.

3.1 Study population

3.1.1 The Tromsg Study

The Tromsg Study is a single-center population-based prospective cohort study with repeated
health surveys, which was initiated in 1974 in order to combat the high cardiovascular
mortality in middle-aged Norwegian men.'®® To date, seven surveys of the Tromsg Study
have been conducted. The study objectives have changed over the years, leading to the
collection of extensive information of participants, facilitating the investigation of a wide
range of diseases. In total, more than 45,000 unique individuals were included into the
Tromsg Study.'®® A unique feature of the Tromsg Study is the fact that the University
Hospital of North Norway (UNN) is the sole healthcare provider for Tromsg municipality,
which allows a complete follow-up and cross-linkage to hospital discharge registries and

national disease registries.

The papers of this thesis included surveys 4-7 of the Tromsg Study.81% Tromsg 4,
conducted in 1994/95, was the largest survey, where all inhabitants of Tromsg aged 25 years
or older were invited. The participation rate was high (77%) and a total of 27,158 individuals
were included. Enrollment of participants in Tromsg 5 was conducted in 2001/02 and 8,130
individuals aged 30-89 years participated (79% of participation rate). Tromsg 6 (2007/08)
included 12,984 participants aged 30-87 years, and Tromsg 7 (2015/16) included 21,083
participants aged 40-99 years, with participation rates of 66% and 65%, respectively.
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3.1.2 The Trgndelag Health Study

The HUNT Study was initiated in 1984-86 and was originally designed to investigate
hypertension, diabetes, lung disease, and quality of life.!®! To date, four surveys have been
completed. The first three surveys included only inhabitants of Nord-Trgndelag County and
encompassed health information, anthropometric measures, and biological material. The
fourth survey included additionally the population of Sgr-Trgndelag County. In all four
surveys together, 230,000 unique individuals were enrolled and approximately 120,000 have

provided biological material and anthropometric measures.%

In paper 11, the second survey of the HUNT Study (HUNT 2) was used to conceive a
case-cohort study. In this survey, all inhabitants of Nord-Trgndelag County aged 20 years or
older were invited in 1995-1997 and 66,140 participated, corresponding to a participation rate
of 71%.

3.2 Study design

3.2.1 Cohort study

The Tromsg Study is a prospective cohort study, which follows a defined population from
inclusion until the outcome of interest (e.g., VTE), a censoring event (e.g., death or loss to
follow-up), or end of follow-up, as shown in Figure 6. A cohort study permits the calculation
of absolute and relative risks and is mainly useful for the investigation of common outcomes.
In paper I, a cohort design was employed using the study population from surveys 4-7 of the
Tromsg Study. Of note, participants were invited to participate in consecutive surveys, and
this is the reason why some of the participants attended more than one survey. Participants
were followed from the date of enroliment to the date of incident VTE, migration, death, or

end of follow-up (31 December 2020), whichever came first.
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Figure 6 Cohort study design. Cases are represented by red arrows. Gray arrows represent losses to follow-up and that is why the
number of subjects at the end of follow-up is lower than the number of subjects at cohort baseline.

3.2.2 Case-cohort study

In paper I1, a case-cohort study was conceived, which included participants from Tromsg 4
and HUNT 2. Participants were followed from the date of enrolment until the date of incident
VTE, migration, death, or end of follow-up. The follow-up ended in December 31, 2012 in
Tromsg 4 and December 31, 2008 in HUNT 2. All participants experiencing an incident VTE
event during the follow-up period were included as cases. A subcohort consisting of a random
sample of subjects, which was age-weighted based on the age-distribution of cases, was
derived from the parent cohort at baseline. In a case—cohort design, every participant in the
cohort has the same probability of being selected to the subcohort, and some subcohort

members can also be cases. The concept of a case-cohort design is exemplified in Figure 7A.

3.2.3 Nested case-control study

In papers Il and IV, a nested case-control study was conceived. Participants from Tromsg 4
were included and followed from the date of enrolment until the date of incident VTE,
migration, death, or end of follow-up (September 1, 2007). All individuals experiencing an
incident VTE event during the follow-up period (1994-2007) were included as cases into the

nested case-control study. For each case, two age- and sex-matched controls, who were alive
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at the index date of the VTE event, were randomly sampled from the source cohort. The
concept of a nested case-control study is shown in Figure 7B.

Figure 7A
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Figure 7. Case-cohort study design (Figure 7A). Subcohort members represented by a green box are selected from the baseline
cohort. Nested case-control study design (Figure 7B). Controls represented by green arrows are selected each time a case occurs.
In figures 7A and 7B, cases are represented by red arrows. Gray arrows represent losses to follow-up.
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3.3 EXposure assessment

3.3.1 Baseline measurements

Baseline information in the Tromsg and HUNT studies was obtained from physical
examinations, blood samples and self-administered questionnaires. Body height (to the
nearest centimeter) and weight (to the nearest 0.5 kilograms) were measured with subjects
wearing light clothes and no shoes. BMI was calculated as weight in kilogram per square of
height in meters (kg/m?). A detailed self-reported questionnaire was used to obtain
information on smoking habits, use of oral contraceptives or hormone replacement therapy,
and chronic diseases, including arterial CVD (i.e., angina pectoris, stroke, and myocardial
infarction), cancer, and diabetes mellitus. Blood pressure measurement, blood sampling and
analyses were previously described for Tromsg 4-61819 and were conducted in the same way
for Tromsg 7. In brief, systolic and diastolic blood pressure were measured three times with
an automated device and the average of the two last measures was used. Non-fasting blood
samples were analyzed by standard methods for biochemical variables (e.g., total cholesterol)
at the UNN.

3.3.2 Blood sampling, storage, and laboratory analysis of plasma leptin, PAI-1,
and CRP

At inclusion in Tromsg 4 (1994/95), non-fasting blood was collected from an antecubital vein
into 5-mL vacutainers (Becton Dickinson, Le Pont de Claix, France) containing EDTA (K3-
EDTA 40 pL, 0.37mol/L per tube), as previously described.'31%* Platelet-poor plasma was
prepared by centrifugation at 3000g for 10 minutes at room temperature, after which the
supernatant was transferred into cryovials (Greiner Labortechnik, Nurtingen, Germany) in 1-
mL aliquots and stored at -80°C until further use.

Measurement of leptin, PAI-1 and CRP was performed at the Research Institute of
Internal Medicine at Oslo University Hospital, Rikshospitalet. Plasma samples were thawed
in a water bath at 37°C for 5 minutes, followed by centrifugation for 2 minutes at 135009 to
obtain platelet-free plasma. Plasma levels of leptin, PAI-1 and high-sensitivity (hs) CRP were
measured in duplicates by enzyme-immunoassay (EIA) using commercially available
reagents (R&D Systems, Minneapolis, MN). The intra- and inter-assay coefficients of
variation of leptin, PAI-1 and CRP were <10%.
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3.3.3 Genetic analysis - prothrombotic genotypes

Samples from the Tromsg Study were genotyped using the Sequenom and the TagMan
platforms, as previously described.!®® The HUNT samples were genotyped using the Illumina
HumanCore Exome array. The following SNPs were assessed: rs8176719 in ABO (non-O
blood group), rs6025 in F5 (FVL), rs1799963 in F2 (prothrombin G20210A), rs2066865 in
FGG, and rs2036914 in F11. Individuals were classified as carriers of a prothrombotic SNP if
one or two risk alleles were present, and as non-carriers if no risk allele was present. For
rs2036914 in F11, the minor allele is associated with a reduced risk of VTE, and we therefore
considered the common allele as the risk allele.” A GRS was created by summing up the
number of risk alleles of the five aforementioned SNPs, with a theoretical maximum number

of ten risk alleles for an individual.

3.4 Outcome assessment

In the Tromsg Study, incident VTE events were identified by searching the hospital discharge
registry, the autopsy registry, and the radiology procedure registry of the UNN, which is the
only hospital providing diagnostic radiology and treatment for VTE in the region. The
relevant discharge codes were International Classification of Diseases (ICD), Ninth Revision,
codes 325, 415.1, 451, 452, 453, 671.3, 671.4, and 671.9 from 1994 t01998, and ICD, Tenth
Revision, codes 180.0-180.3, 180.8, 180.9, 181, 182.0-182.3, 182.8, 182.9, 167.6, 022.3, 022.5,
087.1, 087.3, 126.0, and 126.9 from 1999 to 2020. Each potential VTE case was reviewed by
trained personnel and a VTE was confirmed if the following 4 conditions were satisfied: i)
confirmation by diagnostic procedures (i.e., compression ultrasonography, venography, spiral
computed tomography, perfusion-ventilation scan, pulmonary angiography, or autopsy); ii)
diagnosis of DVT or PE in the medical record; iii) Signs and symptoms consistent with DVT
or PE; and iv) treatment initiation with anticoagulants, thrombolytic therapy, or vascular
surgery. For patients derived from the autopsy registry, a VTE event was recorded when the
autopsy record indicated pulmonary embolism as cause of death or as a significant condition
contributing to death.1%

In the HUNT Study, incident VTE events were identified by searching the electronic
patient registry of the Levanger and Namsos hospital. Additionally, a case-finding search in

the electronic discharge registry of the tertiary-care center, St. Olav’s Hospital in Trondheim,
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was performed.? 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.%, 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 O88.x. Two physicians reviewed and validated
potential VTE cases. DVT cases and PEs were objectively confirmed by radiological
procedures,9>:1%

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 >4 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, provoking factors included 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 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.

3.5 Statistical analysis

Statistical analysis was carried out with Stata (version 15 and 16; Stata Corporation, College
Station, TX, USA) and R version 4.0.4. (The R Foundation for Statistical Computing, Vienna,
Austria). Baseline characteristics of study participants and characteristics of VTE events were
presented as means (x standard deviation), medians (25th-75th percentiles) and proportions,
and were calculated using descriptive statistics. In papers | and 11, Cox proportional hazards
regression models were used to estimate hazard ratios (HRs) with 95% confidence intervals
(CIs) for incident VTE. The main exposure was BMI and study participants were divided into
three BMI categories according to cutoff values defined by the WHO: BMI <25 kg/m?, BMI
25-30 kg/m? (overweight) and BMI >30 kg/m? (obesity).*® In paper I, a time-varying analysis
was used, where subjects who participated in more than one survey contributed with one

observation period per attended survey. Such approach allowed for update of the BMI
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measurement for those who were re-measured during follow-up. In paper I, combined
categories were formed according to BMI categories and prothrombotic SNPs or a GRS. In
paper 111 and 1V, unconditional logistic regression models were used to estimate odds ratios
(ORs) with 95% Cls for incident VTE. Main exposures (i.e., plasma leptin and PAI-1) were
analyzed as categorical variables according to cutoff values established in the control
population. All analyses, encompassing papers | to IV, were adjusted for predefined potential

confounders.

3.5.1 Population attributable fraction (PAF)

The PAF is defined as the proportion of cases of a particular disease (e.g., VTE) ina
population that is attributable to a risk factor (e.g., overweight or obesity).**”1® The concept
of PAF has a causal interpretation as it indicates the proportion of which the incidence of a
disease would decrease if a specific risk factor could hypothetically be removed. Hence, to
obtain meaningful PAF estimates, a risk factor must be modifiable.*%®%®° The PAF is
dependent on the prevalence and the relative risk of a risk factor. The formula used to
calculate PAF in paper | took into account both the prevalence of overweight or obesity in
VTE cases (p) and the age-and sex-adjusted HRs of VTE (PAF = p[1-1/HR]). With this
formula, internally valid estimates are generated when adjusted relative risk is used.'%

3.5.2 Interaction analysis

Paper Il had the aim to investigate biological interaction between obesity and multiple
established prothrombotic SNPs. The presence of biological interaction between the
exposures was assessed on an additive scale by calculating the relative excess risk attributable
to interaction (RERI), the attributable proportion (AP) due to interaction, and the synergy
index (SI) with corresponding 95% Cls.2°%2%! In order to calculate these measures,
participants were stratified into categories according to their exposure status, and the
reference category included participants with no exposure under investigation (e.g. BMI <
25Kg/m? and no risk allele). RERI was calculated as HR11 — HR10 — HRo1 + 1, where AP was
calculated as RERI / HR11.2°Y HR11 = combined category with both exposures (e.g., obesity
and risk allele), HR1o = exposure 1 only (e.g., obesity and no risk allele), HRo1 = exposure 2

only (e.g., BMI < 25kg/m?and presence of risk allele). Briefly, the RERI can be interpreted as
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part of the total effect on the outcome that is attributable to interaction, and the AP as the
proportion of the combined effect that is due to interaction between the two exposures.?® For
interpretation, a RERI >0, an AP >0 and a Sl >1 indicate a departure from additivity of
effects, suggesting positive interaction, i.e. the effect of the joint exposure (having both risk

factors) on the outcome is greater than the sum of the two separate effects,200201

3.5.3 Mediation analysis

The aim of a mediation analysis is to disentangle the casual pathways linking an exposure and
an outcome.?*? In the framework of a mediation analysis in papers 111 and 1V, there were 3
components; the main exposure (i.e., obesity), the potential mediator (i.e., leptin in paper 111
and PAI-1 in paper V), and the outcome (i.e., VTE). In statistical modeling aiming to explore
the mechanism that underlies the association between exposure and outcome, risk estimates
are expected to be attenuated when a variable that is in the causal pathway between the
exposure and outcome is introduced into the model.?%? To quantify this attenuation (i.e., the
potential mediating effect), the Karlson, Holm and Breen (KHB) method was applied.?%® The
KHB method can be used for mediation analysis in nonlinear models, allowing the
decomposition of the total effect of the exposure on the outcome into direct and indirect (i.e.,
mediating) effects, while adjusting for potential confoundres.?%3

3.6 Ethics

All participants included in the Tromsg and HUNT Study provided written consent prior to
inclusion, and are free to withdraw consent at any time. The present thesis and papers
included are approved by the Regional Committees for Medical and Health Research Ethics.
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4 Main results

4.1 Paper I: The risk of incident venous thromboembolism attributed

to overweight and obesity: The Tromsg Study

Data on the contribution of overweight and obesity on incident VTE in the general population
Is scarce. In this study, we aimed to estimate the PAF of VTE attributable to overweight and
obesity in a population-based cohort study with repeated measurements of BMI.

A population-based cohort study was conceived by including 36,341 unique participants
from the 4-7" surveys of the Tromsg Study (enrolment: 1994-2016). Participants were
followed until December 31, 2020, and all incident VTES were recorded. BMI was
objectively measured at survey inclusion, and measurement was updated in subsequent
surveys for those attending more than one. BMI was categorized according to the WHO cut-
off values as BMI <25 kg/m?, BMI 25-30 kg/m? (overweight) and BMI >30 kg/m? (obesity).
Time-varying Cox regression models were used to calculate HRs with 95% Cls. The PAF for
overweight and obesity was estimated based on age- and sex- adjusted HRs and the

prevalence of BMI categories in VTE cases.

During a median follow-up of 13.9 years, 1,051 VTEs occurred. The age-and sex-
adjusted HRs of VTE were 1.40 (95% CI 1.21-1.61) for overweight and 1.86 (95% CI 1.58-
2.20) for obesity compared with subjects with BMI <25 kg/m?. The PAF of VTE due to
overweight and obesity was 24.6% (95% CI 16.6-32.9), with 12.9% (95% CI 6.6-19.0) being
attributed to overweight and 11.7% (95% CI 8.5-14.9) to obesity. Similar PAFs were obtained
in analyses stratified by sex and VTE subtypes (provoked/unprovoked events, deep vein

thrombosis, pulmonary embolism).

In conclusion, in this population-based cohort study, almost 25% of all VTE events
could be attributed to overweight and obesity. Our findings suggest that public health efforts
dedicated to develop strategies that can effectively fight the obesity epidemic along with
targeted interventions aimed to reduce the thrombosis risk in overweight and obese subjects

may substantially lower the incidence of VTE in the general population.
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4.2 Paper Il: Joint Effect of Multiple Prothrombotic Genotypes and

Obesity on the Risk of Incident Venous Thromboembolism

The combined effect of obesity and multiple prothrombotic genotypes on the risk of VTE and
subgroups (i.e., DVT, PE, provoked and unprovoked events) remains unclear. We aimed to
investigate the joint effect of obesity and established prothrombotic SNPs, either individually
or in a GRS, on the risk of overall VTE and subgroups using a population-based case-cohort

study.

Cases with incident VTE (n = 1,470) and randomly selected subcohort members (n =
12,826) were derived from Tromsg 4 (1994-2012) and HUNT 2 (1995-2008) cohorts.
Participants were genotyped for ABO (rs8176719), F5 (rs6025), F2 (rs1799963), FGG
(rs2066865), and F11 (rs2036914) SNPs. A GRS was conceived by summing up the number
of risk alleles of the five aforementioned SNPs. Age- and sex-adjusted HRs with 95% Cls
were estimated according to BMI categories and number of risk alleles for individual SNPs
and the GRS (0-1, 2, 3, >4 alleles). The presence of interaction on an additive scale was

evaluated with the RERI, AP and SI.

We found that the VTE risk increased with both the number of risk alleles and an
increasing BMI, and the highest risk estimates were obtained when obesity (BMI >30kg/m?)
was jointly present with prothrombotic risk alleles, for the individual SNPs (i.e., >1 risk
alleles) and the high-risk category of the GRS (i.e., >4 risk alleles). The combination of
obesity and risk alleles, either as individual SNPs or as a GRS, had an additive effect on VTE
risk (i.e., no biological interaction). Obese subjects who were carriers of >4 risk alleles had a
2.85-fold (95% CI: 2.05-3.96) increased risk of overall VTE compared with those with BMI
<25 kg/m? and 0 to 1 risk allele, with a RERI of 0.11 (95% CI -0.77 to 0.99), an AP of 0.04
(95%CI -0.27 to 0.34) and a Sl of 1.06 (95% CI 0.65 to 1.74). However, in subgroups, the
combination of obesity and >4 risk alleles was more pronounced for DVT (HR: 3.20; 95% CI:
2.09-4.90) and unprovoked VTE (HR: 3.82; 95% CI: 2.25-6.47), suggesting a supra-additive

effect on thrombosis risk.

Our findings indicate that the combination of obesity and GRS has an additive effect
on the risk of overall VTE. However, it may have a supra-additive effect on the risk of DVT
and unprovoked VTE.
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4.3 Paper I11: Plasma Levels of Leptin and Risk of Future Incident

Venous Thromboembolism

Circulating levels of leptin, an adipocyte-derived hormone, are frequently elevated in obesity.
Leptin has been reported to upregulate prothrombotic hemostatic factors in vitro and could
potentially mediate the VTE risk in obesity. However, whether leptin is associated with VTE

remains uncertain.

This study aimed to investigate the association between plasma leptin levels and risk of
incident VTE, and the potential of leptin to mediate the VTE risk in obesity. A population-
based nested case—control study with 416 VTE cases and 848 age- and sex-matched controls
was derived from the Tromsg Study cohort (4™ survey). Leptin antigen levels were measured
in plasma samples collected at cohort inclusion. Logistic regression was used to calculate
ORs with 95% Cls for VTE across leptin quartiles. Analyses were performed separately in
men and women using sex-specific quartile cut-offs determined in controls, since plasma

leptin has been consistently reported to be two to three times higher in women than in men.

Among controls, there was a moderate to strong correlation between BMI and leptin
levels in men (Spearman's rho = 0.63, p<0.001) and women (Spearman's rho = 0.72,
p<0.001). In the age-adjusted model, the VTE risk increased across leptin quartiles,
particularly in men. Compared with the lowest quartile, the ORs for VTE in the highest
quartile were 1.70 (95% CI 1.04-2.79) in men and 1.36 (95% CI 0.85-2.17) in women.
However, with additional adjustment for BMI, risk estimates were markedly attenuated in
men (OR 1.03, 95% CI 0.55-1.93) and women (OR 0.82, 95% CI 0.45-1.48). The ORs for
VTE were increased in obese men and women (BMI >30 kg/m2) and were only marginally

affected after adjustment for leptin.

Our results indicate that the apparent association between plasma leptin levels and VTE

risk is confounded by BMI and that leptin is not a relevant mediator for VTE risk in obesity.
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4.4 Paper IV: Elevated plasma levels of plasminogen activator
inhibitor-1 are associated with risk of future incident venous

thromboembolism

PAI-1, the main inhibitor of fibrinolysis, is reported to be expressed by adipose tissue and is
frequently elevated in obesity. Hence, PAI-1 could potentially mediate the risk of VTE in
obese subjects. However, whether PAI-1 is associated with VTE remains uncertain. We
aimed to investigate the association between plasma PAI-1 levels and risk of future incident
VTE and whether PAI-1 could mediate the VTE risk in obesity.

A population-based nested case-control study, comprising 383 VTE cases and 782
age- and sex-matched controls, was derived from the Tromsg Study cohort (4™ survey). PAI-1
antigen levels were measured in plasma samples collected at cohort inclusion. Logistic
regression was used to calculate ORs with 95% Cls for VTE across PAI-1 tertiles, defined in

the control population. Mediation analysis was carried out using the KHB method.

The VTE risk increased dose-dependently across PAI-1 tertiles (P for trend < .001) in
the age- and sex-adjusted model. The OR of VTE for the highest vs. lowest tertile was 1.73
(95% CI 1.27-2.35), and risk estimates were only slightly attenuated with additional stepwise
adjustment for BMI (OR 1.59, 95% CI 1.16-2.17) and CRP (OR 1.54, 95% CI 1.13-2.11).
Similar results were obtained for provoked/unprovoked events, DVT, and PE. In obese
subjects (BMI of >30kg/m? vs. <25kg/m?), the KHB method revealed that PAI-1 mediated
14.9% (95% CI 4.1%-49.4%) of the VTE risk in analysis adjusted for age, sex, and CRP.

Our findings indicate that plasma PAI-1 is associated with increased risk of future

incident VTE and has the potential to partially mediate the VTE risk in obesity.
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5 General discussion

5.1 Methodological considerations

5.1.1 Study design

The four papers included in this thesis were epidemiological studies. According to Rothman,
the cohort and the case-control study, with their variants,?** are the two typical observational
study designs. Studies included in this thesis fall into these categories and are originated from
population-based cohort studies. Other study designs in epidemiology include case-series,
cross-sectional studies, case-crossover studies, randomized controlled trials (RCTs), and MR
studies. Epidemiological studies might be ranked according to their ability to provide causal
interference and RCTs are generally viewed as the gold standard. However, in RCTs the
exposure/intervention is applied by the researchers, and in some instances, this type of study
can be unfeasible or unethical to be carried out. MR studies have emerged as an elegant

approach to infer causality in some of the situations where RCTs cannot be applied.?>2%

Paper I, as described previously, employed a cohort study design. The Tromsg Study
can be classified as a prospective cohort, following a defined population from inclusion until
the outcome of interest (e.g., VTE), a censoring event (e.g., death), or end of follow-up.
Cohort studies are suited to investigate common outcomes and permit the calculation of
absolute and relative risks. Major strengths include the ability to investigate multiple
exposures and outcomes, where a temporal sequence between exposure and outcome is
established. Although temporal sequence is a prerequisite for causal inferences, it is not
sufficient.?®* Main disadvantages concerning cohort studies include a considerable demand
for resources and time, and their ineffectiveness when investigating rare or latent outcomes.
Further limitations, such as a differential loss to follow-up (i.e., informative censoring), long
period of follow-up leading to changes in exposure status, and threats to validity, including

bias and confounding will be discussed in detail in the following sections.

Another commonly used epidemiological study design is the case-control study.
“Classical” case-control studies consist of a group of individuals with the outcome of interest
(i.e., cases), which is compared with a group without the outcome (i.e., controls). Case-
control studies are cost-efficient, can investigate multiple exposures, do not require follow-up,

and are particularly useful in investigating rare outcomes. Nevertheless, case-control studies
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have disadvantages compared with cohort studies, as only one outcome can be studied,
absolute risk measures cannot be readily calculated, and no temporal sequence between
exposure and outcome is given (i.e., the exposure is assessed after the occurrence of the
outcome). This can be troublesome in some instances because it may lead to reverse
causation, which describes a situation where the outcome affects the exposure, and the
investigator may faultily conclude the opposite. A major challenge in case-control studies is
the selection of the controls, as they should be selected from the same source population that
gives rise to the cases. The controls serve to estimate the distribution of the exposure in the
population that originates the cases, which is why the selection of the controls must be
independent of the exposure status.?°42%” Other challenges include recall bias and
confounding. In papers 11, 111, and IV, two variants of a case-control design were employed,

i.e., the case-cohort and the nested case-control study.

Case-cohort and nested case-control studies are both derived from cohort studies and
are fundamentally efficient designs when additional information that was not obtained or
measured for the whole cohort is needed.?®® This may be done in order to reduce costs and to
preserve biological material (e.g., blood samples) for future analysis. The case-cohort study,
as implied by the name, includes features of both study designs. The case-cohort consists of
all cases occurring in the parent cohort during follow-up and a randomly sampled subcohort.
Random sampling is carried out at

baseline, and therefore cases are

also eligible to be included into
Parent Cohort

the subcohort, as exemplified in
Figure 8. An important feature of
. L . L. Subcohort  Cases
this design is that it permits time-
to-event analysis (e.g., Cox
regression). Of note, the subcohort Cases in the subcohort

once sampled can be used for
several studies investigating Figure 8. Sampling of a case-cohort study.
different diseases, thereby further improving cost-effectiveness and usage of biological

material.

In papers Il and IV, a nested case-control study design was employed, describing a
cases-control study that is “nested” within a parent cohort, where cases and controls are

sampled from the same parent cohort study. Each time a case occurs, controls, who are alive
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at the index time, are randomly sampled from the parent cohort. The main difference between
the case-cohort and the nested case-control design is the sampling of controls. Controls are
selected at baseline in the case-cohort and at the time an index event occurs in the nested
case-control. Because of the differences in sampling strategies, the case-cohort design permits

time-to-event analysis, while logistic regression is generally used in the nested design.

Both study designs have the ability to overcome some of the drawbacks associated
with “classical” case-control studies. Controls are sampled from the same source population
as the cases, thus decreasing the probability of selection bias. Importantly, in this thesis, cases
and controls are derived from the general population, which may increase the generalizability
of study results. Furthermore, exposures are measured at inclusion of individuals into the
parent cohort, thereby preserving the temporal sequence between the exposure and the

outcome.

Of note, all observational epidemiological studies come with an inborne limitation,
namely confounding. Even if strategies to deal with confounding are extensively employed,
residual or unmeasured confounding may still distort study results. As stated previously, the
gold standard to infer causality is the RCT due to its ability to circumvent confounding. In
RCTs, study participants are randomly allocated to groups (intervention or control), and the
effect of the exposure on the outcome is measured. Randomization, if conducted properly,
allocates all covariates randomly between the groups, minimizing confounding. Nevertheless,
RCTs are time- and resource-demanding and may be impossible or unethical, and studies
using an MR approach emerge as possible alternatives in some cirumstances.?%°2% MR
studies are based on the principle that inheritance of genetic variants by random segregation
during meiosis resembles randomization in a trial, which theoretically is thought to overcome
confounding.'” Genetic instruments used in MR have their own set of assumptions and MR
studies come with some limitations (e.g. large sample size is required, linkage disequilibrium

between variants, population stratification and pleiotropy).2%°-210

5.1.2 Validity

The validity of epidemiological studies may be divided into internal validity and external
validity. The internal validity implies how accurate study findings are in perspective of “true”

findings, free from errors. Internal validity is a prerequisite for external validity, which
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describes the generalizability or representativeness of study results outside the setting of the
study, e.qg., different study population, study settings, or time-period when the study is

conducted.?!

5.1.2.1 External validity - Generalizability

The external validity of the Tromsg Study is generally viewed as high, as it is a large
population-based cohort study comprising a representative sample of the adult population of
the Tromsg municipality. Complete birth cohorts or representative samples were invited, and
attendance rates were high (77%-65%). However, in accordance with a declining attendance
in other population-based studies,?*? attendance rates have also been decreasing in each
subsequent survey of the Tromsg Study. Still, attendance was somewhat higher compared
with similar population-based cohort studies.'®® In general, non-attendees in health surveys
have a lower socioeconomic status and higher mortality rates.??Aditionally, in the Tromsg
Study, the non-attendees were often young men, singles and the very old ones,'® and caution

is therefore warranted when generalizing study findings to these groups.

In the past, representativeness of the study population was viewed as a cornerstone in
epidemiological research. In contrast to this, Rothman argued that representativeness is
mainly required for the purpose of descriptive epidemiology, while in etiological research,
high representativeness might hinder internal validity due to higher risk of confounding and
difficulty to obtain information.?*®* RCTs are good examples of studies with limited
representativeness and high internal validity. Even though RCTs generally involve a highly
selected population, results can be extrapolated to the general population, when the

underlying disease pathophysiology is well understood and considered.

5.1.2.2 Bias

In epidemiology, errors are commonly divided into systematic or random. The latter can be
decreased by increasing the sample size, while the former is not affected by the sample
size.?%* Another term for systematic error is bias. Bias describes the tendency of study results

to differ from a “true” effect and can arise in virtually any step while conducting
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epidemiological studies, including the recruiting phase (selection bias), the data collection or
analysis phase (information bias), or the publication phase (publication bias).

Selection bias may result from procedures used to enroll participants or factors
influencing study participation and it can distort study results.?*> A type of selection bias is
the non-responder bias, which has already been briefly discussed in section 5.1.2.1 in the
framework of external validity. In addition to potentially affect external validity, when non-
participation is associated with either the exposure or outcome, it may introduce bias,
compromising the internal validity. In the present papers, participation appears to be
associated with age, as young men and the very old were underrepresented in the Tromsg
Study.'® Age is a major risk factor for VTE and the association of age with non-participation
may have biased risk estimates as the absolute risk for VTE is very low in the young, while it
is high in the old.?* Even though we cannot exclude that non-participation biased risk
estimates, it is unlikely that this limitation had a substantial effect on the results and
conclusions drawn from the papers of this thesis as participation rates were considerably high

in all surveys of the Tromsg Study.

Information bias is a systematic error occurring when information is collected,
recorded, or handled.?*® Information bias may lead to classification error or misclassification
of the exposure, outcome, or confounder status. Misclassification may be differential or non-
differential, depending on whether it is dependent on another variable.?** Differential
misclassification arises when the misclassification is related to another variable (e.g.,
assessment of exposure is dependent on the outcome). Examples of differential
misclassification in case-control studies include recall bias (participants who experienced an
outcome are more likely to remember hazardous exposures) and interviewer bias
(interviewers might obtain information differentially when outcome status is known). In the
present study, we can exclude these types of biases as information on exposure was collected
prior to the disease occurrence. Additionally, observer bias (outcome assessors’ knowledge of
exposure status) can be virtually disregarded as VTE diagnosis was entirely based on
objective criteria and knowledge of exposure status is not expected to impact the

identification of VTE cases.

In contrast to differential misclassification, non-differential misclassification arises
when misclassification of a variable is completely independent of other variables. BMI was

used as a measure of total body fat in all papers and was assessed objectively by measurement
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of height and weight at the physical examination. Hence, we expect that misclassification due
to the approach of measuring BMI to be a minor concern for this variable. Nevertheless, as
mentioned in the introduction, BMI does not seem to be the most appropriate measure for the
classification of obesity, since the numerator in the BMI calculation is total body weight,
which does not discriminate between lean and fat mass.®” For example, adults with high levels
of lean body mass (i.e., muscle mass) may be misclassified as overweight or obese. Further,
waist circumference, a measure of abdominal obesity that reflects visceral adiposity, seems to
yield the highest risk estimates for VTE and identify most people at risk.?'%2' Assessing
obesity also based on waist circumference or other anthropometric measures could have been

helpful in addressing potential misclassification.

In paper 11, high-throughput analysis techniques were used to detect prothrombotic
SNPs. These techniques including the TagMan and Illumina platforms produce accurate and
reliable genotyping assessment, 218220 and we expect that misclassification would be minimal
in paper I1. In papers 111 and IV, variability in the pre-analytical and analytical conditions for
the assessment of leptin and PAI-1 and the biology of these proteins (e.g., circadian variation)
may have led to misclassification. We do acknowledge that potential measurement errors in
BMI, SNPs, leptin, and PAI-1, even if minor, could have led to misclassification.
Nevertheless, misclassification would be non-differential with regards to the outcome of
interest (i.e., VTE) as anthropometric measurements, blood sample handling and laboratory
analyses were carried out without the knowledge of future case-control status (i.e. VTE vs no
VTE) for all participants. In general, non-differential misclassification may lead to an
underestimation of true effects, biasing results towards the null hypothesis.?!4

5.1.2.3 Modifiable risk factors and regression-dilution bias

Except for prothrombotic SNPs, all other exposure variables were modifiable and susceptible
to change during the follow-up. In prospective studies with long follow-up times,
measurement of modifiable exposures at baseline may lead to an underestimation of the

strength of the real association, which is also called regression dilution bias.*®’

BMI is susceptible to both change over time and change with an advancing age. In
paper |, we addressed this issue by including BMI as a time-varying variable into the

analyses, as repeated measures of BMI were available for a considerable proportion of the
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population. Of note, HRs were only slightly different when comparing time-varying vs. time-
fixed analysis, which is in line with previous observations regarding BMI and VTE risk in the
Tromsg Study.??! In papers 111 and IV, which were based one single measurements of
biomarkers (i.e., leptin and PAI-1) and a follow-up time up to 13 years, we included analyses
that restricted the maximum time from blood sampling in Tromsg 4 to the VTE events, while
keeping all controls in the analyses. It was observed for both biomarkers that ORs for VTE
were higher with shortened time between blood sampling and VTE events, and this was
especially pronounced for PAI-1. We concluded that the association for the entire follow-up

time might have been underestimated due to regression dilution.

5.1.2.4 Confounding and mediation

Confounding is a central issue in epidemiological studies investigating causal associations. A
simple definition of confounding is the confusion of effects, which implies that the effect of
an exposure is mixed with the effect of another variable.?* This mixing of effects may change
estimates by strengthening, weaking, or reversing the direction of the association.?%® A
confounder must fulfill the following criteria: it must be associated with the exposure; it must
be associated with the outcome; and
it must not be in the causal path

Confounder

between the exposure and
outcome,?** as shown in Figure 9.
The determination of confounders

to be assessed in a study should be Exposure Outcome

done a priori based on the existing

literature and requires knowledge of ~ Figure - Graphical illustration ofa confounder

the disease pathophysiology. Of note, a variable which lies on the causal path between the
exposure and outcome is defined as a mediator. Adjusting for a mediator is wrong when the

total effect of the exposure on the outcome is the objective of the investigation.

Confounding may be addressed by several techniques implemented in the study design
such as randomization, restriction, and matching.?** Randomization is used in RCTs to
facilitate that confounders are randomly distributed between the exposed and unexposed
groups (e.g., the intervention and placebo groups). As defined by Rothman, restriction

describes a situation where all subjects are confined to a single value or narrow range of
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values of a particular factor that is recognized to be a potential confounder (e.g., a study
comprising only subjects with a BMI <30 kg/m?, because obesity is suspected to be a possible
confounder in the association between the exposure under investigation and the outcome).?%*
Matching is another technique to control for confounding, mainly used in case-control
studies, where controls are chosen based on the value of a potential confounding variable in
order to achieve an equal distribution of this variable between cases and controls. For
instance, one approach to perform matching in a case-control study is to obtain the age
distribution of cases and then select control subjects to replicate that age distribution (the so-
called “frequency matching”).2%* In observational studies, several methods can be employed
in the analytic phase, after study completion, to control for confounding. These methods
include stratification, standardization, and multivariable analyses in regression models. In the

papers included in this thesis, stratification and mainly multivariable techniques were used.

VTE was the outcome of interest in all papers and VTE incidence increases
exponentially with age.!®?® BMI may also change with age, making age a major confounder
in the relationship between obesity and VTE. In papers | and Il, Cox proportional hazard
regression models were used and adjustment for age was carried out by using age as a time
scale.??2 This was done since age is an important confounder and using age as the time scale is
therefore more meaningful than using time on study.??? In papers Il and IV, age was a
matching variable for cases and controls, and analyses were adjusted for the matching
variables. This adjustment was done because the matching process can make the controls
more similar to the cases not only for the matching factor but also for the exposure itself,
which may introduce bias that needs to be controlled for in the analysis, when unpaired
analyses are performed.??® Sex might confound the association between obesity and VTE, and
analyses were adjusted for sex, with the exception of paper Ill, where all analyses were
stratified by sex, as plasma levels of leptin are 2-3 times higher in women than in men.?242%
In paper 1V, chronic inflammation was considered to be a confounder, as it may induce PAI-1
expression 226227 and it is associated with VTE.8149 Therefore, analyses were adjusted for
CRP, as a proxy for inflammation. Despite careful consideration of potential confounders,
residual confounding due to unmeasured or unknown confounders cannot be excluded in any

observational study.

The aim of papers Il and IV was to unravel casual pathways in the pathophysiology
of obesity-related VTE. We aimed to detect mediators that are in the causal pathway between

obesity and VTE. For a variable to be considered a mediator it must be a consequence of the
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exposure and associated with
e the outcome (Figure 10). In
paper I11, we initially tested
whether leptin was associated
with VTE. After adjustment for

BMI, which was defined a

Exposure Outcome

priori as a major confounder,
Figure 10. Graphical illustration of a mediator no association was found
between leptin and risk of VTE.
It is worth noting, however, that the relationship between leptin and BMI is complex and
likely bidirectional. Leptin, as a satiety hormone, can influence body weight and
consequentially BMI,**2 while BMI in turn has an effect on circulating levels of leptin.??
Increasing adipose tissue is probably responsible for increased levels of leptin in obesity,
which might be related to a phenomenon called leptin resistance.!8! Due to this, we decided to
define BMI as a confounder for the association between leptin and VTE. When we tested
whether leptin could act as a mediator in the association between BMI and VTE, risk
estimates were only marginally changed upon including leptin in the regression models, and
no further formal mediation analysis to quantify a potential mediating effect was pursued. In
paper 1V, on the other hand, PAI-1 was associated with risk of VTE even after adjusting for
confounders, and a formal mediation analysis was conducted to evaluate the mediating effect

of PAI-1 on the relationship between BMI and VTE using the KHB method.

5.1.2.5 Biological interaction

Biological interactions are present when the combined effect of two exposures on a given
outcome exceeds the sum of their separate effects (i.e., more than additivity).?®® As elaborated
by Rothman, biological interactions should be measured on an additive scale.?® Measuring
interactions on an additive scale is also possible when the underlying model is on a
multiplicative scale (e.g., logistic regression and Cox regression), by using the RERI, the AP
and the S1.18 Interaction assessed on a multiplicative scale is commonly called statistical
interaction.? In paper I1, all interactions were presented in a transparent way to provide the

reader sufficient information to evaluate interaction on additive and multiplicative scales, as
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recommended by the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE).?®

Of note, interaction analyses have inherent statistical limitations since they require
division of the study population into smaller subgroups. This way, statistical tests of additivity
have limited power at typical study sizes, and the corresponding estimates of departures from
additivity may have little precision.?*® Although our interaction analyses lack statistical
significance, some of our results may still reveal biological significance for the combination
of genotypes and obesity because of the magnitude and direction of the point estimates of
measures of biological interaction. This would be the case for the interaction analysis of
obesity with factor V Leiden or with the high-risk category of the GRS for DVT, and the
interaction analysis of obesity with rs2036914 (F11) for unprovoked VTE. As highlighted in
several papers, emphasis should be focused on the size of the risk estimates, rather than the p-
value and whether the 95% CI crosses unity, when interpreting potential associations in

epidemiological studies.?30-2%2

5.1.2.6 Missing data

Missing data is a common phenomenon in epidemiological studies and clinical research,
which is defined as missingness of values for variables of interest, not recoded for every
participant.?3® Missing data is categorized in three categories: missing completely at random
(MCAR), missing at random (MAR), and missing not at random (MNAR).%2 Data is
considered to be MCAR if the probability of missingness is independent of observed and
unobserved variables for that subject. As an example, if a blood sample is damaged on the
way to the laboratory, the cause of missingness would be completely at random. In this case,
the subsample of all subjects with complete data is representative of the overall sample. MAR
means that if after accounting for all observed variables, the probability of missingness is
independent of all unobserved variables. This would be the case, for example, if
measurements of human choriogonadotropin in women were dependent of age, thus
missingness is dependent on an observed variable (i.e., age). MNAR occurs when even after
accounting for observed variables, missingness is dependent on the value of the missing
variable (e.g., reporting income in surveys is dependent on the income of the subject). A
common approach to deal with MCAR and MAR data is the complete case analysis, which
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was also applied in the present thesis. Another possibility, if the number of missingness is of
concern, would be the use of imputation methods.

Missingness of information on BMI was of minor concern, as it was low in all studies
(<1%). In papers I11 and 1V, the number of missing measurements of leptin and PAI-1,
respectively, was somewhat high, particularly for PAI-1. An explanation for missingness is
that blood samples from the nested case-control study were used to measure several biological
variables, not only leptin and PAI-1 antigens. Thus, some participants did not have enough
remaining plasma for laboratory analyses. Additionally, some samples were hemolyzed,
which precluded further laboratory analysis. Nevertheless, the proportion of missing samples
was similar in cases and controls, and the reason for missingness was not related to the VTE
status. Additionally, missingness was not associated with any specific baseline characteristic
or comorbidity of the study participants. Thus, the missing data on leptin and PAI-1 was
presumably MCAR and a complete case analysis likely produced valid estimates, albeit with
reduced precision.

5.2 Discussion of main results

5.2.1 Risk of VTE attributable to overweight and obesity

Obesity is a well-known, likely causal risk factor for VTE.!"1° Still to what extent overweight
and obesity contribute to incident VTE in the general population had been scarcely
investigated prior to this thesis. In paper I, it was observed that overweight and obesity
accounted for almost 25% of all incident VTE events in the general adult population.
Subgroup analyses yielded essentially similar results to the overall analyses, irrespective of
the anatomical location of the thrombus (i.e., DVT or PE), presence of provoking factors, sex
and age group (below or above 70 years), with PAF estimates ranging from 21% to 29%.
Results from paper | demonstrate that overweight and obesity are major contributors to the
VTE burden in the general population. From a public health perspective, these findings
suggest that strategies pursuing an effective mitigation of the obesity epidemic as well as
targeted interventions aimed to reduce the thrombosis risk in overweight and obese subjects

have the potential to substantially lower the incidence of VTE at the population level.
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In a previous study, the PAF of overweight and obesity for VTE was assessed in a
Swedish cohort, where 12.4% of the VTE cases were attributed to a BMI >25 kg/m?.2%® The
estimate is lower compared with the PAF reported in paper | (~25%) but some reasons might
explain this difference. The PAF is calculated based on risk estimates and the prevalence of
the exposure, and consequently inaccuracy or underestimation of these estimates will
influence the accuracy of the PAF. In the Swedish cohort, height and weight used to calculate
BMI were self-reported and the diagnosis of VTE was based on the International

Classification of Diseases codes,?®

which could have resulted in some degree of
misclassification of both exposure and outcome. Further, estimates were based on a single
baseline assessment of anthropometrics in 1997.2° Given that BMI is a modifiable exposure,
intra-individual change of BMI over time among participants of the Swedish cohort could
have introduced regression dilution, which can lead to an underestimation of the results
compared with the true associations.!®” In the present study, height and weight were
objectively assessed at each physical examination, and all VTEs were thoroughly identified
and validated. Further, we sought to mitigate regression dilution bias by taking repeated
measurements of BMI into account. Moreover, because our cohort study is composed of
several surveys conducted over time (1994/95-2015/16), we were able to account for the
rising prevalence of overweight and obesity in the last two decades when calculating the PAF.
For instance, data from the Tromsg study showed that the age-adjusted prevalence of obesity
increased from about 11% in 1994/95 to 24% in 2015/16.2342% Sych data is consistent with
estimates from the WHO that indicate that almost one quarter (23%) of adults in the European

Region were obese in 2016.1®

It is worth noting that regardless of advancing age, sex or presence of VTE provoking
factors, an excess of total body fat seems to contribute to at least 20% of the incident VTE
events occurring in the general population. Hence, it is reasonable to assume that the
promotion of a healthy lifestyle to fight the obesity epidemic could lower the incidence of
VTE in the general population. While population-based strategies to improve lifestyle have
contributed to an important decline in smoking in several countries in recent decades,?3¢-2%
current population strategies have not been successful in reversing the obesity epidemic.82%
Obesity is recognized to have a chronic, relapsing and multicausal nature.°® Even though
weight loss is achievable by most lifestyle and dietary interventions, long-term maintenance
of lost weight is challenging and weight regain is typical.2%#1% For instance, a meta-analysis

comprising 29 studies on long-term weight loss showed that more than 50% of the lost weight
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was regained in an individual within 2 years, and by 5 years, the proportion of lost weight that

was regained was approximately 80%.1%

Interestingly, the PAF of provoked VTE (21%) was slightly lower when compared
with the estimate of unprovoked VTE (29%). These findings can be interpreted using the
thrombosis potential model conceived by Rosendaal.® In this model, each risk factor
contributes to increase the thrombosis potential of an individual, and when sufficient risk
factors have been accumulated in a patient, the thrombosis potential exceeds the so-called
thrombosis threshold, and an event occurs.®? In this study, some of the provoking factors used
to categorize an event as provoked are strong risk factors for VTE, including major surgery
and active cancer,'® which occurred in almost 15% and 25% of the events in our study,
respectively. In the presence of these strong factors, the thrombosis potential would more
likely exceed the thrombosis threshold leading to an incident VTE in both normal weight and
overweight/obese subjects, which might explain why the proportion of thrombotic events due
to an excess of total body fat was lower for provoked as compared with unprovoked VTE.
Our estimate that 29% of the unprovoked VTESs were attributed to overweight and obesity
was similar to the estimate of 33% reported in a population-based cohort study from Olmsted
County in the USA.%

As demonstrated in paper I, excess of total body fat is an important contributor to
incident VTE. Still, despite using repeated measures of BMI for a substantial proportion of
the study population, we may have underestimated the contribution of an excess of total body
fat to VTE risk because of the marked increase in the prevalence of overweight and obesity in
recent years.?® According to the World Obesity Federation, by 2030, it is predicted that 1 in 5
women and 1 in 7 men will be living with obesity, corresponding to over 1 billion people
globally.?® Due to this, it likely that the proportion of VTE cases attributable to above normal
body weight (i.e., BMI > 25 kg/m?) will increase further in the coming years. As stated above,
a global reduction of the prevalence of overweight and obesity seems unlikely, and it is
therefore crucial to understand the underpinnings of the pathophysiological mechanisms of
obesity-related VTE. This may reveal novel biomarkers for the identification of overweight
and obese individuals at a substantially high risk of VTE who would benefit most from VTE
preventive strategies. Further, unraveling the pathophysiology may help identify targetable
pathways for intervention aimed to reduce the risk of VTE among overweight and obese
people.

52



5.2.2 Joint effect of multiple prothrombotic genotypes and obesity on VTE risk

Paper Il was set out to investigate the combined effect of overweight or obesity and multiple
prothrombotic genotypes on VTE risk. Whether and to what extent the combination of
overweight or obesity with multiple established prothrombotic SNPs affects the VTE risk in
the general population was uncertain prior to this thesis. The rationale behind this study was
to detect individuals at especially high-risk of VTE, who would potentially benefit from
targeted interventions, and to improve our understanding of obesity-related VTE mechanisms.
We found that the combination of obesity and individual prothrombotic SNPs had an additive
effect on the risk of overall VTE, as the risk in the combined category approximated the sum
of the separate effects of the two exposures (i.e., no biological interaction). This contrasts
with previous studies as the presence of genetic variants associated with a prothrombotic
state, such as FVL, prothrombin G20210A, and non-O blood group in obesity, has been

suggested to synergistically increase the risk of VTE because of biological interaction,10%11%-
121

Previous studies investigating individual SNPs include the Multiple Environmental
and Genetic Assessment of risk factors for venous thrombosis (MEGA) case-control study
and a case-cohort derived from the Danish Diet, Cancer and Health study.'®%° It was found
that the combination of obesity with FVL or prothrombin G20210A resulted in a VTE risk
that was higher than the sum of the separate effects.1%1° Several reasons may account for the
distinct findings between paper Il and the previous reports. In the MEGA and Danish studies,
the population was mostly comprised of subjects younger than 70 years at study inclusion,
who would have a lower baseline risk and presumably less comorbidities associated with risk
of VTE, which could result in higher relative effects of prothrombotic genotypes and obesity.
In the MEGA and Danish studies, the combination of FVL and obesity resulted in a 7.86-fold
(95% C1 4.70-13.15) and in a 5.27-fold (95% CI 2.74-10.14) increased risk of VTE,
respectively.1%11° These risk estimates are somewhat higher than the HR of 3.30 (95% CI
2.42-4.50) observed in paper I1. Of note, investigating interactions in epidemiological studies
comes with the drawback of low precision, which is indicated by the wide 95% Cls,

especially noted in the MEGA and Danish studies.

Further, two studies, conducted by Crous-Bou et al.?*% and Kim et al.,*?? evaluated
interaction between obesity and multiple SNPs with regards to VTE risk. In both studies, no

interaction on a multiplicative scale was detected,?2240 but Kim et al. reported interaction on
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an additive scale for the combination of a high GRS and a high BM1.122 The authors
conceived their nested case-control studies using the same cohorts consisting of health care
professionals. In these studies, the exposure (BMI) and the outcome (incident VTE) were self-
reported in questionnaires, and a weighted GRS was built using 16 SNPs associated with VTE
in genome-wide association studies.'?224% Only FVL and prothrombin G20210A overlapped
with the SNPs included in our genetic score, and not all the SNPs were related to hemostatic
factor genes. Differences in study population, the way information was collected, and
analyses conducted could explain conflicting results. Taken together, results from paper Il
suggest that the combination of obesity and prothrombotic genotypes has an additive effect on
VTE risk.

It is worth noting, however, that when subgroup analysis was conducted, it was
observed that obesity in combination with the SNPs in F5 (FVL), ABO (non-O blood group),
or F11 or with the high-risk category of the GRS (i.c., > 4 alleles) had a stronger impact on
the risk of DVT and unprovoked VTE than on the risk of PE and provoked VTE. Measures of
biological interaction suggested that the combination of obesity and some of the
prothrombotic genotypes had a slight supra-additive effect on the risk of DVT (obesity plus
FVL or non-O blood group) and unprovoked VTE (obesity plus rs2036914 in F11). These
specific interactions might provide some mechanistical insights, as a potential synergism
between obesity, FVL, and non-O blood groups could be explained by a common pathway
associated with a prothrombotic state, namely APC resistance.’?120.154241 Of note, individuals
with non-O blood group have higher levels of factor VIII than individuals with O blood
group, and factor V111 in known to increase APC resistance.'?224! A synergism between
obesity and rs2036914 in F11 is also biologically plausible, since both obesity and rs2036914
were reported to be associated with factor XI levels.”>52 It is important to address that a
substantial proportion of VTE cases in our study were provoked events (56%) and PE (41%),
which may help explain why the analyses of the overall population did not reveal any
consistent finding of biological interaction between obesity and prothrombotic genotypes. In
summary, our subgroup analyses suggest that obese individuals who are carriers of some
prothrombotic SNPs may be at a particularly high risk of developing DVT or unprovoked

events.
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5.2.3 Mediators of VTE risk in obesity

Papers 11l and 1V aimed to investigate potential mediators on the casual path between obesity
and VTE in order to expand our understanding of the pathophysiology of obesity-related
VTE.

In paper 111, we found that the adipokine leptin was associated with VTE risk,
particularly in men. However, when BMI was taken into account, the apparent association
disappeared. Further, when leptin was introduced in the regression models as a potential
mediator for the association between obesity and VTE, the risk estimates were only
marginally affected in both sexes, suggesting no mediating effect. This was somewhat
surprising as previous findings based on in vitro studies speculated that leptin could play a
role in obesity related-VTE. Several in vitro studies have investigated the effect of leptin on
platelet activation parameters 18 and on the expression of key hemostatic factors for
coagulation and fibrinolysis.! 78180242243 |n huyman peripheral mononuclear cells, leptin was
shown to induce TF activity, antigen and mRNA expression,'’817 as well as the release of
TF-bearing microparticles. 242 Interestingly, Ayer et al. 23 demonstrated that the upregulation
of TF activity in mononuclear cells was only achieved at supra-physiological concentrations
of leptin, such as those used in the aforementioned studies,'’179242 put not at the lower
concentrations generally observed in obese subjects. Thus, in vitro findings may not reflect

the ability of physiological levels of leptin to upregulate TF expression in vivo.

Moreover, leptin was implicated in the upregulation of PAI-1 mRNA and protein
expression in human coronary endothelial cells.*® However, this is in contrast with findings
in leptin-deficient ob/ob mice, which were characterized by high levels of PAI-124* and with
an in vitro study, where leptin was reported to have no effect on PAI-1 secretion from human
adipocytes.?*® In experimental studies, leptin was also assessed in a mouse model of venous
thrombosis, in which PE was induced by the injection of collagen and epinephrine (well-
known agonists of platelet activation) into the jugular vein.?*® The authors found that prior
administration of leptin-neutralizing antibodies was associated with improved survival and
reduced number of occlusive thrombi in the pulmonary vessels. However, since thrombosis is
essentially driven by platelet activation in this model, it poorly resembles the mechanism of
venous thrombus formation in humans, which frequently occurs in the presence of stasis and

absence of endothelial injury.?*
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In previous epidemiological studies, involving a small number of participants,
circulating leptin levels have been reported to be associated with a broad range of hemostatic
factors, such as platelet activation parameters, and procoagulant and fibrinolytic factors.?48-251
In two larger studies (the British Regional Heart Study and the Netherlands Epidemiology of
Obesity Study), leptin levels were associated with several hemostatic factors, including
fibrinogen, factor VII1, factor 1X, von Willebrand factor, tissue plasminogen activator and D-
dimer, even after adjustment for measures of body fat.?5>2> However, a main limitation of the
above mentioned studies®*®-252 js that they are not designed to reveal the direction of the
associations given their cross-sectional nature, which precludes any inference on potential
causality owing to the undetermined temporal sequence between exposure (i.e., leptin) and
outcome (i.e., hemostatic factors). Finally, the association between leptin and venous disease
was investigated in few epidemiological studies, which suggested a potential role of leptin in
DVT after knee arthroplasty, peripheral chronic venous disease, and post-thrombotic
syndrome,2>4-2%

In light of our findings, the association of leptin with hemostatic factors reported in
vitro 178180242243 and in epidemiological studies 2433 does not seem to be clinically relevant
for the underlying pathophysiology of VTE in obese, and interventions aimed at targeting
leptin would unlikely impact the incidence of obesity-related VTE.

In paper 1V, PAI-1 was investigated as a potential mediator of VTE risk in obesity. In
this paper, we found that the risk of future VTE increased in a dose-dependent manner with
increasing plasma levels of PAI-1, even after adjustment for BMI and CRP, a reliable and
sensitive downstream marker of inflammation. Several studies, often with limited sample
sizes, have provided inconclusive results on the association between PAI-1 and VTE over the
last decades.?>"-2%° It is worth noting that the findings from two large population-based studies
were also conflicting.*%6261 In the Longitudinal Investigation of Thromboembolism Etiology
(LITE) study, a nested case-control study comprising 308 VTE patients and 640 controls,
Folsom et al. found no association between PAI-1 antigen levels and risk of future VTE,?!
contrasting our findings. However, the cohorts that served as the source population for the
LITE study were composed of middle-aged and old individuals at baseline,?* which could
limit the comparability with our study. In the MEGA study, a case control-study involving
770 VTE patients and 743 controls, Meltzer et al. showed that high plasma levels of PAI-1

were associated with increased risk of VTE.1® The association remained, albeit attenuated,
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after additional adjustment for BMI and markers of inflammation, which is in line with our

results.

We found that PAI-1 mediated almost 15% of the VTE risk in obesity, which was
largely independent of chronic low-grade inflammation, reflected by CRP levels. Although
the mediating effect was somehow modest, PAI-1 could be a potential target for intervention
to decrease the risk of VTE in obese subjects. The relevance of PAI-1 in the pathogenesis of
venous thrombosis was highlighted by a murine model of DVT, in which increased
expression levels of PAI-1 were associated with larger thrombus size and impaired thrombus
resolution.®® Targeting PAI-1 in order to reduce VTE risk in obesity might be suitable as PAI-
1 seems to be predominantly regulated by environmental factors.252263 |t was shown that
angiotensin 11, glucose, and insulin may induce the expression of PAI-1.227 227 |n
interventional studies, treatment with angiotensin-converting enzyme inhibitors or with oral
hypoglycemic medications was associated with decreased PAI-1 levels.?27264257 Notably,
many efforts have been devoted to develop drugs that can modulate PAI-1 activity, the so-
called PAI-1 inhibitors.?®® Several of these inhibitors, including low molecular weight
molecules, peptides, monoclonal antibodies and antibody fragments, have been extensively
characterized in experimental studies.??”?%® In view of the novel insights into PAI-1 biology,
it may be speculated that targeting PAI-1 with inhibitors or indirectly via regulatory pathways
(e.g. by the use of angiotensin-converting enzyme inhibitors or oral hypoglycemic agents)

could emerge as promising therapeutic options to reduce the VTE risk in obesity.
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6 Conclusions

In the general population, almost 25% of all incident VTE cases were attributed to
overweight and obesity. Given the likely causal relationship between obesity and
VTE, the rising prevalence of overweight and obesity may substantially contribute to

the incidence of VTE in the coming years.

The combination of obesity and established prothrombotic genotypes, evaluated either
as individual SNPs or as a GRS, had an additive effect on the risk of overall VTE.
However, such combination may have a supra-additive effect on the risk of DVT and
unprovoked VTE.

The apparent association between plasma leptin levels and VTE risk is confounded by
BMI and leptin does not mediate the VTE risk in obese. These findings suggest that
the effect of leptin on prothrombotic hemostatic factors reported in vitro is not

clinically relevant for the mediation of VTE risk in obesity.

Elevated PAI-1 levels, the main inhibitor of fibrinolysis, were associated with
increased risk of future incident VTE and mediated almost 15% of the VTE risk in
obesity in our study. Targeting PAI-1 may emerge as a promising therapeutic
approach in obesity-related VTE.
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7 Future perspectives

The aim of this thesis was to expand our knowledge concerning obesity-related VTE. We
showed that one of four VTES in the general population are attributable to overweight and
obesity. Nevertheless, due to the increasing prevalence of overweight and obesity, we would
expect this proportion to increase even further in the future, which may be evaluated in future

studies to guide public health authorities.

We could not detect a synergism between obesity and established prothrombotic
genotypes. Future research should aim to investigate the interaction between obesity and other
genetic and environmental factors using large prospective population-based studies. Findings
from these studies may facilitate the identification of overweight and obese individuals at a
substantially high risk of VTE who would benefit most from public health interventions for

disease prevention.

We identified PAI-1 as a mediator of VTE risk in obesity. PAI-1 might be a promising
candidate to be investigated in future studies, especially because PAI-1 inhibitors have been
extensively explored in experimental studies and even tested in some clinical trials, yet for
conditions other than obesity and VTE.??” Nevertheless, the search for other mediators has to
be pursued in the coming years as only a small proportion of the VTE risk in obesity seems to
be explained by specific mediators. Investigating single plasma proteins, as we did in this
thesis, may not be the most efficient way to detect further causal biomarkers or pathways in
obesity-related VTE and the use of somewhat “wide-spectrum” techniques such as
proteomics, transcriptomics or metabolomics may assist in improving efficiency by which

new mediators can be detected in the future.

Even though we could shed some light on obesity-related VTE mechanism, much is

still unknow and obesity remains a major and challenging risk factor for VTE.
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1 | INTRODUCTION

Venous thromboembolism (VTE), an umbrella term for deep vein
thrombosis (DVT) and pulmonary embolism (PE), is a common dis-
ease affecting 1 to 2 per 1000 individuals each year.! Obesity, de-
fined as a body mass index (BMI) 230 kg/m?,? is a major risk factor
for VTE,3* contributing to a considerable burden of this disease
in the general population.® Moreover, in Mendelian randomiza-
tion studies, genetically elevated BMI is associated with a higher
risk of VTE, implying a causal relationship.®”® Despite the well-
established association between obesity and VTE in epidemiologi-
cal studies, the underpinnings of the biology of VTE risk in obesity
remain poorly understood.

Chronic low-grade inflammation and attenuated fibrinolysis

are commonly observed in obesity, %2

potentially reflecting, at
least in part, an altered adipose tissue expression of cytokines,
hormones, and bioactive molecules, collectively termed adi-
pokines.!? One of the adipokines frequently elevated in obesity
is plasminogen activator inhibitor-1 (PAI—1),1°'11 a member of the
serine protease inhibitor (serpin) superfamily and the primary
regulator of ﬁbrinolysis.13 By inhibiting plasma tissue plasmino-
gen activator, PAI-1 downregulates the conversion of plasmino-
gen to plasmin, and consequently the breakdown of fibrin clots.
In addition to adipose tissue, where PAI-1 has been shown to be

11,14,15

expressed by adipocytes and stromal cells, several other

sources may contribute to circulating PAI-1, including the liver,
vascular endothelium, and platelets.“'“"17

As the main inhibitor of fibrinolysis, PAI-1 may presumably play
a role in the pathogenesis of VTE and, in particular, obesity-related
VTE. However, studies on the association between plasma PAI-1
and risk of VTE have yielded conflicting results, including two large
population-based studies.'®® These inconsistencies could be due
to limited statistical power of some studies, differences in study de-
sign and clinical characteristics of participants, poor harmonization
between PAI-1 assays, and the biology of PAI-1. For instance, as a
positive acute phase protein, PAI-1 levels can be affected by a vari-
ety of conditions associated with an inflammatory state,*¢** which
may be especially challenging to deal with in case-control studies as
it may induce reverse causation. Given that attenuated fibrinolysis
is considered an important feature in obesity,'? clarification of the
role of PAI-1 as a risk factor for VTE may provide novel insights into
biological pathways that could serve as potential targets for VTE
prevention in obese subjects.

In the present study, we hypothesized that plasma PAI-1 levels
could, at least in part, mediate the risk of VTE in obese subjects.
We therefore used data from a nested case-control study derived
from the general population, with the aims (1) to investigate whether
plasma PAI-1 levels were associated with risk of future incident VTE,
and (2) to assess whether and to what extent PAI-1 could mediate
the VTE risk in obesity.

Essentials

e The link of plasminogen activator inhibitor-1 (PAI-1) with
venous thromboembolism (VTE) is unclear.

e We examined the association of PAI-1 with VTE and its
potential to mediate the VTE risk in obesity.

e In a nested case-control study, PAI-1 was dose-
dependently associated with VTE risk.

e PAI-1 mediated almost 15% of the VTE risk in obesity
and may play a role in obesity-related VTE.

2 | METHODS

2.1 | Study population and study design

The source population for our nested case-control study was the
Tromsg Study, a single-center, population-based cohort with re-
peated health surveys of inhabitants of Tromsg, Norway.?> In 1994-
1995, all inhabitants of the municipality of Tromsg aged 225 years
were invited to take part in the fourth survey (Tromsg 4) and 77%
(n = 27,158) participated. The participants were followed from the
date of inclusion until incident VTE, migration, death, or end of fol-
low-up (September 1, 2007). All incident VTE events occurring dur-
ing follow-up (1994-2007) were identified by searching the hospital
discharge registry, the autopsy registry, and the radiology procedure
registry of the University Hospital of North Norway (UNN), which
is the only hospital providing diagnostic radiology and treatment
for VTE in the region. Each potential VTE case was reviewed and
recorded by trained personnel, as previously described in detail.?®
Briefly, the identification and adjudication process of VTEs included
clinical signs and symptoms of DVT or PE, objective confirmation
by radiological procedures, and treatment initiation. The VTE events
were classified as provoked if one or more of the following provok-
ing factors were present: surgery, trauma, or acute medical condi-
tion (acute myocardial infarction, acute ischemic stroke, and acute
infections) within 8 weeks before 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).

During the follow-up period (1994-2007), 462 individuals expe-
rienced a VTE event. We established a nested case-control study
for the assessment of PAI-1 from blood samples collected at cohort
baseline. In the design of a nested case control, the temporal se-
quence between exposure and outcome is preserved, allowing the
investigation of biological variables as precursors of diseases. For

each case, two age- and sex-matched controls, alive at the index date
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of the VTE event, were randomly sampled from the source cohort
(n = 924), as previously described.?”?® Seventy-nine cases and 142
controls were excluded from the analyses because plasma samples
were not available (64 cases and 113 controls) or were of inade-
quate quality due to hemolysis (15 cases and 29 controls). Thus, the
final study population comprised 383 VTE cases and 782 controls
(Figure 1). The regional committee for medical and health research
ethics approved the study, and all participants provided written

consent.

2.2 | Baseline measurements

Baseline information was collected by physical examination, ques-
tionnaires, and blood samples. The height (to the nearest centim-
eter) and weight (to the nearest 0.5 kilograms) were measured with
subjects wearing light clothing and no shoes. BMI was calculated
as weight in kilogram per square of height in meters (kg/m?). Self-
administered questionnaires were used to obtain history on arterial
cardiovascular disease (CVD; i.e., angina pectoris, stroke, and myo-

cardial infarction) and cancer.

2.3 | Blood sampling and storage of blood products
At inclusion in Tromsg 4 (1994/1995), non-fasting blood was col-
lected from an antecubital vein into 5-ml vacutainers (Becton
Dickinson) containing ethylenediaminetetraacetic acid (K3-EDTA
40 pl, 0.37 mol/L per tube), as previously described.?”?® Platelet-
poor plasma was prepared by centrifugation at 3000 g for 10 min at
room temperature, after which the supernatant was transferred into
cryovials (Greiner Labortechnik) in 1-ml aliquots and stored at -80°C

until further use.

Tromsg 4
1994-1995
27,158 participants
aged > 25 years

I
' }

Age- and sex-
VTE cases g
=462 matched controls
n=924
Exclusion Exclusion
Plasma samples Plasma samples

not available or of not available or of
inadequate quality inadequate quality

n=79 n=142

Controls in the
final analyses
n=782

VTE cases in the
final analyses
n =383

FIGURE 1 Flowchart of the study population. The flowchart
illustrates the nested case-control study derived from the
fourth survey of the Tromsg study (1994-1995). VTE, venous
thromboembolism

jth-l2
2.4 | Measurements of plasma levels of PAI-1 and
C-reactive protein

Measurement of PAI-1 and C-reactive protein (CRP) was performed
at the Research Institute of Internal Medicine at Oslo University
Hospital, Rikshospitalet. Plasma samples were thawed in a water
bath at 37°C for 5 min, followed by centrifugation for 2 min at
13,500 g to obtain platelet-free plasma. Plasma PAI-1 antigen lev-
els were measured in duplicate by enzyme-immunoassay (EIA) with
matched antibodies from R&D Systems designed to detect PAI-1 in
its active and latent forms but not in complex with tissue plasmino-
gen activator. EIA was performed in a 384-format using a combi-
nation of a SELMA (Jena) pipetting robot and a BioTek dispenser/
washer. Absorption was read at 450 nm with wavelength correction
set to 540 nm using an ELISA plate reader (Bio-Rad). PAI-1 intra- and
inter-assay coefficients of variation were <10%. CRP was measured
by high-sensitivity CRP (hsCRP) using EIA, as previously described.?®

2.5 | Statistical analysis

Statistical analysis was carried out with Stata (version 16; Stata
Corporation) and R version 4.0.5 (The R Foundation for Statistical
Computing). Plasma PAI-1 was categorized according to tertile cut-
offs in the control population. Means (+standard deviation), medians
(25th-75th percentiles), and proportions of baseline characteristics
across tertiles of PAI-1 were calculated using descriptive statistics.

Unconditional logistic regression models were used to estimate
odds ratios (ORs) with 95% confidence intervals (Cls) for VTE ac-
cording to tertiles of PAI-1 levels, with the lowest tertile serving as
the reference group. The association between plasma PAI-1 levels
and VTE was adjusted for age and sex in model 1 to take into ac-
count the matching variables,29 for age, sex, and BMI in model 2,
with the addition of CRP to model 3. Adjustment for BMI was carried
out due to the association of obesity with both plasma PAI-1 lev-
els'® and VTE,>* making it an important potential confounder for
the association between PAI-1 and VTE. Analyses were additionally
adjusted for CRP because inflammation, as reflected by CRP levels,
is reported to be associated with PAI-1 levels'®?* and VTE.3%3! p
values for linear trend across increasing tertiles of PAI-1 levels were
estimated.

Subgroup analyses were conducted according to the presence of
provoking factors (i.e., provoked and unprovoked VTE events) and
VTE location (i.e., DVT and PE + DVT). For sensitivity purposes, we
evaluated the association between PAI-1 levels and overall VTE after
excluding subjects with self-reported history of arterial CVD or can-
cer at the baseline.

As the follow-up time in the source cohort was long, the results
based on baseline PAI-1 measurements could be influenced by re-
gression dilution bias.3? To investigate this, we performed analyses
for overall VTE that restricted the maximum time from blood sam-
pling in Tromsg 4 to the VTE events, while keeping all controls in the
analyses. The logistic regression analyses on time restrictions were
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set to require at least 10 VTE events, and ORs for highest versus
lowest tertile were estimated at every time point a new VTE event
occurred and were plotted as a function of this maximum time, with
adjustment for age, sex, BMI, and CRP.

Next, we investigated whether PAI-1 could mediate the associa-
tion between obesity and VTE. For this purpose, we estimated ORs
with 95% Cls for overall VTE across clinical cut-offs of BMI estab-
lished by the World Health Organization.? Overweight was defined
as a BMI 25-30 kg/m? and obesity as a BMI =30 kg/m?. Model 1
was adjusted for age and sex, with the addition of PAI-1, the medi-
ator under investigation, to model 2. To further quantify the poten-
tial mediating effect of PAI-1, the Karlson, Holm, and Breen (KHB)
method was applied.®® The KHB method can be used for mediation
analysis in nonlinear models, allowing the decomposition of the total
effect of the exposure on the outcome into direct and indirect (i.e.,
mediating) effects.®® The mediation analysis was performed with
obesity as the exposure, overall VTE as the outcome, and PAI-1 as
the mediator, with a stepwise adjustment for age and sex (model 1),
and for CRP (model 2). We used bootstrapping with 10,000 resam-
ples to calculate the 95% Cls for mediation percentages estimated
by the KHB method.

3 | RESULTS

The distribution of baseline characteristics of the study participants
across tertiles of plasma PAI-1 antigen levels is shown in Table 1.
As expected, the mean BMI increased across tertiles of PAI-1 from
25.4 + 3.9 kg/m? in the lowest tertile to 27.4 + 4.6 kg/m? in the
highest tertile. The mean age, median plasma levels of CRP, and
the proportion of subjects with arterial CVD also increased across
PAI-1 tertiles. The characteristics of the VTE events are described

in Table 2. The mean age at the time of the VTE occurrence was

TABLE 1 Baseline characteristics according to tertiles of plasma
levels of plasminogen activator inhibitor-1 (PAI-1)

Tertiles of

PAI-1 <4.08 ng/ml 4.08-7.45 ng/ml 27.45 ng/ml

n 356 380 429

Sex (male) 42.7 (152) 50.3 (191) 48.7 (209)

Age (year) 59 + 14 60 + 14 62 +13

BMI (kg/m?)  25.4+3.9 261 +39 274+4.6
hsCRP (mg/L) 0.92(0.50-1.81) 1.14(0.67-2.34) 1.85(0.95-3.29)
cvD? 10.4 (37) 17.4 (66) 18.4(79)
Cancer® 4.8 (17) 4.2 (16) 4.4(19)

Note: Continuous variables are shown as mean (+standard deviation)
or median (25th percentile-75th percentile). Categorical variables are
shown as percentages with numbers in brackets.

Abbreviations: BMI, body mass index; CVD, cardiovascular disease;
hsCRP, high-sensitivity C-reactive protein.

2Self-reported history of cardiovascular disease (myocardial infarction,
angina pectoris, stroke).

bSelf-reported history of cancer.

68 years, 48.8% were men, and most of the events were DVTs
(63.4%) and provoked VTEs (59.0%).

The risk of overall VTE and subgroups (i.e., provoked and un-
provoked VTE events, DVT, and PE) according to tertiles of plasma
PAI-1 levels is shown in Table 3. The OR for overall VTE increased
in a dose-response manner across tertiles of plasma PAI-1 levels in
the age- and sex-adjusted model (P for trend <.001). Subjects with
PAI-1 levels in the highest tertile (27.45 ng/ml) had an OR for VTE
of 1.73 (95% Cl 1.27-2.35) compared with those with PAI-1 in the
lowest tertile (<4.08 ng/ml). The association was slightly attenuated
after further adjustment for BMI (OR 1.59, 95% Cl 1.16-2.17) and
CRP (OR 1.54, 95% Cl 1.13-2.11).

A dose-response relationship between plasma PAI-1 levels and
thrombosis risk was also observed in all VTE subgroups (Table 3). The
ORs for the highest versus lowest tertile were 1.71 (95% Cl 1.18-
2.47) for provoked VTE, 1.75 (95% ClI 1.13-2.71) for unprovoked
VTE, 1.75 (95% Cl 1.22-2.51) for DVT, and 1.69 (95% CI 1.08-2.64)
for PE in the age- and sex- adjusted models. As for overall VTE, risk
estimates were marginally attenuated with additional adjustment for
BMI and CRP. The sensitivity analysis, excluding participants with
arterial CVD or cancer at baseline, yielded essentially similar results
as the main analyses (Tables S1 and S2 in supporting information).

To consider the possibility of underestimating the true associa-
tion due to regression dilution bias, the ORs for overall VTE (high-
est vs. lowest tertile of PAI-1) were calculated as a function of time
between blood sampling and VTE events (Figure 2). Although the
ORs for VTE were considerably higher with shortened time between
blood sampling and VTE events, risk estimates remained significant
even in the long term of the follow-up period of almost 13 years.

The risk of overall VTE according to categories of BMI is shown
in Table 4. The OR for VTE was 1.92 (95% Cl 1.34-2.75) in subjects
with a BMI 230 kg/m? compared to those with a BMI <25 kg/m? in
the age- and sex-adjusted model. In a mediation analysis, with ad-
dition of PAI-1 to the regression model, the OR was attenuated to
1.73 (95% Cl 1.20-2.49). Further, the KHB method estimated that
16.8% (95% Cl 5.6%-45.1%) of the association between obesity and

TABLE 2 Characteristics of VTE events (n = 383)

Characteristics Value
Age at VTE (years), mean + SD 68 + 14
Sex (males), % (n) 48.8 (187)
Deep vein thrombosis, % (n) 63.4 (243)
Pulmonary embolism, % (n) 36.6 (140)
Unprovoked VTE, % (n) 41.0(157)
Provoked VTE, % (n) 59.0 (226)
Surgery/trauma, % (n) 22.5(86)
Acute medical condition, % (n) 15.4 (59)
Cancer, % (n) 22.7 (87)
Immobilization, % (n) 18.8 (72)
Other factors, % (n) 4.4 (17)

Abbreviation: SD, standard deviation; VTE, venous thromboembolism.
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TABLE 3 Odds ratios (ORs) with 95% confidence intervals (Cls) for overall venous thromboembolism (VTE) and subgroups according to

tertiles of plasma plasminogen activator inhibitor-1 (PAI-1) levels

Tertiles of PAI-1 Controls Cases

Overall VTE
<4.08 ng/ml 260 96
4.08-7.45 ng/ml 261 119
27.45 ng/ml 261 168
P for trend

Provoked VTE
<4.08 ng/ml 260 58
4.08-7.45 ng/ml 261 67
>7.45 ng/ml 261 101
P for trend

Unprovoked VTE
<4.08 ng/ml 260 38
4.08-7.45 ng/ml 261 52
27.45 ng/ml 261 67
P for trend

Deep vein thrombosis
<4.08 ng/ml 260 60
4.08-7.45 ng/ml 261 78
>7.45 ng/ml 261 105
P for trend

Pulmonary embolism
<4.08 ng/ml 260 36
4.08-7.45 ng/ml 261 41
27.45 ng/ml 261 63

P for trend

Model 1
OR (95% Cl)

1 (reference)
1.23(0.89-1.69)
1.73(1.27-2.35)
<.001

1 (reference)
1.14 (0.77-1.69)
1.71(1.18-2.47)
.003

1 (reference)
1.35(0.86-2.13)
1.75(1.13-2.71)
.01

1 (reference)
1.30(0.89-1.90)
1.75(1.22-2.51)
.002

1 (reference)
1.11(0.69-1.80)
1.69 (1.08-2.64)
.02

Model 2
OR (95% Cl)

1 (reference)
1.18(0.86-1.63)
1.59(1.16-2.17)
.003

1 (reference)
1.10 (0.74-1.64)
1.60(1.10-2.33)
.01

1 (reference)
1.30(0.82-2.05)
1.55(0.99-2.42)
.056

1 (reference)
1.26 (0.86-1.84)
1.63(1.13-2.3¢)
.009

1 (reference)
1.07(0.66-1.73)
1.50(0.95-2.37)
.07

Model 3
OR (95% Cl)

1 (reference)
1.16 (0.84-1.61)
1.54(1.13-2.11)
.006

1 (reference)
1.09 (0.74-1.63)
1.58(1.08-2.30)
.02

1 (reference)
1.27 (0.81-2.01)
1.48(0.94-2.32)
.09

1 (reference)
1.24(0.85-1.82)
1.60(1.10-2.32)
.01

1 (reference)
1.05(0.65-1.71)
1.44(0.91-2.29)
1

Note: Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, and body mass index. Model 3: adjusted for age, sex, body mass index, and

C-reactive protein.

VTE was mediated through PAI-1 in the age- and sex-adjusted model
(Table S3 in supporting information), with a slight attenuation of the
mediation percentage after additional adjustment for CRP (14.9%,
95% Cl 4.1%-49.4%).

4 | DISCUSSION

In the present population-based nested case-control study, the risk
of future VTE increased in a dose-dependent manner with increasing
plasma levels of PAI-1, even after adjustment for BMI and hsCRP, a
reliable and sensitive downstream marker of inflammation. Notably,
a similar dose-response relationship between plasma PAI-1 and
thrombosis risk was observed for provoked and unprovoked events,
DVT and PE, and after excluding subjects with self-reported history
of arterial CVD or cancer at baseline. Further, in a mediation analysis,
we found that PAI-1 explained approximately 15% of the VTE risk in
obesity. Even though the mediating effect was relatively modest, our

results suggest that PAI-1 could play a role in the underlying biology
of VTE risk in obesity.

To the best of our knowledge, this is the first study derived from
a general population to show that elevated levels of plasma PAI-1
are associated with risk of future VTE. Several studies, often with
limited sample sizes, have provided inconclusive results on the as-
sociation between PAI-1 and VTE over the last decades.'82023 |t
is worth noting that the findings from two large population-based
studies were also conflicting.?%?? In the Longitudinal Investigation
of Thromboembolism Etiology (LITE) study, a nested case-control
study comprising 308 VTE patients and 640 controls, Folsom et al.
found no association between PAI-1 antigen levels and risk of fu-
ture VTE,?! contrasting our findings. However, the cohorts that
served as the source population for the LITE study were composed
of middle-aged and old individuals at baseline,?* which could limit
the comparability to our study. In the Multiple Environmental and
Genetic Assessment of risk factors for venous thrombosis (MEGA)

study, a case control-study involving 770 VTE patients and 743
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Model 1
Categories of BMI Controls Cases OR (95% Cl)
<25 kg/m2 326 129 1 (reference)
25 - 30 kg/m? 344 171 1.25(0.95-1.65)
>30 kg/m? 110 82 1.92 (1.34-2.75)
p for trend .001

TABLE 4 Odds ratios (ORs) with 95%
confidence intervals (Cls) for overall
venous thromboembolism according to
clinical categories of body mass index
(BMI)

Model 2
OR (95% ClI)

1 (reference)
1.19 (0.90-1.57)
1.73(1.20-2.49)
.005

Note: Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, and plasminogen activator

inhibitor-1. Note that two controls and one case had missing value on BMI.

controls, Meltzer et al. showed that high plasma levels of PAI-1
were associated with increased risk of VTE.?2 The association re-
mained, albeit attenuated, after additional adjustment for BMI and
markers of inflammation, which is in line with our results. Similar
to VTE, PAI-1 has been extensively studied in relation to arterial
CVD risk, with controversial findings.34 However, two recently
published meta-analyses point toward an association between el-
evated PAI-1 and arterial CVD.3%3¢ Further, data from some, but
not all, Mendelian randomization studies suggest a causal role of
PAI-1 in arterial CVD.33738

Here, we found that PAI-1 was not only associated with in-
creased risk of VTE but also had the potential to mediate the throm-
bosis risk in obesity. Adipose tissue is likely a relevant contributor to
elevated circulating levels of PAI-1 in obese subjects,** and visceral
adipose tissue appears to be the main source of PAI-1 production
according to some in vitro findings.>’*! Consistent with this obser-
vation, imaging studies have shown that PAI-1 levels correlate more
strongly with visceral adipose tissue than with subcutaneous adi-
pose tissue.*>43 |In light of the close link between adipose tissue and
PAI-1, we sought to investigate PAI-1 as a mediator of the VTE risk in
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obese subjects. To date, only a few studies have pursued the identi-
fication of explanatory factors for the association between obesity
and VTE using mediation analyses. For instance, in the Tromsg and
REGARDS cohorts, CRP, a marker of inflammation, mediated ap-
proximately 15% to 20% of the VTE risk in obesity.>>%! In a previous
nested case-control study, we investigated the association between
leptin, an adipocyte-derived hormone that is commonly elevated in
obesity, and risk of future VTE.** Although leptin has been reported
to upregulate the expression of tissue factor and PAI-1 in vitro,*>4¢
our results suggest that leptin is not relevant for mediating the VTE
risk among obese individuals.**

The present study supports the hypothesis that PAI-1 is in the
causal path between obesity and VTE. PAI-1 mediated almost 15%
of the VTE risk in obesity, which was largely independent of chronic
low-grade inflammation, as reflected by CRP levels. Although the
mediating effect was somehow modest, PAI-1 could be a potential
target for intervention to decrease the risk of VTE in obese subjects.
The relevance of PAI-1 in the pathogenesis of venous thrombosis is
highlighted in a murine model of DVT, in which increasing expres-
sion levels of PAI-1 were associated with larger thrombus size and
impaired thrombus resolution.*”

To successfully target PAI-1, it is important to carefully con-
sider its complex regulation. In a recent study, employing a tar-
geted exome array in a cohort of 15,603 individuals with European
ancestry, no genetic variant was significantly associated with
PAI-1 plasma levels.*® Further, a large genome-wide association
study (GWAS) found that single nucleotide polymorphisms (SNPs)
accounted for only 1% to 4% of the total variation in PAI-1 lev-
els.¥” These results shed more light on the biology of PAI-1, sug-
gesting that environmental factors might have a predominant role
in the regulation of PAI-1. Indeed, some cardiometabolic factors
associated with obesity have been reported to induce PAI-1 ex-
pression levels, such as angiotensin Il, glucose, and insulin.?* In
interventional studies, treatment with angiotensin-converting en-
zyme inhibitors or with oral hypoglycemic medications was asso-
ciated with decreased PAI-1 levels.?*%7752 Notably, many efforts
have been devoted to develop drugs that can modulate PAI-1 ac-
tivity, the so-called PAI-1 inhibitors.>® Several of these inhibitors,
including low molecular weight molecules, peptides, monoclonal
antibodies, and antibody fragments, have been extensively char-
acterized in experimental studies.?*>% Although some PAI-1 inhibi-
tors are currently being investigated in clinical trials (for conditions
other than obesity), none of them has been approved for clinical
use to date to the best of our knowledge.?*>%In view of the novel
insights into PAI-1 biology, it may be speculated that targeting
PAI-1 with inhibitors or indirectly via regulatory pathways (e.g., by
the use of angiotensin-converting enzyme inhibitors or oral hypo-
glycemic agents) could emerge as promising therapeutic options to
reduce the VTE risk in obesity.

The strengths of this study include the recruitment of VTE
patients from a population- based cohort with age- and sex-
matched controls from the same source population. The nested
case-control study is derived from a large prospective cohort in
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which blood sampling took place before the VTE event, allowing
assumptions on the direction of the association between exposure
(PAI-1) and outcome (VTE). Another strength was the subgroup
analyses according to the presence of provoking factors (i.e., pro-
voked and unprovoked VTE events) and VTE location (i.e., DVT
and PE). Some limitations merit attention. Although the number of
plasma samples not available or of inadequate quality for the as-
sessment of PAI-1 antigen level was somewhat high, missing data
on PAI-1 was not related to the VTE status, occurring in 17% of
the VTE cases and 15% of the controls (see Figure 1). Additionally,
baseline characteristics of the study participants with and with-
out measurement of PAI-1 were similar (data not shown). Thus,
the missing data on PAI-1 was presumably completely at ran-
dom. Plasma samples were frozen and stored at -80°C for up to
22 years, and the long storage time could have influenced plasma
levels of PAI-1. However, because blood samples were stored in
the same conditions in cases and controls, any potential misclas-
sification would be non-differential with regard to VTE status,
which could have led to an underestimation of the true associa-
tions. Moreover, intra-individual variation in PAI-1 levels during
the long follow-up period could have contributed to attenuation
of the true association.®? This phenomenon is likely, because ORs
for VTE by increased levels of PAI-1 were higher with shortened
time between blood sampling and VTE events. However, it is im-
portant to address that ORs remained significant over time, re-
inforcing the association of PAI-1 with VTE. PAI-1 levels display
a high biological variability, particularly between individuals,>*>°
and follow a circadian variation with a peak observed in the early
morning,56 In our study, blood samples were collected through-
out the day, but the approach for blood sampling did not differ
for cases and controls and was performed without knowledge of
future case-control status. Therefore, any potential misclassi-
fication of PAI-1 measurement would be nondifferential in rela-
tion to VTE status. Finally, measuring PAI-1 activity could have
yielded additional information on the antifibrinolytic potential of
the study population. Nevertheless, PAI-1 antigen and activity

18,23 and

were reported to have a moderate to strong correlation,
PAI-1 antigen was able to substantially explain the overall plasma
fibrinolytic capacity measured as clot lysis time among healthy
individuals.?2>”

In conclusion, our results indicate that elevated plasma
PAI-1 levels are associated with risk of future incident VTE.
Further, PAI-1 mediated almost 15% of the VTE risk in obesity,
suggesting that PAI-1 may play a role in the biology of VTE in

obese subjects.
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Supplementary material

Supplementary Table 1 Odds ratios (ORs) with 95% confidence intervals (Cls) for overall
venous thromboembolism according to tertiles of plasma plasminogen activator inhibitor-1
(PAI-1) levels in subjects without self-reported arterial cardiovascular disease at baseline

Tertiles of Controls Cases Model 1 Model 2 Model 3

PAI-1 OR(95% CI) OR (95% Cl) OR (95% CI)
< 4.08 ng/mL 233 86 1(reference) 1(reference) 1(reference)
4.08-7.45 ng/mL 215 99 1.24 (0.88-1.75) 1.19 (0.84-1.68) 1.18 (0.83-1.67)
> 7.45 ng/mL 213 137 1.72(1.24-2.39) 1.56 (1.12-2.19) 1.54 (1.10-2.17)
P for trend 0.001 0.008 0.01

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex and body mass index. Model 3:
adjusted for age, sex, body mass index and C-reactive protein

Supplementary Table 2 Odds ratios (ORs) with 95% confidence intervals (Cls) for overall
venous thromboembolism according to tertiles of plasma plasminogen activator inhibitor-1
(PAI-1) levels in subjects without self-reported cancer at baseline

Tertiles of Controls Cases Model 1 Model 2 Model 3

PAI-1 OR(95% CI) OR (95% Cl) OR (95% CI)
< 4.08 ng/mL 249 90 1(reference) 1(reference) 1(reference)
4.08-7.45 ng/mL 253 111 1.20 (0.87-1.67) 1.16 (0.83-1.62) 1.14 (0.81-1.58)
>7.45ng/mL 253 157  1.70 (1.24-2.33) 1.53(1.11-2.11) 1.47 (1.06-2.04)
P for trend 0.001 0.008 0.02

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex and body mass index. Model 3:
adjusted for age, sex, body mass index and C-reactive protein



Supplementary Table 3 The Karlson, Holm and Breen (KHB) method for the mediation
analysis of the association between obesity (> 30 kg/m?) and venous thromboembolism (VTE)

Decomposition of Coefficient Standard Coefficient Standard
logistic regression Model 1 Error Model 2 Error
Total effect 0.66 0.18 0.59 0.14
Direct effect 0.55 0.19 0.50 0.14
Indirect effect 0.11 0.04 0.09 0.03
Mediation through % (95% CI) % (95% CI)
PAI-1 16.8 (5.6-45.1) 14.9 (4.1-49.4)

PAI-1, plasminogen activator inhibitor-1. In the KHB method, the total effect of obesity on VTE risk
is decomposed into the direct and indirect effects. The mediation through PAI-1 corresponds to the
indirect effect. The 95% Confident intervals (Cls) were calculated by bootstrapping with 10,000
resamples.

Model 1: adjusted for age, sex. Model 2: adjusted for age, sex and C-reactive protein.
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