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Introduction 

Over the last couple of decades there has been a marked change in the understanding of the 

pathogenesis, clinical evaluation and treatment of degenerative aortic valve stenosis. The 

present work was initiated to describe the epidemiology of both degenerative aortic stenosis 

(AS) and its precursor aortic sclerosis (ASc). This included an evaluation of the prevalence, 

incidence and progression rate of the condition into severe stages where surgical treatment is 

needed. We also wanted to understand which risk factors contribute to the development of AS 

and its further progression. Finally, we wanted to know more about the early stages of the 

disease and thus at what subclinical level follow-up of patients is reasonable. 

 

Background 

Over the past 60 years the predominant etiology of valvular disease has shifted from a 

rheumatic to a degenerative one in industrialized countries.1 In contrast, valvular disease in 

developing countries is still mainly caused by rheumatic heart disease.2 In The Euro Heart 

Survey degenerative disease represented 63% of all cases of native heart valve disease, 

followed by rheumatic heart disease in 22 %.3 Inflammatory diseases and congenital heart 

disease accounted for less than 10% of all cases of valvular disease.4 

Rheumatic heart disease is a late consequence of acute rheumatic fever. It is initiated by 

pharyngeal or cutaneous infection caused by group A ß-haemolytic Streptococci. An immune 

response leads to multiorgan involvement, including valvular inflammation, which becomes 

chronic and initiates delayed valvular disease in 60 % of the patients.5 Asian prevalence 

estimates are 1.2 ‰ among children and adolescents,6 African estimates 2.7- 14.3 ‰.7 It is 

argued that antibiotic prophylaxis partly explains the reduced incidence of rheumatic fever in  
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industrialized countries, but improved socioeconomic conditions are likely to have had the 

greatest impact.1 

Calcific aortic valve disease (CAVD) constitutes a disease continuum ranging from aortic 

sclerosis (ASc), defined by mild valve thickening/calcification without significant obstruction 

of blood flow to more severe calcification with impaired leaflet motion, termed aortic stenosis 

(AS). 

 

Epidemiology of aortic valve sclerosis and stenosis 

Aortic sclerosis is a highly prevalent condition, being present in 21 - 26 % of elderly above 65 

years of age.8,9 In addition, there is an increasing prevalence with age; 20% in the age group 

from 65-74, 35% in the age group from 75 - 84 and 48% in the age group >85.8,10 Three 

population based studies have presented data on the prevalence of manifest AS, two large 

from the USA and one from Finland.8,9,11 The prevalence of moderate AS in these studies 

were approximately 2% among individuals aged 70-80 years, increasing to 3-9% after the age 

of 80 years.12 AS was strongly associated with age, with an odds ratio of 2.5 (95% CI 2.0- 

3.1) per decade of increasing age. 

 

Bicuspid/Tricuspid valve 

In industrialized countries AS is the most common valvular disease among patients referred 

for treatment.4 It is most commonly a consequence of degenerative remodelling on a normal 

tricuspid valve or due to a congenital bicuspid aortic valve. We know that a genetic 

component is likely to exist for bicuspid aortic valves.13 The prevalence of bicupid valves is 

estimated to be 0.6-0.8% in males and 0.2% in females.14,15 Young adults with an initially 

normally functioning bicuspid aortic valve have a 24% risk of aortic valve replacement 
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(AVR) over the next 20 years, most often due to AS.16 One study also revealed that 49% of 

the 932 aortic valves explanted because of AS in a surgical pathological series were bicuspid, 

which contrasts with a prevalence of < 1%  of bicuspid aortic valves in a general population.17 

Further, bicuspid valves were more frequent than tricuspid valves up to the seventh decade of 

life in this surgical series.17 A bicuspid valve most often results from fusion of the right and 

left coronary cusps (80%), less often as a fusion of the right and non-coronary cusps (20%).18 

19 

 

Staging of aortic valve stenosis   

The 2006 AHA/ACC Practice Guidelines has graded the condition of AS. Mild AS is defined 

to be present with an aortic valve area (AVA) > 1,5cm², peak aortic valve flow velocity <3m/s 

and/or a mean gradient <25mmHg. Moderate AS is defined by a valve area of 1-1.5cm², peak 

aortic valve flow velocity of 3- 4m/s and/or a mean gradient of 25-40mmHg. Severe AS is 

present when the aortic valve area is <1cm², the aortic valve flow velocity is >4m/s and/or the 

mean gradient >40mmHg.20 A clear-cut distinction between ASc and AS has not been made. 

 

Pathophysiology of calcific aortic valve disease 

Anatomy of the normal aortic valve: 

The aortic valve is located between the left ventricle and the aorta. It consists of three semi-

lunar leaflets that are attached to and supported by a ring of tough fibrous tissue called the 

annulus. This arrangement results in an even distribution of mechanical stress to the valvular 

ring and aorta.21 The valve opens during cardiac systole (contraction of the heart) and closes 

during diastole (relaxation of the heart). During systole, pressure in the left ventricle rises 

above that in the aorta, the valve opens, allowing blood flow into the aorta. At the beginning 
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of diastole the transvalvular pressure drops rapidly, which makes the aortic valve close, thus 

achieving unidirectional blood flow. Each cusp is <1 mm thick and appears smooth, thin and 

opalescent and are composed of 4 layers. The endothelium covers both the aortic and 

ventricular side of the leaflet. The fibrosa on the aortic side of the leaflet comprises fibroblasts 

and collagen fibres arranged circumferentially. The spongiosa is a layer of loose connective 

tissue predominantly found at the base of the leaflet, between the fibrosa and ventricularis. It 

is composed of fibroblasts, mesenchymal cells and a mucopolysaccharide-rich matrix, whose 

function is to resist compressive forces within the cusps. The ventricularis on the ventricular 

side of the leaflet is composed of elastin-rich fibrers, aligned in a radial direction, 

perpendicularly to the collagen in the fibrosa. The leaflets provide tensile strength and 

pliability for decades of repetitive motion. Collagen fibres can withstand high tensile forces 

but have low torsional and flexural stiffness.22 Much of the observed change in collagen 

structure is due to straitening of the collagen fibres, but this is a finely tuned process. 

Straitening must occur at the right strain level to facilitate coaptation of the leaflets, yet not 

allow excessive tissue deformation that may lead to regurgitation.22 

Pathology:  

In CAVD the valve cusps become progressively thickened, fibrosed and calcified, resulting in 

increased valve stiffness, reduced cusp excursion and progressive valve orifice narrowing. 

This contrasts with the disease process in rheumatic disease where cusp fusion is seen. 

Mechanical stress and endothelial damage: 

The initiating event is believed to be endothelial damage induced by increased mechanical 

stress, including pressure, cyclic stretch and shear stress.23 Mechanical tissue stress is highest 

around the flexion areas of the cusps near their attachment to the aortic root, and half of the 

lesions can be observed in this region.24 Further, calcification occurs primarily in the fibrosa 
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on the aortic side of the valve leaflets, where flow is most turbulent, suggesting that shear 

stress and its interaction with valvular endothelium plays a role in the process25 The bicuspid 

valve perhaps illustrates best the role of mechanical stress. The two-cusp structure results in a 

less efficient distribution and concentration of mechanical forces within the valve so that AS 

develops on average 2 decades earlier than in patients having tricuspid valves.26 Although 

tricuspid aortic valves are often depicted as symmetrical, they rarely are.27 It is in fact unusual 

for all three leaflets to have the same area, thus stress on the leaflets vary.28 

Inflammation: 

The endothelial injury may allow lipids to penetrate the valvular endothelium and accumulate 

in areas of inflammation.29,30 Lipoproteins are present in early valve lesions29 and undergo 

oxidative modification,30 becoming highly cytotoxic and capable of stimulating intense 

inflammatory activity and subsequent mineralization31 The expression of adhesion molecules 

allows infiltration of the endothelial of monocytes that differentiate into macrophages32 and 

T-cells that release pro-inflammatory factors, including transforming growth factor-beta-1, 

tumor necrosis factor–alpha and interleukin-1-beta.33 These in turn help stimulate the 

subsequent fibrotic and calcific processes that increase the valve stiffness. 

Histological studies have suggested that the inflammatory processes are sustained by 

angiogenesis in the valve. Thin neovessels are observed in areas of intense inflammation. 

Furthermore, both intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 

expression is increased in these vessels, implying they may act as an important portal of entry 

for inflammatory cells.34 Haemorrhage is present in these neovessels in 78% of patients with 

severe AS and is thus associated with an accelerated disease progression. 
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Fibrosis: 

Extensive thickening due to accumulation of fibrous tissue and remodelling of the 

extracellular matrix characterize the stenotic aortic valve. In all 3 layers of the valve there are 

abundant fibroblast-like cells. A subpopulation of these cells are activated by the 

inflammation and differentiate into myofibroblasts, which in turn are believed to be 

responsible for the accelerated fibrosis observed in this condition.35 Both these myofibroblasts 

and inflammatory cells interact in the restructuring of the valve leaflet matrix.33,36 

Calcification: 

Valve calcification plays a key role in the development of AS, and the degree of calcification 

correlates with disease severity, progression and the development of symptoms and adverse 

events.37-39 In addition, disorders of mineral metabolism, including Paget disease, 

osteoporosis, vitamin D polymorphisms and haemodialysis, are all associated with increased 

prevalence of AS.40-43 

Also in the early stages of aortic sclerosis microscopic areas of calcification can be observed, 

The progression into aortic valve stenosis is thought to be driven by the differentiation of 

myofibroblasts into osteoblasts under the influence of the Wnt3-Lrp5-ß catenin signalling 

pathway, the osteoprotegerin (OPG)/ receptor activator of nuclear factor kappa B 

(RANK)/RANK ligand (RANKL) pathway and Runx-2/NOTCH-1signaling.13,44,45 

Osteoblasts subsequently coordinate calcification as part of a highly regulated process, akin to 

new bone formation. There is local production of many factors, more commonly associated 

with skeletal bone metabolism, including osteopontin, osteocalcin, bone sialoprotein and bone 

morphogenic protein 2.46-48  

In the early stages of AS the calcification is composed of nodules. These contain 

hydroxyapatite deposited on a bonelike matrix of collagen, osteopontin and other bone matrix 

proteins.47-49 During progression of AS remodelling of the calcification occurs and in the later 
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stages of the disease lamellar bone, microfractures and haemopoetic tissue are present within 

the valve.48 The calcification seems to be the key process in the pathogenesis of aortic valve 

narrowing. 

Genetics: 

The above–mentioned players in aortic valve pathobiology are subject to genetic variations, 

displaying only the top of the iceberg to date. Regarding bone metabolism, vitamin D receptor 

polymorphisms in Notch 1 have been described. The receptor B allele, leading to reduced 

calcium absorption, bone loss, and higher parathormone levels, is more frequent among 

patients with AS, thus one might deduct that calcium mobilization from bone enhance aortic 

valve calcification.42 There has been conflicting data regarding the association between allelic 

variants of apolipoproteins and CAVD.50-52 

Left ventricular hypertrophy: 

AS causes an increase in after load and ventricular wall stress that stimulates hypertrophy of 

the left ventricular myocardium. This initially restores wall stress and preserves the left 

ventricular function,53,54 whereas increasing levels of hypertrophy seems to be maladaptive. 

The Framingham studies first linked increasing hypertrophy with the progression to heart 

failure.55 However, AS patients have a marked variation in the magnitude of their 

hypertrophic response. This has been demonstrated to be of prognostic importance.21 Further, 

it might explain the heterogeneity between symptom onset and the severity of valve 

narrowing that is observed. The degree of left ventricular hypertrophy is only weakly related 

to the severity of valve obstruction,56-58 established both by echocardiography and cardiac 

magnetic resonance. The latter showed no correlation between peak aortic valve velocity and 

indexed left ventricular mass.59 The hypertrophic response appears more associated with age, 

male sex and obesity,56,60,61 as well as genetic factors. The SEAS (Simvastatin and Ezetimibe 
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in Aortic Stenosis) trial demonstrated that coexistent hypertension was associated with 

increased left ventricular mass.62 Increased arterial stiffness is also frequently observed due to 

advanced age, atherosclerosis, diabetes and high blood pressure. This results in a further 

increase in afterload and contributes to left ventricular dysfunction. On this basis a global 

measure of afterload, ZVA, has been proposed as a predictor of adverse prognosis among 

patients with moderate and severe AS.63 The degree of hypertrophic response seems to have 

important clinical implications. Patients with inappropriately high left ventricular mass have 

increased mortality compared with patients having a comparable valve narrowing but more 

moderate hypertrophy.64 

Heart Failure: 

The transition from hypertrophy to heart failure marks the tipping point where the left 

ventricle fails to meet a further increase in afterload and thus is no longer able to maintain 

forward flow through the valve. This heralds the onset of symptoms, adverse events and a 

poor prognosis. This key progression is associated with increased myocyte apoptosis and 

fibrosis and it is postulated that these two processes are responsible for the transition.65 

The rate of apoptosis in a hypertrophied myocardium is 5-10% of myocytes per year.66 

Apoptosis is being balanced by myocyte regeneration, but in hypertrophy there seems to be a 

net loss of cells. This is related to several factors. Increased apoptotic rates may be related to 

direct mechanical forces associated with increased afterload.67,68 As angiotensin receptor 

blockers reduce apoptosis in patients with hypertension, even at doses that does not reduce 

blood pressure, increased angiotensin II levels are probably a cause of apoptosis.69,70 

Myocardial ischemia may also be of importance. In AS there is an increased oxygen demand 

due to increased myocardial mass and afterload, but the density of coronary capillary network 

does not expand sufficiently to meet the demand, thus coronary flow reserve is impaired.71,72 
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Fibrosis is an integrated part of the hypertrophic process.73,74 Fibrosis is observed to co-

localize with areas of myocyte-apoptosis and may thereby be seen as a form of scarring. A 

midwall pattern of fibrosis has been observed in the myocardium of up to 38% of patients 

with moderate or severe AS and has been associated with a more advanced hypertrophic 

response.75 There is also an 8-fold increase in mortality associated with midwall fibrosis.75 

Further, patients with AS remain predisposed to sudden death even after AVR, related to 

advanced left ventricular hypertrophy.76,77 

Neighbouring structures: 

The functional assembly of the valve leaflets, corresponding sinuses and sinotubular junction 

is important. Intact sinuses and sinotubular junction create an optimal distribution of pressure 

load and proper valve opening and closure, while loss of aortic wall compliance leads to 

significant stress overload of the leaflets. Loss of vascular compliance occurs in every aging 

subject due to gradual loss of elastin fibres in the media and is more pronounced in patients 

with hypertension, diabetes and renal failure, the latter due to superposition of media 

calcification. Thus, the role of mechanical stress is not restricted to the initiating step, but is 

continuous and progressive. Once sclerosis is initiated in the leaflets, their stiffness also 

promotes an unfavourable stress distribution, leading to a self-perpetuating process.78,79 

 

Risk factors for development of aortic stenosis 

The pathophysiology underlying AS remains incompletely defined, and there are currently no 

effective medical treatments capable of altering its course. 

There have been many previous studies trying to define predictors of AS. They have 

contradictory results, many of them are retrospective, have varying definition of AS and 

referral bias.80 There are 4 previous population based studies; In the Cardiovascular Health 
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Study age, male gender, current smoking, hypertension, elevated lipoprotein(a) and low 

density protein (LDL) cholesterol levels were correlated with the presence of 

echocardiographically detected aortic sclerosis.8 More recent data from the MESA study 

revealed diabetes, the metabolic syndrome and renal dysfunction as risk factors.81,82 In the 

KORA/MONICA study age, smoking status and increased total cholesterol predicted AS at 

echocardiographic assessment 10 years later.83 Three of these studies are cross-sectional and 

have therefore analysed risk factors sampled at the same time as the condition of the aortic 

valve was studied. All four studies were image based and have observed aortic sclerosis, 

defined as small morphological changes of the aortic valve either by computed tomography 

(CT) or two-dimensional echocardiography. The functional importance of these changes has 

not been assessed and very few patients with properly defined AS seems to have been 

included. The KORA/MONICA study is prospective, but had an echocardiographic 

evaluation of the valve only at follow-up and there were only three cases with AS. The results 

of these studies along with histological feature of the valve lesions have led to the assumption 

that the continuum of ASc/AS is closely related to atherosclerosis. 

In view of the previous diverging study results on predictors of AS our prospective population 

based survey, with a time-span of 14 years, gave an opportunity to evaluate this with more 

appropriate methods. 

 

Risk factors for progression of aortic stenosis 

Similarly the factors affecting AS progression are not yet clearly defined.39,84-89 The condition 

is often not discovered until it is well established since it has a rather long asymptomatic 

phase, commonly revealed by cardiac auscultation. Identifying the risk factors of progression 

is thus of interest as they may allow secondary prevention. 
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Several early retrospective studies associated statin therapy with slowed progression of AS, 

but the negative results of 3 large prospective randomized trials: SEAS, SALTIRE and 

ASTRONOMER did not corroborate any causal relation to AS progression.90-92 

A number of explanations to the lacking effect of statins have been given. First, the selected 

study patients did not have advanced dyslipidemia.93 Second, it has been argued that the trials 

failed because statins were administered too late in the disease progression, supported by 

Antonini-Canterin et al showing that statins only reduced progression in aortic sclerosis and 

mild AS, but not at more advanced stages.94 Third, statins do not act on all pathways of AS 

pathophysiology, which further does not fully resemble atherosclerosis. Fourth, plaque 

stabilisation accounts for most of the beneficial effects of statins in atherosclerosis but is not 

an issue in AS. 

The hypothesis that angiotensin converting enzyme-I (ACE) therapy might be beneficial is 

based on studies of human valve tissue and experimental animal models. ACE activity and 

angiotensin I receptors are present in the early lesions of aortic stenosis.95,96 Inhibition of the 

angiotensin pathway with angiotensin receptor-1 blockade in cholesterol-fed rabbits was 

associated with decreased macrophages and reductions in osteopontin and ACE in aortic 

valves.97 

 

Progression rate of aortic sclerosis and aortic stenosis 

Three previous studies regarding progression of ASc to AS have been reported.98-100 The 

definition of ASc was similar in all 3 studies, based on echocardiographic examination 

showing focal areas of increased echogenisity and thickening of the aortic valve leaflets 

without restriction of leaflet motion and a peak aortic jet velocity <2.0-2.5m/s. 

Two of the previous studies are retrospective and based on an echo database population.98,99 

Faggiano et al found that 33% of patients with ASc developed AS, with a mean follow-up 
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time of 44 months. Cosmi found a progression rate of ASc to AS of 15.9% over 7.4 years, 

also here predominantly into mild stenosis. There is one prospective population based study 

by Novaro et al demonstrating a lower rate of progression to AS; 9 % over a mean follow-up 

of 5 years.100 Thus, the progression estimates vary widely, maybe due to subjective evaluation 

of morphology in these studies. 

Recently, a Norwegian study showed that healthy men aged 40-59 years with a low-grade or 

moderate-grade systolic murmur after 35 years of follow-up had a 4.7-fold and 89-fold 

increased risk of having aortic valve replacement, respectively, compared to the population 

without a murmur.101 One may speculate that many of the subjects with an initial murmur 

actually had bicuspid aortic valves. 

Previous prospective natural history studies of AS patients have disclosed an overall annual 

progression rate in jet velocity of 0.3 m/s and in mean gradient of 7mmHg.39,102 More recent 

data from medical trials of statin therapy for mild/moderate AS showed somewhat slower 

rates of progression with an increase in mean gradient of 3-4 mmHg/yr.90,91 

 

Treatment/ Mortality 

AS is an insidious disease with substantial morbidity and mortality after the onset of 

symptoms, resulting in a 2-year mortality risk in the range of 20-50% among untreated 

patients.11,39,102-104 In symptomatic patients AVR has been the treatment of choice for >40 

years, and in the absence of serious coexisting conditions, AVR is associated with low 

operative mortality.105-108. Due to advanced age, left ventricular dysfunction and/or the 

presence of other comorbidities, as many as 30-60% of patients with severe symptomatic AS 

were not treated with AVR, and for them TAVI has emerged as an alternative therapeutic 

approach, being introduced by Cribier in 2002.4,109-113 
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Aortic valve stenosis is the number one indication for surgical valve replacement in the US 

and Europe. On average, 50,000 AVR´s are performed every year both in Europe and in the 

US.4,114 

Over the past decade, the number of aortic valve replacements performed in the United States 

has doubled, and with an increasingly elderly population, the prevalence of AS is likely to 

double again in the next 20 years.11 Being a treatable condition by open surgery or TAVI, it is 

of importance for public health that it is detected and followed appropriately. 
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Aims of the thesis 

The main aim of the thesis was to describe the epidemiology of AS and explore different risk 

factors for development of the valve disease in a general population. 

Our main focus has been: 

 

●� To determine the incidence and prevalence of AS in a Norwegian population. 

 

●��To assess the mortality in the population having aortic stenosis compared to a general 

population. 

 

●��To study the progression rate of the condition in an observational population study. 

 

●  To evaluate which variables that are predictors of incident aortic stenosis and which predict 

the progression rate of the condition. 

 

●��To investigate whether differentiating subclinical aortic valve mean gradients in a general 

population can predict whom that will progress from aortic sclerosis to aortic stenosis. 
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Material and methods 

Study design 

The Tromsø Study is a single centre prospective follow-up study of the population of Tromsø. 

The studies have been carried out by the Department of Community Medicine at the 

University of Tromsø, in collaboration with the Norwegian Institute of Public Health, the 

University Hospital of Northern Norway and Tromsø City Council. The main focus of the 

Tromsø Study has been on cardiovascular disease. The first survey was carried out in 1974 

(Tromsø 1), followed by new surveys at 6-7 year intervals. The population-survey in Tromsø 

comprises the cohorts presented in table 1. A total of 40,051 different people have 

participated in at least one of the studies, while 15,157 have taken part on three or more 

occasions. 

 

Table 1: The Tromsø Study, 1974-2008 

Study Year Study`s name Number of participants Age group Attendance rates 

1974 Tromsø 1         6595 men 20-49 74% 

1979-80 Tromsø 2 16621 men and women 20-54 78% 

1986-87 Tromsø 3 21826 men and women 12-67 76% 

1994-95 Tromsø 4 27158 men and women 25-97 73% 

2001-02 Tromsø 5 8130 men and women 30-89 79% 

2007-08 Tromsø 6 12984 men and women 30-89 66% 
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Study population 

The fourth survey consisted of two screening visits 4-12 weeks apart. All registered 

inhabitants of Tromsø 25 years or older were invited to the first screening visit. The invitation 

letter also contained a questionnaire about cardiovascular risk factors and disease as well as a 

declaration of consent (Appendix I). Of 35,443 invited, 27,168 (76.6%) attended the first visit. 

At the second visit (phase 2) all subjects aged 55-74 years as well as smaller (5-8%) random 

samples of other age groups (25-84years) were invited, with an attendance rate of 76%. 

Participants invited to the second visit were allocated to 1 of 2 lines of examination based on 

simple randomization using computer-generated random numbers. They were randomized to 

avoid selection bias because only one of the lines of examination included echocardiography 

due to lack of capacity. Because of high attendance rates at the first visit in the age group 

above 54 years, the second visit comprised 88% of those initially invited and who were pre-

selected for the second visit in T4 

Paper 1:  Participants for this study comprise the 3,273 persons who attended the 

echocardiographic examination in phase 2 of the fourth survey in 1994/95. They represent a 

cohort within the cohort and have been the basis for invitations to second visits in T5/T6. Of 

these, 1,950 were re-examined in T5. There were 1,456 participants in T6, 1,123 of them had 

been examined with echocardiography in T5 and 333 in T4. During follow-up 236 had 

moved/emigrated and 805 had died. There were 953 subjects not attending echocardiographic 

screening in T5 and 891 in T6. 
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Paper 2:  The study population was the same as in paper 1 with the exception of 30 subjects 

defined to have AS at baseline who were excluded. The echocardiography subgroup thus 

consisted of 3,243 subjects. 

Paper 3:  Of the 1,950 participants who had an echocardiographic examination performed in 

T5, 66 subjects had prevalent AS and were excluded. The remaining 1,884 participants 

constitute the baseline population of this study. 

 

Data from the questionnaire and physical examinations 

Questionnaires printed on the reverse side of letters of invitation were distributed to the 

eligible population in each Tromsø survey. In T4 (1994/95) two sets of questionnaires were 

handed out. The first one as described (Appendix I), while the second one, with different 

versions for those above and below 70 years of age, was handed out at the health 

examinations to be returned by mail (Appendix II). 

The first questionnaire was checked for inconsistency by a trained nurse at the health 

examination. It included questions on disease and symptoms, habits with respect to leisure-

time physical activity (LTPA), diet, smoking, coffee consumption and work related issues. 
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The second questionnaire included questions on health condition, earlier disease in the family, 

use of medication and health service, marital status, education level and more thorough 

questions on diet and LPTA. This second questionnaire differed for those younger or older 

than 70 years, having more focus on activity of daily living and cognitive function in the 

elderly. 

Trained nurses measured blood pressure (BP) using an automatic device (Dinamap, Critikon 

Inc). The cuff size was chosen after measuring the upper arm circumference. After two 

minutes of seated resting, 3 recordings were obtained at 1-minute intervals. The mean value 

of the second and third measurements was used in the analysis. The participants were 

considered to have hypertension if he or she had systolic BP ≥140 mmHg, diastolic BP ≥90 

mmHg or reported being on antihypertensive medication. Height and weight was measured at 

screening with light clothing without shoes, body mass index (BMI) was computed as kg/m². 

The waist and hip circumference were measured in cm. The resting pulse was measured three 

times sitting, the third measurement was used in the analysis. Coronary disease was defined 

through the questionnaire as a composite of previous myocardial infarction and/or a history of 

angina pectoris. Diabetes was present if the participants confirmed the diagnosis in the 

questionnaire, or if their non-fasting blood-glucose level was measured above 11.1mmol/L 

(n=7). Osteoporosis was defined to be present if the participant confirmed the condition in the 

questionnaire. The registration of vitamin D supplementation was based on a yes/no answer to 

the following question: Have you in the last 14 days used vitamin D supplements? The 

registration of Cod Liver Oil supplementation was based on the yes/no answer to the 

following question: Have you in the last 14 days used cod liver oil or fish oil capsules? 

Smoking status was ascertained as current, previous or never smoker. Physical inactivity was 

defined as less than 3 hours/week of light activity in leisure time without sweating or 

dyspnoea. Moderate LTPA was defined as ≥3 hours of light activity and/or 1-2 hours of hard 
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LTPA/week which caused sweating or dyspnoea. Hard LTPA was defined as hard activity 

with sweating or becoming out of breath, for ≥3 hours/week. 

Non-fasting blood samples were collected from an antecubital vein, serum prepared by 

centrifugation after one hour respite at room temperature, and analysed at the Department of 

Clinical Chemistry, University Hospital of North Norway. Serum total cholesterol and 

triglycerides were analysed by enzymatic colorimetric methods and commercially available 

kits (CHOD-PAP for cholesterol and GPO-PAP for triglycerides: Boeringer Mannheim). 

Serum high density lipoprotein-cholesterol (HDL) was measured after precipitation of lower 

density lipo-proteins with heparin and manganese chloride. Other measurements used in the 

analyses were: Haemoglobin (Hgb) (g/dL), pl-Glucose (mmol/L), pl-Creatinine (µmol/L), se-

Calcium (mmol/L), OPG (pg/m).  

To compensate for the incomplete attendance we retrospectively integrated data collected 

from the only hospital serving the study population. We retrieved data from patient records, 

both from those re-examined in T5 or T6 and those dying, emigrating or not attending further 

re-examinations after T4. The time span of the study made us search for both ICD 9 (424.1, 

n=115) and ICD 10 (I 35.0 n=159, I 35.2 n=42) coding of the disease as well as AS-related 

surgery codes in The NOMESCO Classification of surgical procedures. ICD-9 had a coding 

system that included both AS and aortic regurgitation under the same code number, ICD 10 

had separate numbers for isolated AS and the combination of AS and regurgitation. Reading 

through all retrieved patient journals we avoided registration of patients with isolated aortic 

regurgitation or only aortic sclerosis. Due to the scattered arctic population the distance to the 

closest hospital outside our region treating AS exceeds 1000 km, making it probable that the 

database was almost complete. Data registered were hospital diagnosis of AS, the first and 

last measured aortic mean gradient and examination dates. Decisions regarding treatment of 

symptomatic patients were also recorded, classified as either surgical or conservative 
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treatment. The conservatively treated group consisted both of patients with comorbidity 

preventing them from choosing surgery (n=7) as well as patients refusing it (n=6). 

We had vital data on all subjects from the National Death Registry until 2009. 

 

Echocardiography 

All echocardiographic examinations were performed according to the American Society of 

Echocardiography´s Guidelines.115 In T4 we used a VingMed CFM 750 (VingMed Sound A/S 

Horten, Norway) with a 3.25 MHz mechanical and 2.5 MHz Doppler probe and in T5/T6 an 

Acuson Sequoia C256/C512 with a combined 3.5 MHz second harmonic ultrasound and 2.5 

MHz Doppler probe (Acuson, Mountain View, CA, USA) having a frame rate of 70 

frames/sec.  

The screening included complete evaluation of cardiac anatomy and function with 

measurement of the parameters of mitral flow, pulmonary venous flow, antero-posterior 

diameter of the left atrium, left ventricle end-diastolic and -systolic diameters, ejection 

fraction according to Teichholz, left ventricle end-diastolic diameter of septum and posterior 

wall in short axis view. Pulsed wave tissue Doppler recordings of the left ventricle were made 

in septal and lateral positions (T6 only). Two-dimensional assessment of the aortic valve was 

performed from the parasternal long axis, short axis and apical five-chamber view. Aortic 

valve morphology, diameter and cusp separation in short axis and aortic velocity time 

integral, giving jet velocity, mean- and maximal gradients, were recorded. Aortic valve area 

was not calculated in any of the surveys. We defined AS to be present if the transvalvular 

mean gradient was ≥15 mmHg and graded AS as follows: mild AS ≥15-29 mmHg, moderate 

AS ≥30-49 mmHg, severe AS ≥50 mmHg. Those with mean gradients ≥15 mmHg due to 

aortic regurgitation alone or subaortic stenosis were not classified as AS (n=4 in T5, n=3 in 

T6). 
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Those with any pathology were referred to the out-patient clinic for further follow-up, criteria 

being: moderate/severe mitral regurgitation (colour Doppler area >4cm², AS max.gradient > 

30mmHg, bicuspid aortic valve, aortic regurgitation jet >30% of LVOT, ejection fraction 

<50%, left ventricle wall end-diastolic diameter >1.4 cm, left ventricle end-diastolic diameter 

>6.5 cm, aortic root dilatation >4.5 cm, atrial fibrillation not previously known, pericardial 

effusion or other findings predefined in the protocol as indications for clinical follow up at the 

hospital. In T4 290 participants (8.9%) underwent follow-up examinations due to abnormal 

findings on the echocardiogram.116 

 

Statistical analysis 

The statistical tests were two-sided, and a p-value of <0.05 was defined as significant. 

Paper 1 

Prevalence: It is defined as the frequency of existing cases of a disease in a given population 

at a certain time or period. We performed prevalence calculations, first as point prevalence 

related to the surveys in T4, T5, T6 and as a weighted mean of all three studies combined 

(T4/5/6). The study population was divided into 4 age-cohorts. Those with prior AVR were 

included. Secondly we calculated prevalence numbers by adding information of prevalent AS 

from hospital data at the same time points as the surveys. Doing this, we followed the original 

study population (n=3273) at 3 time points, retracting the number of dead at each step from 

the denominator in the prevalence calculations. 

Incidence: We used the following equation: Incidence rate/year = X / (N – ½ C – ½ X), when 

X= number of incident cases with AS, N= number in the study population and C= censored 

participants. The approach of subtracting one half of the total number of censored 

observations from the denominator is based on the assumption that censoring occurred 
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uniformly throughout that period, and thus on average, these individuals were at risk for only 

half of the follow-up period.117 

Mortality: Survival analysis was conducted using an extended Cox Proportional Hazards 

model with a time-dependent variable for groups (AS/No AS), adjusting for age. Censoring 

occurred when participants moved, at the time of AVR, decision of conservative treatment or 

at the end of the study, not as a result of non-attendance. The same analysis was used 

comparing the AS subgroup treated with AVR versus those without AS. Here the time-

dependent group variable changed at the time of surgery. 

An extended Cox model with a time-dependent variable does not satisfy the Cox proportional 

hazard assumption. A time-dependent variable is defined as any variable whose value for a 

given subject may differ over time. Since the exposure variable is time-dependent, an 

alternative interpretation of the hazard ratio estimate is that, at a given time point, the hazard 

for a person who has not yet been diagnosed to have AS is approximately x times the hazard 

for a person who has been diagnosed by that time.118  

Paper 2 

Predictors of incident AS: Univariate analyses and age adjusted analyses were performed 

using Cox proportional hazards regression. Censoring occurred when participants moved, at 

death or end of follow up. Being a slowly progressive disease, and with long 

echocardiographic examination intervals of 7 years, we assumed that those found to be 

incident cases in 2001 and 2008 had the disease a few years prior to the examination. Thus, 

the diagnostic time-point for incident cases was estimated to be at ¾ of the time interval from 

baseline to 2001/2008. Independent risk factors for AS were determined by a backward 

multivariate analysis using Cox proportional hazards regression. The proportional hazards 

assumption was assessed by visual inspection of plots, statistical analysis of Schoenfeld 
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residuals and by time-dependant variables for each predictor. A p-value from the univariate 

analyses of <0.25 was used for entry into the multivariate analysis. 

Predictors of progression rate of AS: A subgroup of 118 of the 132 participants with incident 

AS had two or more measurements of the mean aortic gradient either in the survey and/or at 

the hospital, and were thus eligible for evaluation of risk factors for increased progression rate 

of AS. We performed both crude and multivariate regression analyses of predictors. A p-value 

of < 0.25 from the crude analyses was used for entry into the multivariate model. 

Paper 3 

We evaluated the participants` risk of progression to AS according to their mean aortic valve 

gradient at baseline. The participants had gradients below 15 mmHg and were stratified into 

three groups: <5 mmHg, 5-9.9 mmHg and 10-14.9 mmHg. A morphological evaluation of the 

aortic valve was not part of the echocardiographic protocol. At follow-up after 7 years we 

observed the prevalence of AS in the three stratified groups and defined these subjects’ AS 

stage. Data comparisons were performed according to the presence or absence of AS using the 

Student unpaired t test or χ²-test as appropriate. We used crude and multivariate logistic 

regression to analyse predictors of progression to AS (age, sex, aortic jet velocity, mean aortic 

valve gradient stratified in three groups, aortic cusp separation and aortic diameter). In the 

multivariate analysis aortic jet velocity was excluded due to colinearity with the mean aortic 

gradient. Survival analysis was performed using Cox proportional hazards regression. 
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Main results 

Paper I: Estimation of prevalence, incidence and the progression rate of AS in the study 

population. Evaluation of mortality in the AS-subgroup compared to the general 

population. 

Over a 14 year span we performed 3 repeated echocardiographic examinations (1994, 2001 

and 2008) of a random sample of initially 3,273 participants. Data from the only hospital 

serving this population were included. There were 164 subjects with AS. At all three time 

points we consistently found an increase in prevalence with age, weighted mean values in the 

combined survey “T4/5/6 and hospital data” being 0.2% (95% confidence interval(CI) 0-0.4) 

in the 50-59 year cohort , 1.3% (95%CI 0.9 – 1.7) in the 60-69 year cohort, 3.9% ( 95%CI 3.2 

– 4.6) in the 70-79 year cohort and 9.8 % (95%CI 7.8 – 11.8) in the 80-89 year cohort (fig.2). 

Thus, the prevalence increases exponentially with age. There were no sex differences in point 

prevalence with increasing age. 
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Throughout the study period T4-T6 the summarized number of incident cases was 134. The 

dataset for the whole period, including those detected at the hospital only, thus gave an 

incidence rate of 4.9‰/year (95%CI +/- 0.81‰). 

A subgroup of 118 participants with AS had two or more measurements of the mean gradient. 

They had a mean follow-up time of 6.4 years (range 1-14 years). The mean gradient 

progression/year was 3.2 mmHg, with a wide standard deviation of 2.36 and a range from -1.0 

- 13.0. Subdividing them we found that the asymptomatic AS group (n= 88) had a progression 

of 2.6 mmHg/year, those who later underwent surgery 4.9 mmHg/year and the conservative 

treatment group 4.5 mmHg/year. 

 

 

The progression rate in participants with an initial gradient ≥30 mmHg was 4.5 mmHg/year, 

exceeding the rate of 3.0 mmHg/year in those with a gradient <30 mmHg (p<0.05). 
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Summarized, these results demonstrate a more rapid progression with advancing valve 

calcification. 

When comparing the AS-group with the no-AS group at a given time point there was no 

significant difference in age adjusted survival, hazard ratio(HR)= 1.28 (95%CI 0.94 – 1.76). 

Analysis of the AS surgery group versus those without AS also gave no significant difference 

in age adjusted survival; HR=0.93 (95% CI 0.42 – 2.08). 

When evaluating causes of death an age adjusted logistic regression analysis disclosed an 

increased risk of cardiovascular death in the AS group (57.4%) compared to the normal 

population (37.1%) with a HR of 2.14 (95%CI 1.21, 3.76). 

Our data delineate AS as a progressive disease accelerating both with age and degree, where 

prevalence increases exponentially with age. 
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Paper II: Evaluation of risk factors for development of incident aortic stenosis and risk 

factors for progression of the condition. 

Of the 3,243 participants, 132 developed incident AS during follow up. At the end of the 

study, AS stage status was: mild AS 64, moderate AS 29, severe AS 19 and aortic valve 

replacement 20. 

We found that age, systolic and diastolic BP, antihypertensive treatment, OPG, waist 

circumference, BMI, hip circumference, weight and coronary disease were unadjusted 

significant predictors. After adjusting for age, only systolic BP, diastolic BP, waist 

circumference, weight, and hip circumference had a p-value <0.05. BMI and active smoking 

had borderline values <0.055. 

The backward multivariate analysis showed that age, systolic BP, active smoking and waist 

circumference were significant independent predictors, with a Wald score of 51.3, 6.03, 5.49 

and 5.28, respectively. Active smokers had a HR for AS of 1.7 compared to non-smokers. For 

each decade increase in age there was a 171% increase in risk of developing AS, whereas 

each standard deviation(SD) increase in waist circumference (11.4 cm) gave a 23% increased 

risk of AS. Further, each SD increase in systolic BP (22.3mmHg) gave a 25% increased risk 

of incident AS. 

Factors affecting the progression rate was initially evaluated in a crude regression analysis, 

finding the mean aortic gradient at first measurement (p= 0.01), hip circumference (p= 0.034) 

and Hgb (p= 0.039) to be predictors. Entry of variables into multivariate regression analysis 

disclosed a higher mean aortic gradient at baseline (p= 0.015), weight (p= 0.015), a low Hgb 

(p= 0.030), and a high HDL (p= 0.032) as significant independent predictors of the 

progression rate of AS. 
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Paper III: Evaluation of progression from aortic sclerosis to aortic stenosis by use of the 

mean aortic valve gradient, including progression rate from aortic sclerosis to AS. 

Over a 7 year span we performed 2 repeated echocardiographic examinations (2001 and 2008) 

of a random sample of 1,884 participants free of manifest AS. Data from the only hospital 

serving this population were included in the follow up. The three groups were stratified by 

their mean aortic valve gradient from 0-5mmHg, 5-9.9 mmHg and 10-14.9 mmHg. Those 

developing AS (n= 40) during follow-up had 5.5 years higher mean age than the remaining 

study group (p = 0.001). They also had a significantly smaller cusp separation at baseline 

compared to those without developing AS (p <0.001). 

In the group with an initial mean aortic valve gradient of 0-4.9 mmHg only 0.3% (3/1113) of 

those surviving progressed to manifest AS. In those with a baseline gradient of 5-9.9 mmHg 

3.7% (18/487) developed AS. In contrast, we found that as many as 33.3% (19/57) progressed 

to AS in the group with a baseline mean aortic valve gradient of 10-14.9 mmHg. Thus, there 

was an exponential 10-fold increase in the risk of developing AS going from one mean 

gradient group to the next.  

Crude logistic regression analyses identified mean aortic valve gradient, aortic cusp 

separation, aortic jet velocity and age as significant predictors of developing AS. In 

multivariate analyses the mean aortic gradient and aortic cusp separation were significant 

predictors. Comparing the 10-15 mmHg and 5-10 mmHg groups gave an odds ratio (OR) for 

developing AS of 8.52, 95%CI 4.0 – 18.0. The aortic cusp separation was significant both as a 

continuous variable (OR 0.08, 95%CI 0.02 – 0.33) and as a dichotomous variable separated at 

1.6 cm (OR 0.37, 95%CI 0.16 – 0.84). 

Of those who developed AS, 70 % were mild, 25 % moderate and 5 % severe. 
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The progression rate during the 7 year follow up among those developing AS shows a wide 

range from 0.7 mmHg/year to 12.6 mmHg/year. The maximum value was extreme in this 

dataset, and when excluded the mean progression rate was 2.5 mmHg/year. 
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General discussion 

Methodological considerations 

Echocardiography 

The echocardiography session was only one of several examinations of the extended second 

visit that a subcohort in the Tromsø Study was invited to. Each examination was allocated 20 

minutes per subject and the echocardiography was structured to be feasible within this time. It 

is recommended to use AS jet velocity, mean transaortic gradient and the valve area for 

clinical evaluation of AS severity.119 We used the mean gradient as the primary measure. It is 

easy to obtain, though mal-alignment of the jet and ultrasound beam, neglect of an elevated 

proximal velocity and the phenomenon of pressure recovery are known sources of error. The 

presence of aortic regurgitation may increase the mean gradient, though rarely significantly 

unless it is severe. Systolic left ventricular dysfunction can give low gradients despite a severe 

AS. These factors were considered when we graded participants with AS, but none changed 

classification due to this. We can, however, not rule out the possibility of minor stage 

misclassification related to a reduced ventricular function. The jet velocity was evaluated 

from an apical 4-chamber view alone and the left ventricular outflow tract diameter was not 

measured, thus AVA was not used in our study. It is more prone to errors of measurement and 

inaccuracy, thus use of the mean gradient, a more reproducible measurement, will give less 

misclassification.104,119,120   

Our study used the transvalvular mean aortic gradient both for separating ASc from AS and in 

staging of AS into mild, moderate and severe disease. Observational studies have shown that 

a mean aortic valve gradient of 20 mmHg refers to a peak aortic jet velocity of 3 m/s.119 In 

addition, the hemodynamic cut off value for AS that we made at 2.5m/s is comparable with 

previous studies using peak aortic jet velocity. The staging at 15-29mmHg, 30-49mmHg and 
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≥50mmHg for mild, moderate and severe AS, respectively, given a normal systolic function 

of the left ventricle, differs from the staging of AS in current guidelines.121 We chose to use 

the staging upon which clinical decisions were made in the time period of our study, where a 

mean gradient >50mmHg marked a severe AS, and could lead to surgery if symptoms were 

present as well. 

The screening of aortic stenosis had some limitations in T4. Aortic jet velocity was not 

routinely measured in all subjects, only in those with any indication of pathology (turbulent 

flow or aortic valve separation less than 1 cm in parasternal short axis, M-mode). Hence, 

some mild cases of AS may have been overlooked in T4. This is consistent with the finding of 

lower prevalence numbers for T4 compared to T5 and T6. 

Intra- and inter-observer studies were performed both in T5 (n=40) and T6. The Bland 

Altman test of 42 participants in T6 showed mean inter-observer differences (95% limits of 

agreement) in the mean aortic gradient of -0.06mmHg (-3.06 - 3.18). Intra-observer analysis 

gave a mean difference of -0.04mmHg (-1.86 - 1.78) and 0.30mmHg (-3.96 - 4.56). 

 

Study design, bias and misclassification 

This thesis is based on a prospective population cohort study where echocardiography was 

conducted both at baseline and after a follow-up of 7 and 14 years, respectively. In addition 

risk factors for incident AS could be analyzed through baseline questionnaires, blood samples 

and other tests. This design enabled both descriptive and analytical epidemiology. In cohort 

studies it is possible to evaluate the difference in outcome between exposed and non-exposed 

subjects. To accumulate sufficient person-time and endpoints the follow-up time needed is 

determined by the incidence of the endpoints and the number screened. If the number 

screened and the incidence are both low, patience is needed. On the other hand, to screen a 

large enough sample for a short follow-up to be sufficient, is resource demanding. 
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Selection bias 

Cohort studies are vulnerable to selection bias, as the relationship between exposure and 

disease might differ in subjects participating compared to the rest of the eligible population. In 

the Tromsø study participants were selected by age. Selection bias has probably occurred to 

some extent in our study with attendance rates in Tromsø 4-6 of 73%, 78% and 66%, 

respectively. Being a population study the overall participation rate is high, with exception of 

Tromsø 6, due to lower attendance rate among the relatively young and those who had never 

participated in the previous surveys. Accordingly the attendance rates in the older second visit 

invitees were higher (88% in T4).115 In the follow-up phase of the study some of the non-

attendees could be thought to represent a subgroup of older persons with more comorbidity. 

Legal restrictions given by the Norwegian Data Inspectorate preclude detailed analyses of 

mortality and morbidity according to attendance. However, the total age and sex adjusted 

mortality demonstrated a lower mortality in the subjects who were consistent attendees in the 

Tromsø Study. Generally the non-attendees tended to be younger and had a higher proportion 

of men and single.122 To compensate for the incomplete attendance we retrospectively 

integrated data on the T4 cohort collected from the only hospital serving the study population, 

thus minimising follow-up bias otherwise made by non-attendees in T5 and/or T6. 

Information bias 

Information bias can occur when obtained information regarding exposures and/or disease is 

incorrect. When sampling of data is inaccurate, subjects may be misclassified. A 

misclassification bias can be either differential or non-differential. A differential 

misclassification bias occurs when the rate of misclassification differs in the different study 

groups. This can lead to an apparent association that is false or an apparent lack of association 

that is false. In non-differential classification there is on the other hand an inaccuracy in the 

gathering of information in both exposed and non-exposed subjects. The effect is usually that 
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the relative risk/odds ratio tends to be diluted, i.e. shifted toward 1.0, thus an association is 

less likely to be detected. Our study could be vulnerable to these kind of biases through the 

questionnaires, for instance presence of cardiovascular disease, diabetes or osteoporosis relied 

on self-reporting of the participants alone, giving the opportunity for recall bias. This was also 

the case for vitamin D and cod liver oil supplementation. Smokers were classified as present, 

previous or never smokers. An obvious bias occurs when a previous smoker just recently 

stopped smoking. Also, neither the duration of the smoking habit nor grade of consumption 

was taken into consideration. 

 

Validity  

The term validity (or accuracy) refers to absence of bias. In an epidemiological study the 

internal validity refers to whether the results are representative for the population under 

study.123 Generally, the internal validity may be threatened by selection bias, information bias 

and confounding. 

External validity is to what degree the results of a study are generalizable to other 

populations. This can be evaluated by comparing findings between similar studies in different 

populations or applying the same models on other datasets. The age and sex distribution of the 

Tromsø Study reflects the general Norwegian population. The Tromsø study is based in the 

seventh largest Norwegian city with relatively few immigrants. It is therefore limited with 

regard to ethnic diversity. The population of Tromsø seems representative of the 

Norwegian/Scandinavian population, being a largely middle-class Caucasian population.122 

The educational level in T6 was somewhat higher as compared to the general Norwegian 

population and to the Tromsø population, though decreasing strongly with increasing age for 

both sexes.124 
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Reliability 

The term reliability refers to the precision and reproducibility of the data collected. Variability 

due to imprecision of the observer or the method can be classified into two types. Intra-

observer variability refers to the variability of for instance the measurement of a parameter by 

echocardiography conducted twice by the same echocardiographer at different points in time. 

Inter-observer variability refers to the variability of a measurement on the same participant by 

two different echocardiographers. Intra- and inter-observer studies were performed both in 

Tromsø 5 (n=40) and Tromsø 6. 

 

Confounding and effect modification (interaction) 

A confounding factor predicts the outcome (here a disease), differs between the groups 

studied and is associated with the exposure under study. The factor`s association with disease 

arises from a causal pathway other than the one under study. A confounding factor is not 

affected by the exposure or the disease.123 It may lead to an underestimation or overestimation 

of the effect of an explanatory variable. Confounding may be controlled for by using 

matching when designing the study, by stratification or by use of multivariable statistical 

methods in the analyses of the data. We were not able to detect confounding variables in the 

multivariate logistic regression analyses when publishing paper II. 

When running a large number of statistical tests in a dataset there is always a chance of false 

positive associations (type I error). To avoid this one could be more stringent with 

significance levels, moving to p<0.01 rather than p<0.05. On the other hand this reduces the 

power unless the sample size is increased accordingly. Type II error occurs when the test 

hypothesis is false but not rejected. The risk of a type II error increases with the number of 

variables included in the regression models, as degrees of freedom and thus power decrease. 
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We therefore only entered variables into multivariate regression analysis if crude regression 

analysis gave a p<0.25. 

Interaction is present when the effect of a risk factor on an outcome is changed by the value of 

a third variable. It can be synergistic (positive interaction) or antagonistic (negative 

interaction), and can be controlled for by stratified analyses. Because the value of the third 

variable changes the effect of the risk on an outcome, interaction is often called effect 

modification.125 Evaluating the predictors in the multivariate logistic regression analyses for 

interaction in paper II revealed a multiplicative interaction between age and systolic BP. 

Analyses also revealed a multiplicative interaction between coronary disease and waist as 

well as coronary disease and systolic BP. The presence of coronary disease as a predictor in 

the final analyses did however not alter the results for the significant variables. Thus, this 

finding seems related to random variability. 

 

Missing values 

Subjects with missing values for a covariate in the regression models used (logistic regression 

and proportional hazard model) were not included in our studies. It is a valid approach when 

the missing data are missing completely at random. A drawback is that recorded data will be 

discarded. Imputation methods predict and fill in the missing values based on the observed 

data and the missing-data pattern. We performed imputation for some variables, generally 

with very few missing values, where later measurement data in T5 or T6 were available. A 

simple method of imputation is to replace missing values with the average value for that 

variable. This method was used for 8 missing values of BP. One could also do this more 

refined, for instance using the mean value gained by stratifying on predictors of BP such as 

age and BMI. Imputation is likely to reduce the standard deviation and standard error. In a 

large sample like ours, few missing values will not be a serious problem. In the end-stage 
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multivariate Cox regression analyses of paper II with only the significant predictors left, there 

were only 9 cases with missing values. However, if there are many missing values it is 

potentially dangerous because it will more likely lead to significant results for the imputed 

variable that are a product of the data replacement rather than a genuine effect. 

 

Causality 

To assess causality the strength of the statistical association (relative risk or odds ratio) has 

been considered important. The stronger the association, the more likely it is that a causal 

relationship exists. Strong associations are neither necessary nor sufficient for causality, and 

weakness is neither necessary nor sufficient for absence of causality. 

Consistency refers to repeated observations of an association in different populations under 

different circumstances. Lack of consistency does on the other hand not rule out causality 

because some effects are produced by their causes only under certain circumstances. 

Furthermore, a conclusion about inconsistency may be falsely drawn due to different power in 

studies compared. 

Temporality means that a cause must precede the effect in time. As the dose of exposure 

increases, the risk of disease also increase (biological gradient). 

Plausibility refers to the scientific plausibility of an association and coherence with the 

biological knowledge. A set of sufficient criteria to ensure causality in observational studies 

cannot definitely examine whether biomarkers are causally related to a disease.  
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Discussion of the main results: 

AS is a condition that has undergone both epidemiologic and demographic changes over 

several decades in the industrialized world. An updated mapping of the condition seemed 

warranted and thus we performed a population based study entering a new millennium. 

 

Prevalence and incidence: 

Much of the current knowledge concerning AS is based on hospital series. Since the disease 

progresses over years with a long asymptomatic phase, such data can never give a full picture 

of the prevalence and development of AS. Therefore, population based data are necessary. 

The wide time span made us able to follow this slowly progressing disease over 14 years, 

adding knowledge to standard clinical descriptions of the condition. We believe paper I is the 

first epidemiological study to provide incidence- and progression data based on a 

representative population sample. 

No uniform definition of AS exists, or to be more specific, a defined transition point from 

ASc to AS is lacking. Using different anatomical and hemodynamic criteria to define ASc in 

addition to different AS stage definitions based on the aortic valve jet velocity, the mean 

gradient or area, does have implications when registering the prevalence of the condition. 

Nkomo et al. have published the largest epidemiological study on prevalence of AS among 

11,911 individuals.11 AS was defined as limited leaflet motion, increased transvalvular 

Doppler flow velocity, or both, corresponding to the criteria for moderate/severe stenosis 

according to guidelines when the study was conducted (area <1.5 cm²).20,126 They found an 

overall prevalence of 2.5%. In the age cohort 55-64 years of age the prevalence was 0.2%, in 

the 65-74 year cohort 1.3% and in the age cohort ≥75 years it was 2.8%, thus finding a 

striking increase with advancing age. Adjusted for sex the OR for the association of valve 
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disease with increasing age was 2.51(2.02- 3.12). Further, men had higher prevalence of AS 

than women, OR 1.52 (1.02-2.26) after age adjustment.11 

Lindroos et al defined AS as valve area <1.2 cm², including moderate to severe AS by modern 

definitions, finding a prevalence in their study population aged ≥75 years of 4.8%.9 

Stewart et al have conducted a study most comparable to ours, since they used peak aortic 

flow velocity of 2.5m/s as definition of AS. They found an overall population prevalence 

among participants ≥65 years of age of 2%. The prevalence increased with age, being 1.3% in 

the age range of 65-74 years, 2.4%  in the age range of 75-84 years and 4% in the population 

aged 85 or more.8  

In our survey we were able to estimate the point prevalence at three different time points and 

as a weighted mean of all three studies combined (T4/5/6). New calculations were made after 

the inclusion of hospital data as well. The results were quite consistent at all three time points, 

delineating AS strongly related to age, thus confirming the previous cross-sectional 

population studies. 8,9,11 

Incidence rates are not proportions, but estimates of number of events divided by the amount 

of time at risk. Assumptions necessary for this type of analyses are that censored observations 

have an outcome probability that is similar to that of individuals remaining in the study, that 

losses are uniform over the interval and that there is a lack of secular trends over the time 

period with regard to the characteristics that affect the outcome of the individuals. Incidence 

numbers increased during our study due to aging of the population. The study period T5-T6 

differs from the others with an incidence rate of only 2.2‰/year. The fraction of non-

attendees in this period was 26%, 13% died and 4% moved. We believe this information bias 

contributed to an under-estimation of incident cases, as demonstrated by the joined 

study/hospital data, giving a doubled incidence rate for that period. A recent Swedish study of 

temporal trends in AS observed that, despite an aging population, the unadjusted incidence 
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rate of AS remained stable, whereas the age-adjusted incidence rate declined in Sweden over 

the past 20 years (from 15.0 to 11.4 per 100,000 in 3 years for men, and 9.8 to 7.1 per 100,000 

in 3 years for women).127 Their incidence estimates are much lower than ours, due to 

identification of cases through the Swedish hospital discharge register, thus mainly 

comprising moderate to severe AS. 

 

Progression rate: 

The results on progression of AS in the SEAS study are compatible with our results, showing 

a mean gradient increase of 3.2mmHg/yr. In addition, our progression analysis reveals a non-

linear development of the disease, being more rapid with increasing mean gradient. One could 

explain this by assuming a constant calcification process over time. A given narrowing of an 

already small valve area has a greater influence on the jet velocity/gradient than the same 

degree of narrowing by calcification in a valve with only slight/moderate area reduction. 

Regardless of the initial gradient participants did however show a large inter-individual 

variability in disease progression. Our data implies that previous progression rate should be 

considered as a primary factor when future visit intervals for each patient are decided. 

Paper III displayed a mean rate of progression of 2.5 mmHg/year among those who 

progressed from ASc to AS. This is in accordance with our analysis in paper I, finding 

progression to be more rapid with increasing mean gradient. Previous studies have displayed a 

high prevalence of ASc, but seem to overestimate the progression into manifest AS (9-33% in 

4-7 years) as we know that the incidence number of AS in our population was 5‰/year. 

Further, it would be both a too large and unnecessary task to follow up all patients with ASc. 

Our stratification of subclinical mean aortic valve gradients identifies a small high-risk 

proportion of the population comprising only 4%. 
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Mortality 

In 1968 Ross and Braunwald published an important paper showing a dramatic increase in the 

mortality of patients with AS after symptom onset.128 This contributed to a world-wide policy 

of selecting AS patients to surgery based on symptoms. At that time rheumatic disease was 

still prevalent, the mean age at death was 63 years and echocardiography was not 

implemented. The study therefore does not represent the epidemiology of AS today, now 

being dominated by octogenarians with degenerative AS. 

One previous population based study evaluating mortality reported a markedly increased risk 

of death in those with severe AS (RR= 3.93).129 No participants underwent valve surgery, 

which makes the study less representative in view of today’s active treatment strategy. 

Pellikka et al performed a follow up study of 622 asymptomatic AS patients recruited from an 

echocardiography database.103 Comparing them with a matched general population a trend 

towards increased all-cause mortality after 2 years of follow-up was observed. This is 

consistent with our analysis (HR= 1.28). 

Our population based mortality data show no significantly increased mortality in the 

asymptomatic AS group or in those treated with AVR compared with the general population, 

indicating that the AS-patient group has received qualified follow-up and appropriate timing 

of the surgical interventions. The screening with secondary follow-up may of course have 

contributed to this low mortality rate. Our subanalysis showed no significant difference in 

mortality between mild, moderate or severe asymptomatic AS. This finding could be limited 

by misclassification related to low-flow participants.130,131 As expected, the conservatively 

treated subgroup with severe AS had the worst survival outcome, although some survived for 

several years after onset of symptoms (mean 2.3 years, range 0.1 – 5.6 years). This group 

included both patients who refused AVR and those who did not undergo surgery due to 

comorbidity. The Swedish incidence study, referred to above, also found that, despite a 
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median age increase of 4 years in the study from 1989-2009, mortality after diagnosed AS 

declined markedly.127 Age-adjusted mortality rate at 3 years declined from 9.3 to 4.8 in men 

and 8.3 to 4.8 in women. The proportion of patients undergoing AVR remained relatively 

stable during the study period, and increased in patients >75 years of age at diagnosis. They 

also noted a significant reduction in 30-day mortality after AVR. The study suggests that 

increased use of AVR in the elderly and a reduction in perioperative mortality, potentially in 

combination with improved risk factor control, have translated into favorable effects for 

patients with AS.127 

 

Risk factors of incident AS 

Our results confirm that aging is an important risk factor, with a close to tripled increase in 

risk for each 10 year. Smoking, systolic BP and waist circumference were also significant 

factors in the multivariate analyses. Active smoking has been significantly related to AS both 

in the KORA/MONICA study (OR 1.7) and in the Cardiovascular Health Study (OR 1.35).8,83 

Our data (HR 1.7) confirm these results.  

The association with obesity was confirmed by the significant results regarding hip 

circumference, weight and BMI in the univariate analysis. Systolic BP, diastolic BP and 

antihypertensive treatment were all significant risk factors in the crude analyses, and both 

systolic and diastolic BP maintained significance when entered separately into the 

multivariate model. 

In contrast to the image based studies, we found no association between AS and lipids. The 

links to factors influencing calcification were also very weak. OPG, a protein that inhibits 

osteoclast activity, was a significant factor only in the crude analysis and in stratified 

multivariate analysis in subjects under the age of 65, but not in the main multivariate model. 
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The traditional view has been that AS primarily is an age-associated degenerative condition, 

aggravated by mechanical stress. The association with age is confirmed both by our paper I 

and II. Recently two alternative models have been discussed, seeing AS either as an 

atherosclerotic process or as linked to factors influencing calcification. 

Several clinically based retrospective studies and three of the population based papers quoted 

above have linked AS to lipids.8,80,82,83 Combined with the associations with other core 

cardiovascular risk factors this led to the hypothesis that AS was essentially an atherosclerotic 

disease. In marked contrast to previous studies we did not find any association between lipids 

and AS, neither with regard to initiation, nor progression of the disease. This is compatible 

with the negative results of the three intervention studies on lipid lowering in AS, as well as a 

SEAS substudy that did not find an effect of lipid lowering treatment even in the group with 

the mildest AS (aortic jet velocity <2.8 m/s)90-92,132 Although several other “atherosclerotic 

factors” may have a role in the pathogenesis of the disease, conventionally measured lipids do 

not. A small study indicating that statins still may have a role in mild AS needs support from 

larger trials.94 Further, a recent Swedish study based on European and American population 

cohorts, found that genetic predisposition to elevated LDL cholesterol was associated with 

presence of aortic valve calcium and incidence of AS.133 They argue that the negative 

randomized trials enrolled older patients with established valve disease, where LDL 

cholesterol may no longer be an important mediator, but mainly promote calcification in early 

lesions. These studies are not supported by our findings of zero effect of lipids in the 

transition from no disease to early disease. A recent genetic study indicates a causative role of 

lipoprotein(a) (Lp(a)), and another study demonstrated a stepwise increase in risk of AS with 

increasing levels of Lp(a) in a general population134,135. Lp-PLA2 uses oxidized LDL as 

substrate and produces free fatty acids and lysophosphatidylcholine, a powerful 

proinflammatory and procalcifying factor.136 Individuals carrying this single nucleotide 
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polymorphism have a risk of clinical AS that is approximately two thirds greater than the 

normal risk. Why do there seem to be divergent conclusions in the genetic studies and in the 

outcome of the therapeutic intervention trials? In an editorial they report that the frequency of 

the specific LPA gene variant is reported to be 0.03, thus only representing a small subgroup 

of persons that are genetically susceptible to benefit from specific Lp(a)-lowering therapy due 

to their predisposition.137 

Thus, the atherosclerotic model for AS seems weakened. Although several factors involved in 

the development of AS are also atherosclerotic factors, the dissociation regarding lipids 

indicate a different type of process. This is supported by other differences making AS appear 

as a distinctive pathophysiological entity. Early lesions of AS are characterized by 

subendothelial accumulation of oxidised LDL and inflammation with T-lymphocytes and 

macrophages.24 Smooth muscle cells are prominently involved in atherosclerosis but are not 

seen in aortic valve lesions, where the fibroblasts and myofibroblasts dominate.138 In addition, 

the calcific changes are present at an earlier stage and more prominently in AS than in an 

atherosclerotic plaque.93 Only one-half of the patients with AS have coronary artery disease, 

and a minority of patients with coronary artery disease have concomitant AS.102  

The calcification process in AS seems to be an active process initiated by locally produced 

factors, transforming fibroblasts into osteoblasts.139 It is also well known that diseases with 

altered calcium metabolism, like end-stage renal disease, Paget’s disease and 

hyperparathyroidism are associated with AS.140 A polymorphism of the vitamin D receptor is 

associated with both AS and osteoporosis.42 In contrast, we did not find any strong 

associations with calcium metabolism. A recent study used positron emission tomography and 

CT imaging in patients with calcific aortic valve disease to compare calcification of the aortic 

valves with that of thoracic atheromas and skeletal bone.141 They found that active 

calcification was most pronounced in aortic valves, whereas inflammation dominated in 
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atheromas. Valve calcifications were poorly related to calcific activity in the aorta, coronary 

arteries and bone but strongly related to the severity of aortic valve disease. In accordance 

with our findings, they imply that once valvular calcification has begun, it proceeds largely 

independently of external factors. 

Although an active inflammatory process is involved in the development of AS, none of the 

inflammatory markers in our study (c-reactive protein, white blood cells and fibrinogen) were 

significant, neither in the crude nor multivariate analyses. 

A key initiating factor appears to be mechanical stress. Several recent studies indicate that 

various types of abnormal hemodynamic stress cause tissue inflammation and secondary 

calcification and stenosis.23 Another aspect of importance is the anatomical relations between 

valve leaflets, corresponding sinuses and the sinotubular junction. Normal anatomy in these 

structures seems to create an optimal distribution of pressure load. Due to aging the aortic root 

is stiffened by the loss of elasticity, and the aortic leaflet dynamics change. The role of aging 

is thus not restricted to mechanical stress on the valve alone, but also to the changing 

dynamics of neighbouring structures, making the process continuous and progressive.93 When 

sclerosis is established, the leaflets themselves also promote unfavourable stress distribution, 

causing a self-perpetuating process. 

If age is important it is easy to imagine that all factors increasing the mechanical stress on the 

valve may enhance the process. This is in accordance with our findings regarding BP and 

obesity. Thus, an age-dependant process aggravated by “wear and tear” and the toxic effect of 

smoking may still be the best model of the causes of AS in the general population. The wear 

and tear theory may also gain support from the experience with bicuspid valves, where AS 

develop 10-20 years earlier than in the tricuspid AS population.17 

The clinical implications of this study are simple. Sticking to a healthy life-style, similar to 

that advocated to prevent coronary heart disease, may probably reduce your risk of having AS 
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to some extent, as shown in the recent Swedish population registry study.127 However, when 

the disease has started to develop it constitutes mostly a self-perpetuating process, 

uninfluenced by external factors. 

 

Risk factors for progression of AS 

The first measured mean aortic gradient was the major predictor of the AS progression rate in 

article II. This correlates to our results in paper I delineating a more rapid progression with 

advancing valve calcification, also demonstrated in some prior retrospective studies.39,84-87 

When this was accounted for, age did not appear as an important factor for progression. 

Weaker findings were associations between progression rate and a lowered Hgb level and, 

paradoxically, with an elevated HDL level. The finding of a low Hgb as a risk factor is 

supported by one previous study.142 It may be speculated that a fall in Hgb could add to the 

hemodynamic burden on the valve through the demand for an increased stroke volume. 

However, the relationship could also be reverse, through hemolysis induced by an advanced 

AS.143,144 

AS is also sometimes associated with loss of high molecular von Willebrand multimers, and 

thus a greater tendency to bleed.145,146 These issues are only of clinical relevance in cases of 

severe anaemia requiring transfusion, but mild anaemia might exist in milder forms of AS due 

to these mechanisms. If so, low Hgb may not have a causal association with progression of 

AS but may rather be caused by advancing valve calcification. 

Capoulade et al found that increased Lp-PLA2 activity was associated with faster stenosis 

progression rate in the subset of patients with mild AS, thus supporting the hypothesis that 

lipid-mediated mineralizing processes may be predominantly involved in earlier stages of the 

disease.147 Further, lower levels of HDL cholesterol were independently associated with 

higher activity of circulating Lp-PLA2. As such, this very recent study could imply that HDL 
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may have been confounded by Lp-PLA2 in our progression analyses of paper II. As 

previously mentioned genetic association to LPA has also been demonstrated, suggesting that 

further studies are needed to evaluate whether lowering Lp(a) levels during the early-stages of 

aortic valve disease with either niacin or novel specific Lp(a) lowering drugs will delay the 

progression of this condition.135 

In an ASTRONOMER substudy metabolic syndrome was found to be an independent 

predictor of faster AS progression, only significant in those 57 years of age or younger.148 In 

addition rosuvastatin worsened the insulin resistance state and LDL particle phenotype. This 

is in line with the now established fact that statin treatment both in randomized trials and 

carriage of common single nucleotide polymorphisms in the 3-hydroxy-3-methylglutaryl-

coenzyme gene in population studies were associated with body weight gain and higher risk 

of type 2 diabetes.149 Hence, the insulin resistant state and atherogenic dyslipidemia linked to 

visceral obesity may have a role in development of aortic valve inflammation and 

calcification in the younger population. 

 

Implications for public health practice 

Our study gives updated information on prevalence, incidence and progression rate of AS, 

both in its early and later phase. With an increasingly elderly population and new technologies 

that has made it possible to treat also the elderly with AS and those with comorbidity, one 

must expect a rise in number of both AVR and TAVI. Our estimates of prevalence and 

incidence makes it possible to better predict future need for surgical treatment. 

Further, our population based mortality data show no significantly increased mortality in the 

asymptomatic AS group or in those treated with AVR compared with the general population, 

indicating that the AS-patient group received qualified follow-up and appropriate timing of 

the surgical interventions justifying guidelines for follow-up and intervention. 
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The clinical implications of paper II are that the general population through a healthy life-

style, similar to that advocated for prevention of coronary heart disease, may reduce the 

incidence rate of AS to some extent. Our results seem to challenge current thinking on the 

causes of AS and also gives some credibility to the traditional model of “wear and tear”. 

Neither lipids nor calcification modifying factors seems to be heavily involved. From our 

study AS appears to constitute a distinctive age related degenerative and inflammatory 

disease, which may be aggravated by smoking and a number of factors increasing the 

mechanical stress on the valve. 

Based on the data in paper III, we would recommend that subjects with aortic gradients in the 

upper normal stratum, 10-15 mmHg, should be followed routinely by echocardiography at 

about 5 years intervals. Those who regress to lower gradients may be dropped from follow-

up. Subjects with mean gradients of less than 10 mmHg should probably be followed 

primarily on clinical indications. Thus, a number of unnecessary controls of subclinical aortic 

valve disease may be avoided. The large inter-individual variability in progression rate should 

always be remembered. 

 

Conclusions 

Paper I:  Over a 14 year span we performed 3 repeated echocardiographic examinations 

(1994, 2001 and 2008) of a random sample of initially 3,273 participants. There were 164 

subjects with AS. We found that prevalence consistently increased with age, average values 

being 0.2% in the 50-59 year cohort, 1.3% in the 60-69 year cohort, 3.9% in the 70-79 year 

cohort and 9.8% in the 80-89 year cohort. The incidence rate in the study was 4.9‰/year.  

The mean annual increase in mean transvalvular pressure gradient was 3.2 mmHg. The 

increase was lower in mild AS than in more severe disease, disclosing a non-linear 

development of the gradient, but with large individual variations. 
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Mortality was not significantly increased in the asymptomatic AS-group (HR=1.28), nor in 

those who received aortic valve replacement (n=34, HR= 0.93), compared with the general 

population. 

 

Paper II:  Over a 14 year span 132 participants were diagnosed with incident AS, defined as 

mean aortic valve gradient ≥15 mmHg. 

Cox proportional hazards regression disclosed age (HR 1.11, 95%CI 1.08 to 1.14), systolic 

blood pressure (HR 1.01, 95%CI 1.00 to 1.02), active smoking (HR 1.71, 95%CI 1.09 to 

2.67), and waist circumference (HR 1.02, 95%CI 1.00 to 1.03) as independent predictors of 

incident AS. 

Analysis of risk factors for progression of AS disclosed a higher mean aortic gradient at first 

measurement (p=0.015), weight (p=0.015), a low Hgb (p=0.030) and HDL (p=0.032) as 

significant independent predictors. 

From our study AS appears to constitute a distinctive age related degenerative and 

inflammatory disease, which may be aggravated by smoking and a number of factors 

increasing the mechanical stress on the aortic valve. 

 

Paper III:  Over a 7 year span (2001-2008) we performed 2 repeated echocardiographic 

examinations of 1,884 participants. AS was defined as a mean aortic valve gradient ≥15 

mmHg. Those with a gradient <15 mmHg were stratified into 3 groups: <5 mmHg, 5-9.9 

mmHg and 10-14.9 mmHg. At baseline 73 participants had gradients from 10-14.9 mmHg, of 

whom 33.3 % developed AS during follow up. In contrast, AS developed in only 3.7 % of 

those with a baseline gradient of 5-9.9 mmHg (n = 556) and in 0.3% of those with a gradient 

< 5 mmHg (n = 1,255). 
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Of the 40 subjects who developed incident AS, 70 % acquired mild, 25 % moderate and 5 % 

severe AS. Their gradient progression had a mean rate of 2.5mmHg/year (range: 0.7-12.6 

mmHg/year). It is in accordance with our previous progression rate analysis in paper I which 

revealed a non-linear development of the disease, being more rapid with increasing mean 

gradient. 

 

Further research 

ASc/AS is an asymptomatic condition for a long period of time, thus often well established 

before it is diagnosed. To obtain secondary prevention it would be of clinical interest to better 

disclose which factors are involved in the progression of AS. Both further prospective 

population studies and clinical case-control trials may add knowledge on this matter. We have 

yet to reveal why patients with severe renal failure seem to progress fast when they have AS. 

New knowledge of Lp(a) give reason to believe there is a causal relationship between Lp(a) 

and calcific aortic valve disease and strongly implicate genetic variation at the Lp(a) locus in 

the pathogenesis of the disease. The size and design of the Tromsø Study is optimal for 

validation of these findings due to the Norwegian Research Council funded project 

HARVEST with genome wide analysis of more than 12000 participants which will be ready 

for use in 2016. Six thousand of these will have echocardiographic data. HARVEST also 

gives an opportunity to detect new genetic risk markers and to validate a causal relationship 

for the found risk factors through Mendelian Randomization Studies. With the newly started 

health screening T7, a randomized life style intervention trial is planned targeting BMI and 

hypertension through diet and physical activity programs. If successful, it will strengthen the 

hypothesis of a causal relation between these two risk factors and AS development. 

Our results seem to challenge current thinking on the causes of AS and also gives some 

credibility to the traditional model of “wear and tear” by factors increasing the mechanical 
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stress on the aortic valve. As such, basic research is needed; focusing on to what extent the 

anatomy of the valve leaflets itself predisposes the development of disease, also in tricuspid 

valves. 
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