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Abstract 

Background: Cardiovascular diseases are the most common type of age-
related diseases and can affect health in several ways. As a result of increased 
life expectancy around the world, the prevalence of cardiovascular diseases is 
expected to increase. Early detection of cardiovascular morbidity is important 
to reduce mortality and also to improve cardiovascular health. Arterial 
stiffness is a well-known independent predictor of cardiovascular morbidity 
and mortality. The central arterial walls become stiffer with age, which has an 
important impact on cardiac work. The development of arterial stiffness is not 
an immutable and inexorable process. Instead, it should be seen as a potential 
target of interventions that aim to slow the vascular ageing process. Arterial 
stiffness in individuals affected by abdominal aortic aneurysm (AAA) is an 
understudied area. AAA is a disease that predominantly affects elderly males. 
The disease is usually asymptomatic, but a rupture of the aneurysm is life 
threatening. Even without rupture, individuals with an AAA have an increased 
risk of other major cardiovascular events, but the underlying mechanisms of 
this increased risk are unclear.  

Aim: The overall aim of the research in this thesis was to investigate clinical 
aspects of arterial stiffness with a focus on AAA. 

Methods: All studies in this thesis used a quantitative and a cross-sectional 
design. Paper I compared elderly hypertensive females with elderly 
hypertensive males and examined the effects of FBN1 genotypes within each 
sex. The study cohort in Paper I underwent physiological cardiovascular 
examinations with a focus on pulse wave analysis and blood pressure. In 
addition, blood samples were taken after overnight fasting. The study cohorts 
in Papers II–IV were males with AAA and age-matched controls without 
AAA. The participants underwent physiological cardiovascular examinations, 
and blood samples were taken after overnight fasting. In Paper II, the speed 
and shape of the pulse wave and blood pressure were studied non-invasively 
to evaluate the properties of the arterial system. In Paper III, the heart was 
studied using two-dimensional ultrasound with a focus on evaluation of the 
function of the left ventricle. In Paper IV, analyses of IL-10 levels were added 
to the previously performed studies.  



 

 

Results: A sex-related difference was found in the augmentation index 
(females: 36%; males 33%; p<0.001) and systolic blood pressure (females: 
169 mmHg; males: 162 mmHg; p<0.05) of the elderly hypertensive 
participants in Paper I. In addition, females, but not males, displayed 
differences in augmentation index and systolic blood pressure among different 
FBN1 genotypes; females with the FBN1 2/3 genotype had higher 
augmentation index (p<0.05) and systolic blood pressure (p<0.05) than those 
with the FBN1 2/2 and 2/4 genotypes. In Paper II, differences in central pulse 
wave velocity (12.3 m/s versus 10.9 m/s; p<0.001) and peripheral pulse wave 
velocity (9.4 m/s versus 9.1 m/s; p<0.05) were seen between patients with 
AAA and controls. In Paper III, patients with AAA had lower left ventricular 
ejection fraction (55±8% versus 57±7%) and global longitudinal strain 
(19±3% versus 20±3%) than controls (both p<0.05). Moreover, the patients 
with AAA had lower mitral annular plane systolic excursion and higher E/e' 
compared with the controls (both p<0.05). In Paper IV, patients with AAA 
had higher levels of Interleukin-10 (21.5±14.0 ng/ml versus 16.6±9.3 ng/ml) 
compared with controls (p<0.01), and within the AAA cohort, patients with 
diabetes had higher levels of Interleukin-10 than those without diabetes 
(26.4±17.3 versus 20.4±13.0; p<0.05).  

Conclusion: The results from this thesis highlight the possibility to use pulse 
wave velocity and augmentation index for risk stratification in patients already 
affected by cardiovascular diseases. The results contribute new knowledge 
about arterial stiffness and left ventricle function in males with AAA. 
Moreover, they contribute knowledge to support new and individualised 
treatments for arterial stiffness in males with AAA in the future. 
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1. Introduction  

Clinical research is a prerequisite for knowledge-based healthcare. It 
presupposes the structures and resources of healthcare, is based on healthcare 
needs, and is expected to lead to benefits for both patients and society. The 
goal of clinical research is to reduce patient suffering and improve the quality 
of healthcare. Clinical research aims to improve well-being and to identify 
factors that lead to improved health (1, 2).  

Average life expectancy is one of the most widely used measures of health in 
populations and is often used as a measure of health status across countries. 
The population of the world is ageing, and the number of adults over 60 years 
of age is expected to increase to 1.4 billion by 2030 and 2.1 billion by 2050 
(3). With increased life expectancy, we can expect an increase in public health 
diseases. Public health diseases have a major impact not only on individuals 
but also on society, because they put a major economic burden on healthcare 
systems in terms of the direct and indirect costs associated with morbidity and 
mortality. Cardiovascular diseases are the most common cause of death 
worldwide, accounting for over 30% of all global deaths (4). In Sweden, about 
one-third of all deaths have cardiovascular disease-related causes (5). Early 
detection of cardiovascular morbidity is important to reduce mortality and 
improve cardiovascular health. Biomedical scientists are a part of the 
healthcare system with the main task of identifying and detecting diseases.   

This thesis contributes to the subject of Health and Care Science by identifying 
factors involved in the development of cardiovascular diseases beyond the 
established risk factors. The new knowledge produced by this thesis will 
contribute to the rationale for recommendations to promote a healthy lifestyle 
and prevent cardiovascular diseases. Lifestyle-related decisions must 
ultimately be made and maintained by individuals, however. The development 
of arterial stiffness is not an immutable and inexorable process. Rather, it 
should be seen as a potential target of interventions that aim to slow the 
vascular ageing process.  
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2. Background 

2.1. The health perspective  
The World Health Organization (WHO) states that health is “a state of 
complete physical, mental and social well-being and not merely the absence 
of disease or infirmity” (6). Although it may seem impossible to have health 
according to this definition, health can still be a goal worth pursuing. Health 
can also be seen as a resource to support individuals’ function in wider society 
rather than an end in itself (7). It is important to see that health can be 
described as a two-dimensional concept. One dimension is the absence of 
disease, based on professional assessment, diagnosis, disability, and injury. 
The second dimension is well-being based on individuals’ own experience, 
which includes physical, mental, and social well-being (7). In the Western 
world, the biomedical model of health is dominant. The traditional biomedical 
approach to illness focuses on finding pathology rather than understanding 
illness, and it seeks to define health in terms of biological factors. 
Nevertheless, the biomedical model cannot fully explain all forms of illness 
(8, 9). Several years ago, George Engel questioned the biomedical model. He 
outlined the limitations of the biomedical approach and suggested a new 
medical model, which he called the ‘biopsychosocial model.’ According to 
Engel, the traditional biomedical approach did not have a place for the social, 
psychological, and behavioural dimensions of illness within its framework. 
He argued that this could lead to situations where “people with positive 
laboratory findings are told that they are in need of treatment when in fact 
they are feeling quite well, while others feeling sick are assured that they are 
well” (9). Engel’s suggestion was based on general systems theory, which 
states that all systems, from the smallest system in physics to the biggest 
system in the cosmos, are structurally and functionally connected with each 
other from level to level with constant feedback loops (Figure 1) (9).  
According to Engel, each system involves qualities and relationships that are 
unique to its level of organisation and may therefore require its own criteria 
for study and explanation (9). Thus, the methods and rules that are appropriate 
to study and understand a cell cannot be applied to study a person as a whole. 
Likewise, the methods required to identify and characterise the components 
of a cell must be different from those needed to investigate the cell as a whole. 
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Each system is a component of a higher system. Thus, the cell is a component 
of a tissue, an organ, a person, and all the way up to the biosphere (Figure 1).  

 

 

Figure 1. Schematic representation of Engel’s biopsychosocial model. 
Modified from: The clinical application of the biopsychosocial model. Am J 
Psychiatry. 1980;137(5):535-44. 
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2.2. Cardiovascular health in an elderly population 
To improve cardiovascular health, biomedical and clinical research can 
provide new knowledge of biological functions, which can in turn contribute 
to more and better opportunities for patients to manage cardiovascular disease 
and thus influence their own perceived health. Cardiovascular diseases are the 
most common ageing-associated diseases and affect health in several ways 
(10). Ageing-associated diseases, such as cardiovascular diseases, reduce 
individuals’ capability for physical activity and can lead to poor control of 
movement and limited performance in various activities. Elderly individuals 
may therefore worry about physiological and psychological aspects of their 
own health, which can cause emotional distress and negative thoughts and 
feelings (10). Patients with cardiovascular diseases often experience 
considerably impaired quality of life (11, 12).  

Cardiovascular diseases are the leading cause of death in elderly individuals, 
and as life expectancy increases, the incidence of cardiovascular diseases is 
expected to increase (10). In a rapidly ageing population, maintaining good 
health status for as long as possible is an overall goal for health professionals, 
policymakers, and elderly individuals (6). Well-being and health are closely 
related, and this relationship may be even more essential in older individuals. 
As life expectancy increases and treatments for life-threatening diseases 
become more and more effective, the maintenance of well-being at advanced 
age is becoming increasingly important (10). The increasing incidence of 
cardiovascular diseases in the ageing population will not only lead to impaired 
well-being in affected patients but will also impose a major economic burden 
on society and healthcare systems in terms of direct and indirect costs due to 
morbidity and mortality. In 2019, the total cost of cardiovascular diseases in 
Sweden was estimated to be SEK 60.2 billion (13). According to the WHO, 
governments have a responsibility for the health of their people, which can 
only be fulfilled by the provision of adequate healthcare (6). Cardiovascular 
diseases in the elderly population impose a huge burden in terms of not only 
mortality, morbidity, disability, and functional decline, but also healthcare 
costs. Hence, expanded efforts aimed at cardiovascular disease prevention 
have the potential to promote successful ageing and to increase functional life 
years.  
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2.3. Arterial stiffness – An independent predictor of 
cardiovascular disease 

The function of the arterial system is to deliver blood at a high pressure to the 
peripheral vascular beds. The large, elastic arteries (i.e. the aorta and the 
carotid arteries) serve predominantly as a cushioning reservoir that stores 
blood during systole and expels it to the tissue during diastole, ensuring that 
the peripheral circulation receives a steady forward flow of blood during the 
whole cardiac cycle (14). The arterial wall consists of three layers: tunica 
interna, tunica media, and tunica adventia. In the central, elastic arteries, the 
wall contains more collagen and elastin fibres than in the peripheral, muscular 
arteries, where smooth muscle cells are more prominent within the wall. The 
elastic arteries have the ability to stretch in response to each pulse wave (14). 
Approximately 70% of the arterial wall consists of water; however, there are 
other components that influence the mechanical properties of the arteries. 
Components such as elastin, collagen, smooth muscle cells, adipose tissue, 
and various proteins that compose the extra cellular matrix (ECM) have an 
important role in determining the properties of the arterial wall (15). ECM 
makes the arteries reversible, elastic, and strong. The dominant component of 
the elastic fibres in ECM is elastin. The elastic fibres consist of fibrillin 
microfibrils embedded in elastin, and this special structure enables the elastic 
recoil of the artery. Consequently, elastin is the matrix protein responsible for 
compliance, which reduces the workload of the heart. (16). Elastin makes it 
possible for the arterial wall to distend when pressure rises and retract when 
pressure declines. The properties of elastin impact the fundamental 
mechanical behaviour of the arterial wall as well as changes in geometry and 
wall tension (14). Stiffening of the large elastic arteries contributes to the 
development of cardiovascular disease and is a well-known independent 
predictor of cardiovascular morbidity and mortality (17, 18). Arterial 
stiffening is affected by vascular function, arterial pressure, and complex 
interaction among stable and dynamic changes involving structural and 
cellular elements of the elastic artery wall. It is also influenced by both 
hemodynamic forces and extrinsic factors.  
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2.4. Arterial stiffness and hypertension  
There is a well-known association between arterial stiffness and hypertension, 
and it is not clear whether arterial stiffness is a consequence or a cause of 
hypertension (19). The Framingham study suggested that increased arterial 
stiffness may precede hypertension (20), although arterial stiffness in 
hypertensive patients increases as a result of increased distension pressure. 
The sustained increases in blood pressure promote matrix synthesis, causing 
subsequent increases in vascular thickness and structural stiffening. Thus, 
elevated blood pressure increases the amount of stiff components within the 
arterial wall, resulting in increased arterial stiffness (21). Regardless of which 
condition causes the other, arterial stiffness and hypertension are closely 
connected and associated with cardiovascular diseases (19).  

Hypertension is a global health concern estimated to affect 1.13 billion people, 
corresponding to one in four males and one in five females, which makes it a 
leading cause of premature morbidity and mortality (4, 22, 23). The definition 
of hypertension is systolic blood pressure (SBP) ≥140 mmHg and/or diastolic 
blood pressure (DBP) ≥90 mmHg in adults (23). Both SBP and DBP increase 
with age up to 50–60 years. In a majority of individuals 60 years of age or 
older, SBP continues to increase, while DBP remains stable or even decreases 
with increasing age (24). This leads to an increase in pulse pressure (PP). 
Thus, PP increases together with SBP progressively with age (25). The age-
related blood pressure trend differs between the sexes; males have a higher 
SBP than females from youth to middle age, although the difference between 
sexes seems to disappear after 65 years of age. After 70 years of age, females 
have a higher incidence of hypertension than males (26-29). Blood pressure is 
a result of a complicated interaction between environment and genetics. 
Separate genes and genetic factors have been linked to the development of 
hypertension; however, because multiple genes probably contribute to the 
development of hypertension, it is difficult to determine the relative 
contributions of each gene (30). Nevertheless, a family history of hypertension 
is a frequent occurrence in patients with hypertension. It has been suggested 
that blood pressure is moderately heritable, with heritability between 35% and 
50% (31, 32). Initiation of antihypertensive treatment in adults is 
recommended when the resting blood pressure is >140/90 mmHg. This 
threshold for treatment applies also to diabetic patients, patients with coronary 
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artery disease, patients with chronic kidney disease, and patients affected by 
stroke or TIA (23). 

 

2.5. Factors influencing arterial stiffness 

2.5.1. Age 

With increasing age, structural and functional changes occur in the arterial 
system. These changes are characterised by differences in RNA expression 
patterns, autophagy, smooth muscle-cell migration, proliferation, and arterial 
calcification with gradually increasing arterial stiffness (33). Arterial ageing 
is mainly driven by local proinflammation generated primarily by vascular 
endothelial cells and vascular smooth muscle cells. The endothelium changes 
arterial structure and function by producing vaso‐active substances like nitric 
oxide and endothelin. With increasing age, endothelin production increases 
and nitric oxide production decreases, which promotes vascular smooth 
muscle growth. Elastic arteries become progressively more stiff and more 
dilated because of a change in the elastin-to-collagen ratio (14). This ageing-
related change is less marked in peripheral, muscular arteries because of the 
differences in the composition of the arterial wall between the central and 
peripheral arteries. In the aorta, the media layer has a structure of concentric 
elastic lamellae interleaved by connective tissue layers that contain smooth 
muscle cells. Moving away from the aorta to increasingly peripheral parts of 
the arterial system, this microstructure gradually disappears as the number of 
elastic lamellae decreases and the number of smooth muscle cells increases. 
Accordingly, peripheral arteries contain more smooth muscle cells in the 
tunica media layer in comparison with central arteries (14). Thus, peripheral 
arteries are stiffer than central arteries, and the age-related increase in stiffness 
is less marked in the peripheral arteries than in the central arteries. The age-
related stiffening in the central arteries, together with the relative absence of 
change in the peripheral arteries, leads to a reduction in the stiffness gradient 
between the central and peripheral arteries (Figure 2) (17). The stiffness of 
the central arteries has an important impact on cardiac work and is more 
important than the peripheral pressure for the pathogenesis of cardiovascular 
diseases (14, 34).  
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Figure 2. The arterial wall in a young person and an old person. A. Central 
pulse wave velocity and an elastic arterial wall in a young person. B. Age-
related changes in the central arterial wall. Hypertrophy and proliferation of 
smooth muscle cells are seen in the arterial wall. The age-related increase in 
the thickness of the central arterial wall is accompanied by increased stiffness.  

2.5.2. Lifestyle  

Several modifiable factors influence arterial stiffness and the risk of 
developing cardiovascular disease. It has been shown that lifestyle factors 
such as physical inactivity, unhealthy diet, high total cholesterol, high blood 
pressure, and elevated fasting serum glucose are interconnected with 
increased arterial stiffness. It may therefore be possible to decrease arterial 
stiffness with lifestyle modifications (35).  
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One of the best-known cardiovascular risk factors is smoking. Cigarette 
smoking is associated with vessel wall damage, including endothelial injury 
(36). The nicotine in tobacco causes a decrease in high-density lipoprotein 
(HDL) levels and an increase in low-density lipoprotein (LDL) levels, which 
can result in accumulation of lipids in the arterial wall. Moreover, the toxic 
effects of carbon monoxide deeply alter the cells of the arterial wall (37). 
Smoking is strongly associated with inflammation, and the immunologic 
changes caused by smoking impact on local inflammatory processes in the 
vascular wall. This leads to increased matrix metalloproteinase (MMP) 
expression and leukocyte recruitment (38, 39). It has been shown that smoking 
causes an increase of about 20–25% in the number of peripheral blood 
leukocytes (40). Smoking is also associated with endothelial dysfunction, 
increased augmentation index (AIx), and increased arterial wall thickness (41, 
42). Acute smoking as well as chronic and passive smoking have been shown 
to increase arterial stiffness (43). 

Fasting blood glucose values seem to be closely related to arterial stiffness in 
patients with metabolic syndrome. Thus, the more the blood glucose level 
rises, the stiffer the arteries become (44, 45). In addition, an association 
between hyperlipidaemia and arterial stiffness has been found. LDL-C is 
damaging to endothelial function. An increased serum LDL-C level may lead 
to an increased vascular smooth muscle-cell response to angiotensin II and 
reduced nitric oxide levels, which can result in increased arterial stiffening. 
Hyperlipidaemia is also associated with oxidative stress and inflammation, 
which are strongly connected to atherosclerosis (46, 47). Furthermore, 
abdominal obesity is significantly associated with arterial stiffness. The 
physiological mechanisms connecting body fat to arterial stiffness are not well 
understood, but one possible explanation involves changes in insulin 
sensitivity (46, 48).   

Physical activity is important for the maintenance of cardiovascular health. 
Regular physical activity is associated with less stiffening of the large elastic 
arteries (49-51). Exercise is one of the best-studied lifestyle interventions to 
improve arterial compliance. Physical activity, regardless of intensity, is 
beneficial in terms of arterial stiffness (52, 53), whereas sedentary behaviour 
leads to premature vascular ageing (54). Physical activity helps to reduce 
arterial stiffness by reducing vascular oxidative stress, increasing endothelial 
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nitric oxide production by shear stress, and augmenting blood flow, resulting 
in improved vessel wall homeostasis (55).  

 

2.5.3. Inflammation  

Inflammation is closely connected to arterial function, and inflammatory 
biomarkers are associated with arterial stiffness. An association between 
increased arterial stiffness and inflammation has been demonstrated by several 
studies, but the mechanism is poorly understood (56). Local vascular 
inflammation is a possible mechanism causing increased arterial stiffness in 
patients with chronic inflammatory diseases. For example, arterial stiffness is 
increased in chronic inflammatory disorders such as rheumatoid arthritis and 
is positively correlated with circulating levels of C-reactive protein (CRP) 
(56). Local inflammation is a protective response of the vascular tissue to 
eliminate causes of injury, and inflammation in the arteries increases arterial 
stiffness by enabling vascular fibrosis and smooth muscle-cell proliferation 
(57, 58).  

There are several inflammatory mediators involved in the atherosclerotic 
process, and there is a strong association between inflammatory markers and 
cardiovascular diseases. Several different pro-inflammatory cytokines, 
particularly Interleukin (IL)-6, and CRP are important biomarkers of 
cardiovascular disease. Even in the absence of hyperlipidaemia, elevated 
levels of CRP are associated with increased risk of cardiovascular disease (58, 
59). CRP is the best and most studied biomarker of cardiovascular diseases 
and may also be the most common clinical measure of inflammation. CRP is 
synthesised in the liver as a response to increased levels of IL-1, IL-6, and 
TNF-α (60). Increased inflammation is likely to contribute to increased arterial 
stiffness. Consequently, arterial stiffness is positively correlated with CRP and 
IL-6 levels (61, 62). Several other inflammatory markers have been observed 
in different patient groups. For example, arterial stiffness was found to be 
associated with IL-1β levels in patients with resistant hypertension (63) and 
with IL-6, IL-10, TNF-α, and CRP levels in patients with chronic kidney 
disease (64).  

IL-10 is an anti-inflammatory cytokine with powerful deactivating effects on 
macrophages and T cells. IL-10 is produced by various inflammatory cells, 
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particularly macrophages. As a result, it can be produced locally within 
atherosclerotic lesions. During infection, IL-10 inhibits the activity of Th1 
cells, NK cells, and macrophages, which are needed for optimal pathogen 
clearance but also contribute to tissue damage. Thus, IL-10 can impede 
pathogen clearance as well as improve immunopathology (65, 66). IL-10 
suppresses a broad range of inflammatory responses and is an important factor 
in maintaining the overall homeostasis of immune responses. Novel therapies 
using IL-10 have been developed for several diseases, including diseases 
involving allergic and autoimmune responses (67). 

Inflammation markers are associated with arterial stiffness and are also 
predictors of cardiovascular events; however, the role of inflammatory 
cytokines in the mechanism and progression of arterial stiffness is not well 
understood.  

2.5.4. Fibrillin-1 

Fibrillin (FBN) is a group of three proteins (FBN-1, FBN-2, and FBN-3) that 
coordinate the deposition of elastin fibres in the ECM. They all have a 
conserved modular domain, organised by various degrees of homology (68). 
No disease‐related mutations have been reported in FBN-3; however, both 
FBN-1 and FBN-2 are associated with disease‐related mutations. Mutations 
in the FBN-2 gene are found in congenital contractual arachnodactyly, and 
mutations in FBN-1 are associated with type 1 fibrillinopathies and Marfan 
syndrome. Marfan syndrome is a connective tissue disorder caused by 
mutations in the FBN-1 gene on chromosome 15 that lead to a severe decrease 
in the amount of FBN-1 available to form microfibrils. Microfibrils work as a 
skeleton for elastin deposition and control the direction of growth of elastic 
fibres. Fibrillin-rich microfibrils play an important structural role in all 
dynamic connective tissues. In the arterial wall, the microfibrils have a load-
bearing function (69). FBN-1 consists of 47 epidermal growth factors, 43 of 
which bind to calcium for protection against degradation by proteases (69). 
Without enough microfibrils, excess production of TGF-β growth factors is 
initiated, and the elasticity of several tissues is decreased. This leads to tissue 
overgrowth and instability. The effects of FBN-1 mutation and Marfan 
syndrome on the arterial system include increased aortic stiffness, elevated 
PP, and aortic root dilatation (68, 70). Because FBN-1 mutation affects the 
arterial system, more knowledge about specific FBN-1 genotypes is required. 
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Several studies have shown an association between the FBN-1 2/3 genotype 
and arterial stiffness in males (71-73). Nevertheless, more studies are needed 
in both sexes to clarify whether any FBN-1 genotype is strongly linked to 
hypertension and arterial stiffness. 

2.5.5. Medical treatment  

Because arterial stiffness is closely associated with cardiovascular disease and 
health, it is of interest to know the capacity of pharmaceuticals to interfere 
with the arterial ageing process. At present, there are no specific drugs 
available to treat arterial ageing. Nevertheless, several drugs have been 
investigated for possible effects on arterial stiffness. 

Antihypertensive drugs such as angiotensin-converting enzyme inhibitors, 
angiotensin receptor blockers, beta-blockers, and calcium channel blockers 
have been shown to have some ability to reduce arterial stiffness, but they 
differ in their degree of effect (74, 75). Diuretics are another common 
treatment for hypertension; however, they have not been shown to have any 
effect on arterial stiffness (74). Statins are used to treat dyslipidaemia and have 
several beneficial effects including antioxidant and anti-inflammatory 
activities and lowering of cholesterol levels (76). These beneficial effects also 
have a positive impact on arterial stiffness, and long-term statin therapy has 
been shown to reduce arterial stiffness (77). The positive effects of statins on 
arterial stiffness appear to be connected to their lipid-lowering, antioxidant, 
and anti-inflammatory effects (75, 78). An overview of the effects of 
antihypertensive drugs on pulse wave velocity (PWV) is shown in Table 1.  
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Table 1.  

Effects of antihypertensive drugs on aortic pulse wave velocity 

Antihypertensive drugs Aortic pulse wave velocity 

ACE inhibitors ↓ 
Angiotensin receptor blockers ↓ 
Beta-blockers ↓ 
Calcium channel blockers ↓ 
Diuretics ↔ 
Statins ↓ 
ACE, angiotensin-converting enzyme; ↓, decrease in pulse wave velocity; 
↔, no change in pulse wave velocity.  

 

The anti-diabetes drug metformin has been shown to decrease arterial stiffness 
in patients with non-alcoholic fatty liver disease and also in patients with 
polycystic ovary syndrome (79, 80); however, these effects are not found in 
patients with type 2 diabetes (T2DM) (81). Metformin is associated with 
reduced AAA growth rate, which might be due to its broad anti-inflammatory 
effect (82). Thus, it is possible that the anti-inflammatory effect of metformin 
also has a beneficial impact on arterial stiffness.  

2.6. Pulse wave analysis and pulse wave velocity  
The local and regional properties of the arterial wall can be measured at 
various sites along the arterial tree by different methods. The propagation 
speed of the arterial pressure wave is strongly correlated with regional arterial 
stiffness, while the configuration of the pressure wave is influenced by 
changes in general arterial wall stiffness (83, 84). The arterial pressure 
waveform can be traced invasively with high accuracy along most arterial 
segments, whereas pulse recordings made by non-invasive methods are 
limited to sites outside the torso. One non-invasive method is applanation 
tonometry, which is performed using an external high-fidelity pressure 
tonometer to trace the pulse waveform in an underlying large superficial artery 
with high resolution (83). By adding a second transducer, or using a single 
transducer consecutively at two measurement sites, the time delay of the pulse 
arrival between the two sites can also be measured. During the same 
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examination sequence, it is possible to record pulse waves for both pulse wave 
analysis (PWA) and measurement of PWV.  

PWV measurement is a simple, non-invasive, robust, and reproducible way to 
assess arterial stiffness. Many software applications have a transfer function 
that estimates the aortic pressure waveform by analysing the configuration of 
a recorded peripheral waveform (85, 86) It is important to standardise the 
conditions under which PWV measurements are undertaken to ensure 
reliability within the investigation as well as generalisability (83). 
Measurement of the PWV between the carotid artery and the femoral artery is 
considered the gold standard for evaluation of central arterial wall stiffness 
because of its demonstrated ability to predict cardiovascular morbidity and 
mortality in large populations studies (83). PWV is calculated as:  

Distance (m) / transit time (s) = PWV  

PWV can be calculated over different arterial segments (Figure 3). A higher 
PWV along the central arteries indicates a decrease in aortic wall compliance, 
which increases the left ventricular workload.   

   

Figure 3. Measurement of central (A) and peripheral (B) pulse waves. 

The distance between the arterial segments can be estimated by direct 
superficial measurement between the two measurement points (Figure 3) in 
the case of relatively straight arterial segments. It is important that the distance 
is measured precisely, because small inaccuracies can influence the value of 
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the PWV. The PWV values are dependent on the carotid–femoral pathway 
measurement. It is possible to use the distance measured directly between the 
carotid and femoral measurement sites (direct pathway measurement) or the 
distance obtained by subtracting the distance between the carotid 
measurement site and the sternal notch from the distance between the sternal 
notch and the femoral measurement site (subtraction pathway measurement) 
(83, 84).  

Figure 4. An aortic pulse waveform. Augmentation index (AIx) is defined as 
the increase in pressure over the first systolic shoulder due to wave reflection 
(P2 - P1 = AG) divided by the pulse pressure (PP)  100. DBP, diastolic blood 
pressure; SBP, systolic blood pressure; Tr, time delay of the reflected wave. 

 

PWA is a non-invasive determination of wave reflection. By PWA, it is 
possible to assess how the reflected wave impacts the pulse pressure. The 
arterial pressure waveform is a fusion of the forward pressure wave generated 
by ventricular contraction and the reflected wave. Reflected waves reach the 
central aorta only during diastole in tall normotensive individuals with 
distensible arterial walls. The reflected waves arrive earlier in individuals with 
stiff arteries, adding to the forward wave already in systole, which augments 
the systolic pressure. This can be quantified by the AIx, which is the difference 
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between the second and first systolic peaks expressed as a percentage of the 
pulse pressure (Figure 4) (83).  

 

2.7. The clinical value of pulse wave velocity 
It has been possible to measure arterial stiffness since the 19th century (87). 
With improved techniques, it is now possible to determine arterial stiffness 
non-invasively by measuring PWV (88). Arterial stiffness depends on the 
properties of the arterial wall, and these properties have functional 
consequences for the artery, because they affect the way the pressure, blood 
flow, and arterial diameter change during every heartbeat (89). Despite the 
long tradition of using PWV as a measure of arterial stiffness, the method has 
not yet gained widespread clinical use. In clinical practice, the focus has been 
on blood pressure. SBP and DBP are usually measured non-invasively and 
peripherally on the brachial artery. Because the pressure waveform changes 
along the arterial tree, measurements of SBP and DBP on the brachial artery 
only show the local pressure. DBP is relatively constant in the arterial tree; 
however, SBP may be up to 40 mmHg higher in the brachial artery than in the 
aorta (85, 90). An increased PWV is predictive of cardiovascular morbidity 
and mortality in individuals with kidney disease, hypertension, or T2DM as 
well as in the general population (91-94). There is a well-known association 
between arterial stiffness and hypertension, and arterial stiffness has been 
hypothesised to be a consequence of hypertension (19). However, the 
Framingham Heart Study found that a higher carotid–femoral PWV (PWVcf) 
was associated with progression in blood pressure and incident hypertension 
seven years later (20). This suggests that arterial stiffness is a cause rather than 
a consequence of hypertension, and that PWVcf can be used to predict 
hypertension and may be a better clinical measure than regular blood pressure 
to predict cardiovascular morbidity. Laurent et al. demonstrated that compared 
with strict use of hypertension guidelines, PWV-driven treatment for 
hypertension reduces SBP and DBP and also prevents vascular ageing in 
patients with hypertension and medium-to-very-high risk of cardiovascular 
morbidity. By using a therapeutic strategy targeting PWV values <10 m/s, it 
may be possible to achieve better blood pressure control and more effective 
prevention of vascular ageing than what can be achieved using conventional 
therapy (95). Additionally, different blood pressure-lowering drugs may have 
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noticeably different effects on central aortic pressure and hemodynamics 
despite having similar impacts on brachial blood pressure (96). Data from 
direct comparisons between PWV and cardiovascular risk scores are limited. 
Sequí-Domínguez et al. performed a meta-analysis to estimate the predictive 
performance of PWVcf for cardiovascular and all-cause mortality. They found 
that PWVcf has a sensitivity of 83% and a specificity of 71% to predict 
cardiovascular mortality (97). Data based on 16 867 subjects and patients from 
13 different centres across eight European countries were used to create 
normal and reference values for PWVcf (98). These normal values are 
presented in Table 2. 

Table 2. 
 
Normal values of carotid–femoral pulse wave velocity in a 
European population 
 

Age (years) PWVcf (m/s) 

<30 6.2 (4.7–7.6) 
30–39 6.5 (3.8–9.2) 
40–49 7.2 (4.6–9.8) 
50–59 8.3 (4.5–12.1) 
60–69 10.3 (5.5–15.0) 
≥70 10.9 (5.5–16.3) 

PWVcf: carotid–femoral pulse wave velocity. Values presented as mean (± 
2 SD) (98) 

 

2.8. Abdominal aortic aneurysm  
The prevalence of AAA is higher in males than in females, with females less 
than one-fourth as likely as males to have an AAA. The prevalence of AAA 
among males 65–70 years of age in Europe is about 1.5–3% (99, 100). In 
females, not only is the incidence of AAA significantly lower than that in 
males of the same age, but also the development of AAA seems to occur 5–
10 years later, and ruptures occur in aneurysms with smaller aortic diameters 
(99, 101-103).  
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AAA is a local enlargement of the abdominal aorta that involves all three 
layers of the artery. Several factors, including body size, determine the 
expected abdominal aortic dimension in an individual, but it is generally 
accepted that AAA is present when the transversal diameter of the infrarenal 
aorta reaches at least 30 mm (99, 100, 104). AAA is characterised by 
destruction of elastin, increased collagen, loss of smooth muscle cells, and 
infiltration of inflammatory cells (105). Different immunological mechanisms 
have an impact on the development of AAA, but the causal mechanisms are 
still unknown (106, 107). Apoptosis of smooth muscle cells and degeneration 
of the aortic media are characteristics of aneurysm. This loss of structural 
integrity is responsible for aortic dilation and rupture. Inflammation and 
oxidative stress have been associated with the apoptosis of smooth muscle 
cells in AAA and seem to be involved in the development and progression of 
aneurysm (108). It has been suggested that inflammatory cells in the AAA 
wall produce cytokines that stimulate proteolytic enzymes such as MMPs 
(109). Several inflammatory cytokines are involved in the secretion of MMPs, 
and increased levels of MMP expression and activity have been demonstrated 
within the AAA wall. Thus, factors that influence the regulation of MMPs 
may affect the development of AAA (110). Both environmental factors and 
genetic factors play important roles in the pathophysiology of AAA. The most 
important environmental risk factor for developing AAA is smoking. 
Smoking is also associated with increased aneurysm growth. It has been 
estimated that 75% of all AAA cases are primarily caused by smoking (99, 
111). In terms of genetic and hereditary factors, it is well known that a positive 
family history is highly associated with morbidity in AAA. AAA in a first-
degree relative increases the risk for AAA (112); however, no single gene has 
emerged as the key to understanding this genetic relationship (113). 

AAA is usually asymptomatic, but if rupture occurs, the consequence is often 
catastrophic. The overall mortality rate in cases where rupture occurs is 80–
90% (114). The Swedish National Board of Health and Welfare considers 
ruptured AAA to be an important health problem, and in 2015 Sweden 
introduced a national screening program for males 65 years of age (115). Most 
AAAs are detected by ultrasound screening, but AAA can also be an 
incidental finding during investigation of an unrelated problem, 
echocardiography, or radiological screening for other reasons. The probability 
of progressing from a normal abdominal aortic diameter to a diameter ≥55 mm 
is low; however, in males who already have AAA, the probability of 
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progressing to a higher diameter is considerably increased (116). In most 
patients with small AAA (≤55 mm ), progressive growth of the AAA occurs 
at average rate of 2.2 mm/year (117).  

 

2.9. Left ventricle function in relation to the central 
arteries 

It is generally accepted that increased arterial stiffness may be a contributing 
factor in the development of left ventricle (LV) dysfunction. The mechanical 
properties of the central arteries have an important impact on cardiac work 
because of the Windkessel effect (Figure 5).  

Figure 5. The Windkessel effect. At the end of systole, the pressure decreases 
more slowly in the aorta than in the left ventricle, because the large central 
arteries are elastic and act as a reservoir during systole. The stored blood is 
forced out to the peripheral vessels during diastole (14). 

 

Ventricular-arterial coupling affects ventricular performance and has an 
important role in the physiology and pathophysiology of cardiac and aortic 
mechanics. Arterial load, as well as arterial stiffness, are highly related to LV 
function. The aortic pressure determines the workload of the LV (118-120). 
The cardiac output increases when the preload increases. This relationship 
between the initial length of the myocardial fibres and the force generated by 
contraction, between stroke volume and diastolic volume, is called the Frank-
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Starling mechanism. The force of the contraction depends on the stretched 
length of the myocardium. Increased distension of the cardiomyocytes 
strengthens the force of contraction, and this leads to an increased stroke 
volume. Afterload in the LV is mainly determined by the properties of the 
arterial tree (120, 121). The LV produces a forward-traveling pulse wave at 
the beginning of each cardiac cycle that results in increased pressure and a 
forward flow in the proximal aorta during early systole. If the proximal aorta 
has a high arterial stiffness, the amount of pressure increase is relatively large 
for any given early systolic flow. In the conduit and resistance vessels, the 
pulse wave meets resistance at reflection sites, which creates backward-
traveling waves that add to the forward waveform, or the pulse pressure wave. 
Several small reflections are conducted back to the heart, and the backward 
reflections merge into a reflected wave. The velocity of the pulse wave is high 

enough for the wave to be able to travel to the periphery and then return in one 
single cardiac cycle. However, the exact time at which the reflected wave 
returns depends on the location of the reflection sites and the stiffness of the 
conduit arteries (14, 122). Higher arterial stiffness leads to earlier arrival of 
the wave reflections at the LV. As the arterial stiffness increases with age, the 
hemodynamic effects of the wave reflections shift from diastole to systole, 
resulting in prominent effects during mid-to-late systole in elderly individuals. 
Mid-to-late systole is a period of increased vulnerability, when the reflected 
waves have damaging effects on the myocardium, increasing the mid-to-late 
systolic load and reducing the area under the pressure curve in diastole, which 
is a key determinant of coronary blood flow. Thus, premature wave 
reflections, which can be caused by reduced arterial wall distensibility, may 
put a significant hemodynamic load on the LV and the cardiomyocytes (120, 
123).  

  

2.10. Assessment of left ventricle function by 
echocardiography 

Echocardiography is a non-invasive technique that provides immediate 
information about chamber volumes, ventricular systolic and diastolic 
function, wall thickness, valve function, and pressure in the pulmonary 
circulation. Broad availability and the absence of ionizing radiation make 
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echocardiography the most widely and frequently used technique to provide 
information about cardiac morphology and function (124).   

Assessment of LV function is a central part of the evaluation of cardiac 
disease. LV function can be measured using M-mode, two-dimensional, or 
three-dimensional echocardiographic images and various equations to 
determine LV volume. A simple measure of global systolic function is left 
ventricular ejection fraction (LVEF), which is a volume-based measurement 
(125, 126). The recommended method to calculate LVEF uses the modified 
biplane Simpson’s rule (127), which calculates LV volume by tracking the LV 
endocardial border in systole and diastole to create elliptic slices whose total 
volume is subsequently determined (124, 128). This method has limitations, 
however, especially in patients with suboptimal endocardial definition and 
extensive wall motion abnormalities (124).  

Global longitudinal strain (GLS) is an alternative measure of myocardial 
function and deformation. GLS is a parameter derived from two-dimensional 
speckle tracking that expresses longitudinal shortening as a percentage. GLS 
is more sensitive than LVEF to detect impaired LV systolic function and may 
be a better predictor of cardiovascular disease events and death (129, 130). 
Strain has three dimensions; longitudinal, radial, and circumferential; but for 
reasons of precision and image resolution, only longitudinal strain is used in 
echocardiography (131).  

Mitral annular plane systolic excursion (MAPSE) is used as a complimentary 
measure with LVEF (132). MAPSE reflects the mitral ring displacement in 
systole and is measured from four sites on the atrioventricular plane, at the 
septal, lateral, anterior, and posterior walls (133).  

Diastolic filling can be divided into two phases, the passive early phase (E 
wave) and the active atrial phase (A wave) (Figure 6). In elderly patients, 
slow filling of the heart early in diastole lowers the proportion of total diastolic 
filling during the passive early phase and increases the isovolumic relaxation 
time. This shifts the main part of ventricular filling to later in diastole. Hence, 
with ageing, the atrium contributes to a greater portion of the total end-
diastolic volume, which decreases the E/A ratio and causes the left atrium to 
dilate significantly (134).  
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An E/A ratio <1 is often interpreted as sign of impaired relaxation, but normal 
values are age related. E/e´ is the ratio between the early diastolic mitral flow 
velocity and the early mitral annular motion velocity, which has been 
suggested to reflect the left ventricular filling pressure (134, 135).       

  

Figure 6. A) E-wave and A-wave velocities in a normal, healthy, young 
person. B) Mitral annular velocities: e’, early diastolic velocity; a’, late 
diastolic velocity; S’, systolic velocity. 
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3. Rationale  

The population of the world is ageing, and the number of elderly individuals 
is continuously increasing. Cardiovascular diseases are the most common 
ageing-associated diseases, so an increase in the incidence of cardiovascular 
diseases is expected in Sweden as well as globally. Arterial structure and 
function change with age, progressively leading to a stiffening of the arteries. 
Arterial stiffness is a predictor of cardiovascular events and mortality that is 
independent of other traditional risk factors. Measurement of arterial stiffness 
may therefore help identify patients with high risk of cardiovascular disease 
at an early stage.  

Arterial stiffness is a well-known independent predictor of cardiovascular 
disease; however, the association between arterial stiffness and AAA is not 
fully understood. More clinical research is required to learn whether 
monitoring of regional arterial distensibility is an accurate way to identify 
individuals with accelerated vascular ageing for whom early intervention may 
halt the progression to cardiovascular disease. Males with AAA have an 
increased incidence of other cardiovascular diseases, and early detection of 
AAA is important to reduce mortality and improve cardiovascular health.  

This thesis consists of cross-sectional studies of elderly patients with various 
degrees of cardiovascular diseases. The objective of this thesis is to investigate 
the clinical aspects of arterial wall stiffness with the intention to explain 
mechanisms and pathophysiologic conditions that lead to, or result from, 
arterial stiffness. Additionally, this thesis will provide knowledge about the 
associations among arterial stiffness, AAA, and LV function. 

The long-term goal is to generate knowledge that can be used to improve 
primary and secondary cardiovascular disease prevention and reduce the total 
burden of cardiovascular diseases. Is it optimal to treat high blood pressure 
without considering arterial stiffness? New knowledge from this thesis will 
contribute to the rationale for recommendations to promote a healthy lifestyle 
and prevent the development of cardiovascular diseases.  
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4. Overall and specific aims 

The overall aim of the research presented in this thesis is to investigate clinical 
aspects of arterial stiffness with a focus on AAA. 

The specific aims are as follows: 

• To explore general arterial properties and evaluate the influence of 
sex and FBN1 genotype by recording blood pressure and pulse 
waves in an elderly hypertensive population. 

• To determine whether AAA is associated with decreased arterial 
wall distensibility. 

• To investigate whether AAA is associated with left ventricular 
systolic and diastolic dysfunction. 

• To explore possible associations among inflammatory marker levels, 
metformin use, and arterial stiffness in males with AAA.  

5. Materials and methods 

5.1. Design 
All studies in this thesis used a quantitative approach and a cross-sectional 
design. Paper I compares elderly hypertensive females with elderly 
hypertensive males and also compares FBN1 genotypes within each sex. 
Papers II–IV compare males with and without AAA (Table 3). 
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5.2. Participants 

5.2.1. Paper I  

The cohort in Paper I was recruited from an ongoing longitudinal study of 
elderly individuals in a municipality of southeast Sweden. The cohort included 
315 hypertensive individuals (155 males and 160 females) aged 71–88 years. 
A flow chart of the selection process is shown in Figure 7. The participants 
avoided tobacco, coffee, and tea consumption for at least 4 h before their 
examinations for the study and filled out a questionnaire regarding 
cardiovascular risk factors, cardiovascular diseases, medications, and 
smoking habits. 

Figure 7. A flow chart of the selection process for the study in Paper I. 
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5.2.2. Papers II–IV 

The cohorts in Papers II–IV were recruited from ongoing AAA ultrasound 
surveillance programs for males aged 65–70 years in Region Jönköping 
County and Region Östergötland County, Sweden. In Sweden, 75–85% of all 
65-year-old males are screened annually for AAA, and the prevalence of AAA 
in this group is just below 2% (115). This corresponds to approximately 3900 
patients screened and 98 newly detected AAA cases per year in the two study 
regions. A total of 307 male participants (199 AAA, 108 controls) aged 55–
80 years were recruited from 2011 to 2016.  
AAA was defined by a regional diameter of the infrarenal segment of the 
abdominal aorta of at least 30 mm according to two-dimensional ultrasound. 
All controls had a normal infrarenal aortic diameter according to a screening 
examination conducted in the past five years. The reported maximal AAA 
diameter for each participant was taken from the most recent clinical AAA 
surveillance examination. In Paper II, 23 individuals (17 AAA, 6 controls) 
were excluded after their examination for the study because of poor quality of 
pulse wave recordings, ongoing arrhythmia, or hardware failure. The cohort 
for Paper II therefore consisted of 284 participants (182 AAA, 102 controls). 
In Paper III, the study cohort included all 307 recruited participants. In Paper 
IV, 270 participants (191 AAA, 79 controls) were analysed; 27 individuals (8 
AAA, 29 controls) were excluded because of poor quality of pulse wave 
recordings, ongoing arrhythmia, hardware failure, or difficulty in obtaining 
blood samples (Figure 8). 

 

Figure 8. A flow chart of the selection process for the study population in 
papers II–IV. 
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All participants avoided tobacco, coffee, and tea consumption for at least 4 h 
before their examinations. The participants filled out a questionnaire about 
cardiovascular risk factors, cardiovascular diseases, medications, and 
smoking habits.  

5.3. Blood samples (Papers I-IV) 
In all four Papers, blood samples were taken after overnight fasting and 
collected in prechilled plastic Vacutainer tubes (Terumo EDTA K-3). Plasma 
was prepared by centrifugation at 3000g for 10 min at 4˚C. Blood and plasma 
were stored at -70˚C pending analysis. The blood samples were analysed at 
the chemistry laboratories at Linköping University Hospital (Papers I–IV) and 
Ryhov County Hospital Jönköping (Papers II–IV). The laboratories are 
ISO/IEC 17025 accredited by the Swedish Board for Accreditation and 
Conformity Assessment.  

5.4. FBN1 genotyping (Paper I) 
DNA was prepared for polymerase chain reaction (PCR) to type the variable 
tandem nucleotide repeat (VNTR) (TAAAA)n in intron 28 of the FBN1 gene 
on chromosome 15 using the forward primer 5′- 6FAM – CAG AGT ACA 
TAG AGT GTT TTA GGG AGA -3′ and the reverse primer 5′- GTT TCT 
TCC TGG CTA CCA TCC AAC TCC c -3′. PCR was performed in a volume 
of 12 μl with predenaturation at 95˚C for 9 min; followed by 35 cycles of 
denaturation for 30 s, annealing at 65˚C for 30 s, and extension at 72˚C for 30 
s; and a final extension at 72˚C. A 1 μl portion of the product from PCR was 
diluted with 9 μl highly deionized formamide (GENESCANTM 500ROXTM 
Size Standard) and used for electrokinetic injection on a capillary 
electrophoresis system. The DNA fragments were labelled with the ROXTM 
fluorophore. This labelling resulted in identifiable peaks when the samples 
were electrophoresed under denaturing conditions. The alleles were then 
identified by the number of base pairs (bp) associated with each peak (2/2: 
162 bp, 162 bp; 2/3: 157 bp, 162 bp; 2/4: 152bp, 162bp). 
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5.5. IL-10 (Paper IV) 
IL-10 was analysed using the Bio-Plex Pro™ Human Chemokine Panel (Bio-
Rad Laboratories, Inc., Hercules, CA) according to the manufacturer’s 
recommendations. An automatic magnetic washer (Magpix) was used during 
the implementation of the assay. The 96-well microtiter plate was measured 
with the Luminex 200 system (Luminex corp., Austin, TX). A standard curve 
with seven points was created for each cytokine, with standard one serving as 
the highest standard. A five-parameter logistic curve was generated for each 
analysis using the Masterplex software. 

5.6. Pulse wave analysis and pulse wave velocity 
(Papers I, II, and IV) 

Brachial blood pressure was measured after at least 15 min of rest with the 
patient in the supine position using an oscillometric technique (Dinamap 
model PRO 200 Monitor, Critikon, Tampa, FL, USA). Systolic, diastolic, and 
mean arterial pressures were measured. In Paper I, only pulse waves from the 
radial artery were used. The pulse waves were obtained non-invasively using 
the SphygmoCor system (version 7.0, Model MM3, AtCor Medical, Sydney, 
Australia) equipped with a Millar pressure tonometer. Average data from the 
three most successful registrations were used for analysis. The central pressure 
waveforms were derived using a generalised transfer function calculated from 
a recording of the radial artery pressure. Brachial systolic and diastolic blood 
pressure were used to calibrate the pressure wave. 

In Papers II and IV, pulse waves were recorded from the carotid, femoral, and 
radial arteries. The pulse waves were obtained non-invasively using the 
SphygmoCor system (version 8.0, Model MM3, AtCor Medical, Sydney, 
Australia) equipped with a Millar pressure tonometer. A simultaneous 
electrocardiogram (ECG) enabled calculation of the PWV. The pulse transit 
time was determined by automatic analysis of the average delay from the R-
wave of the ECG to the foot of the pulse wave, initially at the distal site and 
later at the proximal site, each for 10 s. The pulse travel distance between the 
two arterial sites was estimated on the body surface according to the 
subtraction method (88). The central aortic pressure and waveform were 
calculated from the calibrated radial pressure wave with a generalised transfer 
function. 
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5.7. Echocardiography (Paper III) 
Echocardiographic examinations were performed by experienced 
sonographers using a Vivid 9 ultrasound scanner (GE Vingmed Ultrasound; 
General Electric, Milwaukee, WI, USA). Apical four-chamber, two-chamber, 
and long-axis views were collected at a frame rate of >40 frames/s and 
analysed offline using two-dimensional speckle tracking (EchoPAC PC 
version 202, GE Ultrasound, Horten, Norway). Mean values from 18 
segments of the LV; three each from the base, mid, and apex; were used to 
calculate GLS. The modified Simpson’s biplane method was used to calculate 
LVEF (124). MAPSE was measured using a tissue tracking algorithm 
integrated over time (136) and calculated by averageing the total amplitude 
values measured for three consecutive heartbeats at the septal, lateral, inferior, 
and anterior aspects of the two- and four-chamber views. Diastolic transmitral 
inflow profiles were obtained at the level of the tip of the mitral leaflets using 
pulsed Doppler, and the peak of the E-wave was evaluated. Colour tissue 
Doppler was used to measure e' from recordings taken at the base of the 
septum and lateral walls. The e' was presented as a mean over three 
consecutive heartbeats.  

5.8. Data analysis 
Data analyses were carried out using SPSS 27.0 for Windows (SPSS, Inc.). 
Normal distribution was visually assessed by histogram and Q-Q-plots and 
evaluated by the Kolmogorov–Smirnov test. Log transformation was used for 
continuous variables with a non-normal distribution (Paper II). Comparisons 
of continuous data were made by Student’s T-test or by non-parametric test 
for non-normally distributed data (Papers I, III, and IV).  Correlations between 
continuous variables were evaluated using the Pearson coefficient (Papers III 
and IV). ANOVA was used to compare differences among multiple subgroups 
(Paper I). Analysis of covariance (ANCOVA) was used to compare means 
after adjustment for confounders (Paper II). A two-sided P value ≤0.05 was 
considered statistically significant in all four studies.  
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6. Ethical consideration 

In accordance with Swedish law, all four studies were approved by the Ethical 
Review Agency in Linköping, Sweden, and complied with the Declaration of 
Helsinki (137). The studies followed the four principles of biomedical ethics: 
autonomy, non-maleficence, beneficence, and justice (138). Respect for 
autonomy is a moral responsibility to respect the autonomy of the study 
participants and requires the consent of the participants before the 
examination starts. The beneficence principle requires researchers to do well 
and promote the participants’ interests. The principle of non-maleficence 
obliges researchers to avoid harming participants or acting against 
participants’ interests (138). There were potential benefits for the participants, 
because the investigations could identify potential cardiovascular diseases, 
which might have been unknown and untreated. However, this may also have 
a negative effect on the participants, because a new diagnosis might cause 
stress and further questions. The justice principle requires equal selection and 
equal treatment of the participants (138). Equality does not mean that the 
healthcare and treatment are always the same for all participants; the 
healthcare and treatment may instead be individualised. There are differences 
in biological characteristics between the sexes, which sometimes justifies a 
study population of just one sex.  

The clinical investigations were painless and did not cause any physical harm 
to the participants. Venepuncture was used to collect blood samples, which 
may cause some discomfort and anxiety; however, all participants received 
information about venepuncture in an information letter that was sent before 
data collection. Besides the information about venepuncture, the information 
letter explained the purpose of the study and the clinical examinations. The 
written information also stated that participation in the study was voluntary 
and that it was possible to withdraw from the study at any point and without 
any reason. The participants were informed that withdrawal from the study 
would not affect their future healthcare or have any negative consequences. In 
addition, the participants were given information about a contact person who 
could address any questions they had about the study. Before the start of the 
examination, the participants were also given information verbally about the 
study and the examinations. At that time, the participants gave written 
informed consent for inclusion in the study in accordance with the Helsinki 
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Declaration. After the participants consented to be included in the study, any 
unexpected findings of clinical relevance were reported to the participants’ 
respective healthcare units.  

All data and blood samples were given a specific code. Only authorised 
persons have access to data and blood samples to guarantee the confidentiality 
of the participants in accordance with the Declaration of Helsinki (137). The 
data are stored at the Department of Natural and Biomedicine Science at 
Jönköping University, Jönköping (Paper I), and at Linköping University, 
Linköping (Papers II–IV), and are handled according to the General Data 
Protection Regulation. The blood samples are kept safely in a registered 
biobank at Linköping University Hospital, Linköping (Papers I–IV). The 
studies were approved by the Central Ethical Review Board in Linköping, 
Sweden (Paper I, Dnr 95044; Papers II–IV, Dnr M123-07). 
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7. Results 

7.1. Characteristics of the study participants (Papers 
I–IV) 

A summary of the characteristics of the study participants in Papers I–IV is 
shown in Table 4. 

7.1.1. An elderly hypertensive population  

In Paper I, a cohort of 315 hypertensive participants (155 males, 160 females; 
mean age, 78 ± 3.4 years) was analysed (Table 4). There were no differences 
between sexes in age, body mass index (BMI), levels of CRP or glucose, or 
incidence of T2DM, hyperlipidaemia, or angina pectoris. Males had a higher 
frequency of smoking (p <0.005) and higher creatinine levels (p <0.001) than 
females, whereas females had higher levels of HDL (p <0.001) and LDL (p 
<0.005) than males. Males were more affected by ECG-verified myocardial 
infarction (p <0.005) than females. Nevertheless, females showed increased 
heredity for cardiovascular disease (p <0.005) compared with males. There 
were no significant differences between males and females regarding 
treatments with statins, beta-blockers, or ACE inhibitors; however, females 
were more often treated with diuretics than males (p <0.005). 

7.1.2. The AAA population 

Papers II–IV included a cohort of 307 males (199 patients with AAA, 108 
controls). Because of the exclusion criteria stated in the Materials and 
Methods, only 284 participants were included in Paper II. In Paper III, all 307 
participants were analysed. In Paper IV, 256 participants were analysed 
(Table 4). The study cohorts differed in demography and results among the 
Papers, because not all examinations and analyses were performed in all 
participants. 

In Paper II, the median age was 70 ± 4 years in both the AAA group and the 
control group. The participants with AAA had higher weight and BMI than 
the controls (p <0.05 for both comparisons). Compared with the controls, the 
participants with AAA included more current and former smokers (p <0.001) 
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and had higher incidences of symptomatic ischemic heart disease and 
cerebrovascular events. There was no difference in the prevalence of T2DM 
between the two groups. The participants with AAA were more often treated 
with antihypertensive drugs, aspirin (ASA), and statins (p <0.001 for each 
comparison) than the controls. The levels of HbA1c (p <0.01) and CRP (p 
<0.001) were higher in the participants with AAA than in the controls.  

In Paper III, the median age was 70±4 years in both the AAA group and the 
control group. The participants with AAA had higher BMI (p <0.01) and 
weight (p <0.05) than the controls, but body surface area (BSA) was similar 
between the two groups. The participants with AAA had higher incidences of 
symptomatic ischemic heart disease (p <0.01), hypertension (p <0.001), 
cerebrovascular events (p <0.001), and hyperlipidaemia (p <0.001) than the 
controls. In addition, there was a larger proportion of current or former 
smokers among the participants with AAA than among the controls (p 
<0.001). There was no difference in the reported prevalence of T2DM 
between the two groups. 

In Paper IV, the AAA group had a significantly higher age (p <0.01) compared 
with the control group. There was no difference between the participants with 
AAA and the controls in height, weight, or BMI. There were more current and 
former smokers in the AAA group than in the control group (p <0.01). The 
incidences of T2DM and symptomatic cerebrovascular disease were similar 
between the two groups, whereas hyperlipidaemia, hypertension, and heart 
diseases were more common in the AAA group than in the control group. The 
proportion of participants treated with beta-blockers and ASA was greater in 
the AAA group than in the control group (p <0.001). There was no difference 
in the reported use of diuretics, Ca-channel blockers, or statins between the 
two groups.
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7.2. Fibrillin 1 (Paper I) 
Four alleles and eight combinations of FBN1 genotypes were identified (1/2, 
1/4, 2/2, 2/3, 2/4, 3/3, 3/4, and 4/4). The three most common genotypes (2/2, 
2/3, and 2/4) accounted for 79.4% of the participants overall (males 75.4%, 
females 83.1%). The analysis was restricted to individuals with the three most 
common FBN1 genotypes (2/2, 2/3, and 2/4) divided by sex. The frequencies 
of the genotypes in males were FBN1 2/2: 56.8%; FBN1 2/3: 11.2%; and 
FBN1 2/4: 32%. In females, the frequencies were FBN1 2/2: 61.7%; FBN1 
2/3: 13.5%; and FBN1 2/4: 24.8%. When the participants with different FBN1 
genotypes were compared within each sex, there were significant differences 
in AIx among the females with different genotypes, but not among the males. 
The females with genotype 2/3 had higher AIx (p <0.05) (Figure 9) and SBP 
(p <0.05) than those with genotypes 2/2 or 2/4. These differences among 
genotypes were not found among the males.  

 

Figure 9. Differences in augmentation index (AIx [%]) among FBN1 
genotypes by sex. *p <0.05 
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7.3. Arterial stiffness and blood pressure (Papers I, 
II, and IV) 

In Paper I, sex-related differences were found in AIx (p <0.001), SBP (p 
=0.005), and ankle-brachial index (ABPI, p <0.05) in the elderly hypertensive 
population (n =315). Females had higher SBP (169 mmHg versus 162 mmHg) 
and AIx (36.0 % versus 32.5%) but lower ABPI (1.0 versus 1.1) than males. 
Differences between the sexes were also observed in peripheral mean arterial 
pressure (pMAP) (p <0.05), central mean arterial pressure (cMAP) (p <0.05), 
central systolic blood pressure (cSBP) (p <0.05), and cPP (p <0.05) (Table 5).  

In Paper II (n=284), there were differences in both PWVcf (12.3 m/s versus 
10.9 m/s, p <0.001) and PWVcr (9.4 m/s versus 9.1 m/s, p <0.05) between the 
patients with AAA and the controls. The difference in PWVcf persisted after 
adjustment for mean arterial pressure (MAP) and BMI (11.9 m/s versus 10.5 
m/s, p<0.001); however, the difference in PWVcr disappeared after 
adjustment for MAP and BMI. AIx (p <0.001) and augmentation pressure 
(AG) (p <0.05) were higher in the participants with AAA than in the controls. 
When AIx was adjusted to heart rate 75 (HR75), it was still significantly 
higher in the participants with AAA than in the controls. There was no 
difference in peripheral blood pressure between the two groups; however, the 
participants with AAA had higher central systolic blood pressure (cSBP) (p 
<0.005) and central diastolic blood pressure (cDBP) (p<0.005) compared with 
the controls. Furthermore, the participants with AAA had lower ABPI on 
average than the controls (p <0.001) (Table 5).  
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Table 5. 

Pressure parameters from Papers I and II 

 Hypertensive 

females 

n=160 

Hypertensive 

males  

n=155 

Control 

(male) 

n=102 

AAA 

(male) 

n=182 

Pressure parameters    

SBP (mmHg) 170±23 162±19 131±15 134±18 

DBP (mmHg) 80±11 80±10 74±8 77±9 

cSBP (mmHg) 170±23 162±19 131±15 134±18 

cDBP (mmHg) 80±11 80±10 74±8 77±9 

ABPI (mmHg) 1.0±0.2 1.1±0.3 1.2±0.1 1.1±0.2 

Pulse wave indices    

PWVcf (m/s) - - 10.9±2.5 12.3±3.0 

PWVcr (m/s) - - 9.1±1.3 9.4±0.9 

AIx HR75 (%) 32.7±6.9 26.2±7.4 20.6±7.0 25.1±7.5 

Tr (ms) 127.0±9.3 133.3±10.3  144.9±7.9 139.6±10.6 

ABPI, ankle-brachial pressure index; AIx HR75, aortic augmentation index 
heart rate 75; c, central; DBP, diastolic blood pressure; PWVcf, carotid–
femoral pulse wave velocity; PWVcr, carotid–radial pulse wave velocity; 
SBP, systolic blood pressure; Tr: time to reflection. 
 

7.4. Left ventricle function in males with AAA (Paper 
III) 

LV function in males with AAA (199 participants with AAA, 108 controls) 
was studied in Paper III. The participants with AAA had wider ascending 
aorta (35.9 mm versus 33.7 mm) and aortic sinus (37.7 mm versus 35.4 mm) 
compared with the controls (p<0.01). The participants with AAA also had 
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thicker septal walls and posterior walls compared with the controls (p <0.05 
and p <0.001, respectively) (Figure 10)  

The participants with AAA had lower LVEF, MAPSE, and GLS (p <0.05 for 
each comparison) and higher E/e' (p <0.05) than the controls; however, the 
frequencies of abnormally decreased LVEF (<52%) and GLS (<18%) and 
increased E/é (>14) were not significantly different between the two groups.  

Figure 10. Values are presented as the mean ±SD. a) Diameter in sinus aorta 
and aorta ascendens (mm). b) LPWT, left posterior wall thickness; LSWT, 
left septal wall thickness (mm). c) LVEF, left ventricle ejection fraction (%) 
d) E, transmitral E-wave velocity, eʹ, early diastolic mitral annulus velocity. 
*p <0.05. 

7.5. Inflammatory markers (Paper IV) 
The participants with AAA had higher levels of IL-10 (21.5±14.0 ng/ml 
versus 16.6±9.3 ng/ml) compared with the controls (p =0.007). Within the 
AAA group, the participants with T2DM had higher levels of IL-10 than those 
without T2DM (26.4 ± 17.3 versus 20.4 ± 13.0, p = 0.036). Furthermore, a 
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significant negative correlation was found between PWVcf and IL-10 among 
the participants with T2DM in the AAA group (r =-0.424).  

Pearson’s bivariate correlation analyses were used to investigate the 
relationships among PWVcf, PWVcr, and CRP in the AAA group and the 
control group. Higher levels of CRP were found in the AAA group compared 
with the control group (4.5±6.8 versus 3.0±4.0, p =0.018). There was a 
positive correlation between PWVcf and CRP in the control group (r =0.332) 
but not in the AAA group. By contrast, there was a negative correlation 
between PWVcf and CRP (r =0.571) among the participants with T2DM that 
were treated with metformin (n =12). There was no such correlation among 
the participants with T2DM that were not treated with metformin (n =17). 
PWVcr was not correlated with CRP either among the controls or among the 
participants with AAA.   
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8. Discussion 

The number of elderly people in Sweden is increasing steadily. Therefore, 
more individuals are expected to develop cardiovascular disease in the future. 
Arterial stiffness is a known prognostic risk marker of cardiovascular 
morbidity and mortality; however, measures of arterial stiffness are rarely 
used in clinical assessments to determine if patients should receive preventive 
or medical treatment for cardiovascular disease. The focus of this thesis is on 
the clinical aspects on arterial stiffness in patients with AAA and 
hypertension. The aim of the thesis is to increase knowledge about arterial 
stiffness and the development of cardiovascular diseases in order to improve 
health and enable primary and secondary prevention of cardiovascular 
disease. 

8.1. Lifestyle-related factors 
In 2015, the United Nations set a goal to reduce mortality due to the most 
prevalent diseases by 25% by 2025. The WHO has focused on three lifestyle 
factors to reach that goal: physical activity, salt intake, and tobacco smoking 
(4). These lifestyle factors are highly related to cardiovascular health (139) 
and may contribute to cardiovascular morbidity and mortality. Several 
lifestyles factors are associated with arterial stiffness (35), so it is of value to 
motivate people to have a healthy lifestyle. It is important to identify and 
understand factors that either promote or hinder healthy lifestyle changes. 
Sevild et al. showed that lifestyle changes are more likely to be initiated and 
preserved when the goals are not only are feasible but also regulated with 
autonomous motivation and intrinsic value (140).  

It is not surprising that current and previous smoking in our cohorts was more 
common in males with AAA than in the controls, because smoking is the most 
important environmental risk factor for AAA development (99, 111). 
Unfortunately, information about the amount (e.g. packages/year) of smoking 
was not available for our studies. The amount of smoking is important and 
may have added more information to the results. It is remarkable, however, 
that many participants with AAA still smoked after they had been diagnosed 
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with AAA. Smoking is associated with increased AAA growth, and smoking 
cessation is associated with an approximately 20% reduction in aneurysm 
growth and a 50% reduced risk of aneurysm rupture (141). Most smokers want 
to quit smoking, but fewer than 1 in 10 are likely to succeed after making an 
unassisted attempt to quit (142). It has been shown that the perceived negative 
health effects of smoking and having a smoking-related illness are important 
motivating factors to help individuals succeed in quitting smoking (143). 
Thus, patients with AAA might have a good chance to succeed in smoking 
cessation if they are informed of the risks of continued smoking. Increased 
knowledge about how different lifestyle factors affect AAA and hypertension 
may contribute to recommendations for a healthy lifestyle. This can aid in the 
prevention of cardiovascular diseases; however, individuals must make and 
maintain lifestyle-related decisions for themselves.  

Physical activity and reduction of salt intake are important for maintaining 
cardiovascular health and are also associated with lower central PWV (49-51, 
144, 145). Unfortunately, these parameters were not included in the data 
collection.  

 

8.2. Blood pressure, arterial stiffness, and left 
ventricle function  

The results in Paper I showed that elderly hypertensive females with the FBN1 
2/3 genotype had higher SBP and AIx compared with elderly hypertensive 
females with other genotypes. This difference in genotypes could not be 
demonstrated in the male population, however. In the whole cohort of 
hypertensive individuals, females had higher SBP than males. Hypertension 
is an important risk factor for cardiovascular morbidity and mortality, 
particularly in the elderly population (22). Hypertension is often 
asymptomatic in elderly females, and, furthermore, hypertension is more 
prevalent in elderly females than in elderly males (146). Females have also 
smaller artery diameters, and AAA often ruptures at a smaller diameter in 
females than in males (147, 148). Estrogen seems to have a beneficial effect 
on the cardiovascular system in females of fertile age, and it can protect 
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against atherosclerosis (149). There are well-described differences between 
males and females in the epidemiology, pathophysiology, clinical 
manifestations, therapy responses, and outcomes of cardiovascular diseases, 
and several of these differences depend on biological differences. This, 
together with the blood pressure-related differences among FBN1 genotypes, 
suggests that further studies of individualised and gender-influenced 
antihypertensive treatments are warranted. Swedish law defines the goal of 
healthcare as follows: 

Good health and care on equal terms for the entire population. Care 
must be given with respect for the equal value of all human beings 
and the dignity of the individual human being. Those who have the 
greatest need for health and medical care must be given priority for 
care (150).  

Equality does not necessarily mean that healthcare and treatments are always 
the same for every patient; they can instead be individualised. This requires 
more sex-specific knowledge to adapt treatments to females or males as 
needed (151). It is important to discuss the differences between the sexes 
regarding the treatment of hypertension. The current guidelines recommend 
that hypertensive males and females should be treated with the same approach, 
and the 2018 ESH/ESC Guidelines recommend the use of antihypertensive 
drugs by all patients diagnosed with grade 1 hypertension (23).  

Kaess et al. suggested that aortic stiffening is a cause rather than a 
consequence of hypertension (20). Another study showed the benefits of 
PWV-driven treatment for hypertension and the possibility to reduce vascular 
ageing (95). The goal of treatment should be to avoid future cardiovascular 
morbidity and events. Thus, measurements of arterial wall stiffness such as 
PWV may be more appropriate than peripheral blood pressure as a parameter 
for treatment to reduce vascular aging and damage to target organs (20, 95). 
Unfortunately, no PWV recordings were obtained for the study in Paper I, and 
only AIx was measured. PWV is the gold standard and a direct measure of 
arterial stiffness, whereas AIx is considered a surrogate measure of arterial 
stiffness. AIx may be affected by several factors, including PWV, because the 
amplitude and timing of the reflected wave depends on both the PWV and 
arterial damping (152).  
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Although it is standard to use peripheral blood pressure measurements in 
clinical practice, the mechanical properties of the central arteries have an 
important impact on cardiac work because of the Windkessel effect. 
Furthermore, degenerative and age-related changes are more marked in the 
central arteries than in the peripheral vessels. Therefore, central pressure is 
more important than peripheral pressure for the pathogenesis of 
cardiovascular disease (14, 34). It is not clear whether PWVcf is a more 
accurate clinical measure than brachial blood pressure to predict the 
progression of cardiovascular disease. It has been suggested that PWVcf has 
an additive value above and beyond traditional risk factors (153), including 
Systematic COronary Risk Evaluation (SCORE) (154) and the Framingham 
risk score (FRS) (155). However, PWV measurement is time-consuming, user 
dependent, and not always easy to perform. The 2018 ESC/ESH Clinical 
Practice Guidelines for the Management of Arterial Hypertension state that 
measurement of PWV is neither practical nor recommended for routine 
practice (23). The European Society of Cardiology (ESC) developed a 
predictive model called SCORE2 to estimate the 10-year risk of fatal and non-
fatal cardiovascular disease in European individuals 40–69 years of age 
without previous cardiovascular diseases or diabetes (154). SCORE2 is a more 
time efficient than PWV measurement for estimation of cardiovascular 
disease risk, but it excludes individuals over 70 years of age. Additionally, 
SCORE2 does not consider risk factors such as family history, socioeconomic 
status, abdominal obesity, chronic kidney disease, and diabetes (154).  

If PWV measurement is to match or exceed to utility of more time-efficient 
measurements such as SCORE2, the technique needs to be improved. There 
are simple methods for measuring PWV using an upper-arm cuff connected 
to a piezo-electric sensor that picks up the pressure signals. Nevertheless, it is 
challenging to get precise PWV measurements using such a device, because 
it is impossible to identify the exact location of the reflected wave (156). More 
studies are needed to improve PWV measurement techniques and assess the 
clinical value of PWV measurement.  

In Paper II, males with small AAA had more central and peripheral arterial 
stiffness than the controls. It has been proposed that the presence of 
aneurysmal dilatation in an artery invalidates the reliability of PWVcf 
measurements (157). We found no association between aneurysm size and 
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PWV in our study, which is consistent with previous findings (158). Our 
results suggest that it is possible to measure PWVcf even in patients with 
AAA; however, it has been proposed that the presence of aneurysmal 
dilatation invalidates the reliability of the PWVcf as an indicator of arterial 
stiffness (159). There was no association between aneurysm size and PWV in 
our cohort, but the reliability of PWV measurements in patients with AAA 
still needs further evaluation. It is not known if PWV is an independent 
predictor of cardiovascular morbidity and mortality in males with AAA. 
Longitudinal studies are needed before conclusions can be drawn about the 
prognostic role of PWV in males with AAA. 

PWV measurement is a time-consuming procedure, so the method may be 
more appropriate for use in select patients and in conjunction with different 
follow-up examinations. The European normal value of PWVcf for males over 
70 years of age is approximately 11 m/s when using the direct path length 
(98). In Paper II, the mean value for the control group was in accordance with 
this value, but the mean value for the AAA group was higher, at about 12 m/s. 
These values are based on the subtracted path length and not the direct path 
length, however. Given that males with AAA have increased arterial stiffness, 
it may be of interest to follow PWVcf in addition to blood pressure in routine 
clinical practice. An increase of PWVcf by 1 m/s corresponds to an increase 
of approximately 15% in cardiovascular mortality and events (160). 
Protogerou et al. showed that individuals with increased PWVcf have more 
limited responses to antihypertensive treatment compared with individuals 
with lower PWVcf. Furthermore, they suggested that PWVcf may be a useful 
measurement to define the need for more aggressive antihypertensive 
treatment (161). More studies are needed regarding the prognostic value of 
PWVcf in patients with AAA. 

In Paper III, patients with AAA had larger aortic sinus diameter as well as 
larger ascending aorta diameter compared with the controls. The dimensions 
of the aortic sinus and ascending aorta are strongly correlated with BSA (162). 
After correction for BSA, as many as 9.1% (sinus aorta) and 11.8% (aorta 
ascendens) of the patients with AAA had aortic dimensions greater than the 
normal reference used in clinical practice (162). In the control group, the 
corresponding percentages were only 0.9% and 4.7%. The larger aortic root 
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and ascending aorta in the patients with AAA suggest that AAA is a general 
arterial disease with effects that are not limited to the abdominal aorta.   

The findings in Paper III showed that males with AAA had increased left 
ventricular wall thickness, reduced left ventricular systolic function (assessed 
as LVEF, GLS, and MAPSE), and higher filling pressure to the LV (E/e') 
compared with controls. Arterial stiffness can be harmful to some target 
organs, especially the heart, brain, and kidneys (163). Arterial stiffening 
affects hemodynamics by putting pressure load on the LV. An increased 
PWVcf leads to an earlier return of the reflected wave in systole, and this 
increases the late systolic pressure and load on the LV. The systolic pressure 
and PP increase accordingly, and this can lead to an increase in ventricular 
wall stress and trigger concentric LV remodelling and hypertrophy. LV 
hypertrophy is associated with impaired diastolic relaxation (164). The results 
in Papers II and III suggest that increased arterial stiffness in the males with 
AAA may already have had some impact on the heart.  

8.3. AAA and inflammatory markers  
In Paper IV, arterial stiffness was related to the level of anti-inflammatory IL-
10 in males with AAA. The pathogenesis of AAA is characterised by chronic 
inflammation and MMP-mediated aortic wall destruction. CRP is an acute-
phase protein that is rapidly produced and released in response to various 
cellular injuries (165). It has been suggested that increased CRP levels may 
be a consequence of arterial stiffening (166), and CRP has also been shown to 
be correlated with arterial stiffness in healthy individuals (167). We could not 
demonstrate an association between PWV and CRP in males with AAA. This 
is surprising in light of the well-known association between arterial stiffness 
and systemic inflammation (56). Nevertheless, males with AAA are more 
frequently treated with antihypertensive drugs than males without AAA. 
Antihypertensive treatment seems to have an impact on low-grade 
inflammation and may attenuate endothelial dysfunction and vascular 
inflammation associated with AAA (168-170).  

The negative correlation between CRP and PWVcf in the males with AAA 
and T2DM that were treated with metformin may indicate that metformin 
influences the arterial wall and decreases arterial stiffness in individuals with 
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AAA. Metformin treatment has been shown to have a positive effect even in 
patients without T2DM. Metformin treatment has been shown to affect arterial 
stiffness in patients with non-alcoholic fatty liver disease or polycystic ovary 
syndrome (79, 80). Moreover, metformin treatment has also been shown to 
increase IL-10 levels (171). Nevertheless, there was no difference in IL-10 
levels in patients with AAA and T2DM with or without metformin treatment. 
The sample sizes were small, however, with only 17 and 12 participants in the 
respective groups.  

IL-10 is negatively correlated with arterial stiffness in males with AAA. This 
suggests that IL-10 may decrease arterial stiffness in males with AAA. Adam 
et al. found that exogenous IL-10 injection reduced aneurysm growth and size 
as well as the rate of dissecting abdominal aortic aneurysm in an AAA model 
(172). Thus, it seems like IL-10 may have beneficial impacts on both arterial 
stiffness and aneurysm in individuals with AAA. Our results support this 
hypothesis but cannot be used to prove causality because of their cross-
sectional design. Research on the association between IL-10 and AAA is 
sparse, and more studies are needed to investigate the potential beneficial 
effects of IL-10 in patients with AAA.  

8.4.  Methodological considerations and limitations 
This thesis is based on two study populations, one consisting of elderly males 
and females and another consisting of elderly males with and without AAA.  

It can be discussed whether the cohort in Paper I is representative of the elderly 
population of Sweden. The data used in the study were collected during 2003–
2005, and the participants were not treated according to current 
recommendations for hypertension. This is a limitation that must be 
considered when interpreting the results. In addition, there were different 
numbers of subjects in each FBN1 genotype group, and this might influence 
the results because of the low number of individuals with the FBN1 2/3 
genotype. It would have been desirable to have a more even distribution of 
genotypes among the participants. 

The AAA population did not include females, but AAA is less common in 
females than in males, so females are not included in the Swedish AAA 



48 

 

screening program. There were some differences between the AAA group and 
the control group, however. The AAA group had a larger proportion of 
smokers and former smokers, a higher prevalence of symptomatic ischemic 
heart disease, and a higher prevalence of decreased ankle-brachial pressure 
index than the control group. These results suggest that there might have been 
a difference in the degree of arterial atherosclerosis between the AAA group 
and the control group. Atherosclerosis may indirectly influence the 
mechanical wall properties of the arterial system. Most of the AAAs in the 
study cohorts were classified as small. The results might have been different 
if more males with large aneurysms were included, but the recommendations 
are to surgically treat patients with AAA surpassing 55 mm, so it was difficult 
to recruit males with large AAA.  

The medical histories used in the studies were based on participants' self-
reported data, which can be considered a limitation. Bias in self-reported data 
is of concern in a variety of research areas; however, data from medical 
records can be misleading regarding medication. Because of the connections 
among cardiovascular diseases, physical activity, and eating habits, 
information about those lifestyle habits could have added to the studies. No 
account was taken of physical activity and eating habits, and this is a limitation 
when studying cardiovascular diseases and arterial stiffness. 

It is possible to use different devices to measure PWV. In this thesis, a method 
based on measurement with pressure sensors was used (173). Although 
PWVcf is the gold standard for measuring arterial stiffness, the method has 
some limitations. It can be difficult to record both femoral and carotid pressure 
waveforms accurately in patients with metabolic syndrome, obesity, diabetes, 
or peripheral artery disease. The measurement of distance can also be affected 
by abdominal obesity or large bust size. In addition, the presence of stenosis 
in aortic, iliac, and proximal femoral arteries can affect the PWV by 
attenuating and delaying the pressure wave (174).  

Finally, all studies were cross-sectional studies, so no direct cause-and-effect 
associations can be derived. 
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9. Conclusions  

This thesis highlights the complex links among arterial wall stiffness, 
hypertension, and cardiovascular morbidity. The results contribute new 
knowledge about the associations among arterial stiffness, AAA, and LV 
function. The findings raise the question of whether PWV should be used to 
provide more individualised treatment for high-risk patients. 

• Elderly hypertensive females have increased SBP and arterial 
stiffness compared with elderly hypertensive males. Furthermore, 
hypertensive elderly females with the FBN1 2/3 genotype have higher 
arterial augmentation index compared with hypertensive elderly 
females with the FBN1 2/2 or FBN1 2/4 genotypes. 

• Males with small AAA have increased central arterial stiffness 
compared with males without AAA. 

• The finding of larger aortic sinus and ascending aorta diameters in 
males with AAA demonstrates that AAA affects more than just the 
dilated aortic region within the abdomen. This observation fits with 
the general dilating diathesis theory, which advocates that a systemic 
vascular defect contributes to AAA pathogenesis. The theory can 
neither be confirmed or dismissed by the data presented in this thesis. 

• Small AAA in males is associated with slightly impaired left 
ventricular systolic and diastolic function.  

• Arterial stiffness is related to the degree of inflammation reflected by 
CRP and IL-10 levels in males with AAA. 
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10.  Future perspectives  

• The results regarding arterial stiffness raise the question of whether 
PWV measurements can help to identify patients with increased 
overall cardiovascular risk. Moreover, is PWV a better clinical 
measurement than ordinary blood pressure in patients with an 
increased risk of future cardiovascular events? Would it be useful to 
use PWV measurements as a follow-up to blood pressure treatment? 
Further studies are needed to explore PWV as a clinical measurement 
in normotensive and hypertensive populations as well as in males with 
AAA, and also to determine if treatment based on PWV can reduce 
morbidity and improve survival rates.   

• It is important to discuss new treatments for cardiovascular diseases. 
Is it possible to design therapeutic targets to reduce hypertension 
according to different genotypes of FBN1 or other genes? 
Additionally, the effects of IL-10 on arterial stiffness and AAA need 
to be investigated further to determine if it is possible to use IL-10 to 
reduce arterial stiffness in patients with AAA. According to several 
guidelines, the same treatment is often recommended in females and 
males; however, because of sex differences, there may be a need for 
more sex-specific treatments and also more individualised treatments 
for some cardiovascular diseases.  

• The negative correlation between CRP and PWVcf in males with 
AAA and T2DM that were treated with metformin indicates that 
metformin influences the arterial wall and decreases arterial stiffness 
in individuals with AAA. It is therefore of interest to continue to 
investigate the possible effect that metformin has on arterial stiffness. 
It may be of great value to further investigate the possibility of treating 
arterial stiffness with metformin. 

• Arterial stiffness has a major effect on organs including the brain, the 
kidneys, and the heart. Because patients with AAA seem to have 
increased arterial stiffness, it may be of interest to further study the 
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effect that increased arterial stiffness has on brain and renal function 
in patients with AAA. 
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11. Summary in Swedish 

Hjärt- och kärlsjukdom är en av de vanligaste åldersrelaterade sjukdomarna i 
världen, och med en ökad livslängd i världen förväntas förekomsten öka. För 
att minska den kardiovaskulära dödligheten, men också förbättra den 
kardiovaskulär hälsan, så krävs en tidig upptäckt av sjukdomen. Artärstyvhet 
är en välkänd markör för att kunna förutse kardiovaskulär sjuklighet och 
dödlighet. Med åldern, eller på grund av förändringar i artärväggen, ökar både 
artärstyvheten och hastigheten med vilken pulsvågen rör sig i artärerna. 
Hastigheten på pulsvågen blir då följaktligen ett mått på eftergivligheten i 
artärerna.  Den ökade stelheten i de centrala artärerna kan innebära en ökad 
belastning på hjärtat. Artärstyvheten påverkas både av kärlfunktion och 
artärtryck och, är ett resultat av ett komplex samspel mellan olika stabila och 
dynamiska förändringar av själva kärlväggen. Utvecklingen av artärstyvhet 
ska inte ses som en bestående och definitiv process, utan i stället bör den ses 
som ett mål för möjliga interventioner med syfte att bromsa åldrandet i de 
centrala artärerna. Artärstyvhet kan mätas genom pulsvågsanalyser och 
pulsvågshastighet. Detta görs med hjälp av en trycksensor som registrerar 
pulsvågen från artärerna på hals, handled och ljumske. Artärstyvhet hos 
individer med ett bukaortaaneurysm är för närvarande relativt outforskat. 
Bukaortaaneurysm är en sjukdom som främst drabbar äldre män. Tillståndet 
är vanligtvis asymtomatisk, men om aneurysmet brister så är det ett 
livshotande tillstånd. I och med ett nationellt heltäckande screeningprogram 
för bukaortaaneurysm i Sverige så upptäcks nu fler bukaortaaneurysm innan 
ruptur. Även om rupturer av aneurysm minskar så ses en ökad förekomst av 
andra kardiovaskulära sjukdomar hos dessa patienter. Varför dessa patienter 
har en ökad förekomst av andra kardiovaskulära sjukdomar är inte helt klarlagt 
och mekanismerna bakom detta är fortfarande okända. Flera olika markörer 
är intressanta i relation till kardiovaskulära sjukdomar och artärstyvhet, bland 
annat inflammationsmarkörer och Fibrillin-1 som har studerats i denna 
avhandling. Interluekin 10 är en antiinflammatorisk cytokin som har en 
deaktiverande effekt på både makrofager och T-celler och produceras av flera 
inflammatoriska celler. Interleukin 10 kan därför påvisas i aterosklerotiska 
plack som kan förekomma i artärer. Fibrillin-1 är ett protein som är involverad 
i frisläppning av elastin i kroppen. Mutation i Fibrillin-1 genen har en 
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koppling till en bindvävssjukdom som kännetecknas av bland annat 
förändringar från hjärt-kärlsystemet. 

Det övergripande syftet i denna avhandling är att undersöka kliniska aspekter 
av artärstyvhet med fokus på bukaortaaneurysm. Till varje delstudie finns ett 
specifikt syfte. De specifika syftena är följande:  

- Att undersöka generella artäregenskaper och utvärdera påverkan av 
kön och Fibrillin-1 genotyp genom att registrera blodtryck och 
pulsvågor i en äldre befolkning med högt blodtryck (studie I). 

- Att undersöka om bukaortaaneurysm är associerat med ökad 
artärstyvhet (studie II).  

- Att undersöka om bukaortaaneurysm är associerat med sänkt 
vänsterkammarfunktion (studie III). 

- Att undersöka möjliga samband mellan nivåer av inflammatoriska 
markörer, metformin-användning och artärstyvhet hos män med 
bukaortaaneurysm (studie IV) 

Avhandlingen presenterar fyra olika studier som har publicerats i olika 
vetenskapliga tidskrifter. Samtliga studier i avhandlingen har varit jämförande 
tvärsnittsstudier med en kvantitativ design. Två olika populationer har använts 
till de fyra studierna; i första studien undersöktes både män och kvinnor och i 
de följande tre studierna användes män med bukaortaaneurysm samt en 
kontrollgrupp bestående av män utan bukaortaaneurysm. Den första studien 
undersökte äldre män och kvinnor med högt blodtryck för att utforska 
allmänna artäregenskaper och utvärdera påverkan av kön och Fibrillin-1 
genotyp med hjälp av blodtryck och pulsvågsanalyser. I samband med 
undersökningarna togs blodprov som användes för att analysera vilken 
Fibrillin-1 genotyp deltagarna hade. Resultatet visade på att äldre kvinnor med 
högt blodtryck har ökat systoliskt blodtryck och artärstyvhet jämfört med 
äldre män med högt blodtryck. Dessutom har äldre kvinnor med högt 
blodtryck med genotypen Fibrillin-1 2/3 högre artärstyvhet jämfört med de 
kvinnorna som har genotyperna Fibrillin-1 2/2 eller Fibrillin-1 2/4. Den andra 
studien syftade till att undersöka skillnader gällande artärstyvhet hos män med 
bukaortaaneurysm och män utan bukaortaaneurysm med pulsvågsanalyser, 
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pulsvågshastighet och blodtryck. Resultatet visade att män med 
bukaortaaneurysm har ökad central artärstyvhet jämfört med män utan 
aneurysm. I studie tre undersöktes hjärtats vänsterkammarfunktion hos män 
med bukaortaaneurysm och män utan bukaortaaneurysm med syfte att visa på 
eventuella skillnader gällande hjärtats funktion. Männens hjärtfunktion 
bedömdes med hjälp av ultraljud på hjärtat. Det framgick av resultatet att män 
med bukaortaaneurysm hade en sämre vänsterkammarfunktion än de utan 
bukaortaaneurysm. Resultatet visade också att männen med 
bukaortaaneurysm inte bara hade en större diameter abdominalt på aortan, 
utan också en vidare aorta proximalt, nära avgången från hjärtat. I den fjärde 
och sista studien analyserades inflammationsmarkörer från blodprov taget i 
samband med undersökningen för att studera om det fanns några associationer 
mellan inflammationsmarkörer, metformin användning och artärstyvhet hos 
män med bukaortaaneurysm. Resultatet visade att män med 
bukaortaaneurysm hade högre nivåer av inflammationsmarkören Interleukin-
10, i samband med detta påvisades även att deltagarna med bukaortaaneurysm 
som samtidigt hade diabetes hade högre nivåer av Interleukin-10 än 
aneurysm-patienter utan diabetes. Utöver detta hittades också ett negativ 
samband mellan centrala artärstyvhet och interleukin-10 hos aneurysm-
patienterna med diabetes.  

Som i alla studier finns svagheter varav åtminstone de viktigaste bör nämnas. 
Artärstyvhet är som tidigare nämnts en välkänd markör för att kunna förutse 
kardiovaskulär sjuklighet och dödlighet. Den metod som mestadels använts i 
avhandlingens studier, pulsvågshastighet, är golden standard för artärstyvhet. 
Trots styrkan av att använda en golden standard metod för artärstyvhet så är 
det viktigt att känna till att metoden har vissa begränsningar. Det kan vara 
svårt att registrera pulsvågor hos patienter med metabolt syndrom, fetma, 
diabetes eller perifer artärsjukdom. Avståndsmätningen kan också påverkas 
av bukfetma eller stor byst. Utöver detta så kan förekomsten av förträngningar 
i artärer påverka pulsvågshastigheten genom att dämpa och fördröja 
tryckvågen.  En annan aspekt som bör belysas ur ett jämställdhetsperspektiv 
är könsfördelning och varför endast män inkluderas i studie II-IV. 
Anledningen till att endast män inkluderades i dessa studier beror på att 
bukaortaaneurysm förekommer oftare hos män. Manligt kön är en av 
riskfaktorerna till att utveckla bukaortaaneurysm. Det finns skillnader i 
biologiska egenskaper mellan könen, vilket ibland motiverar en 
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studiepopulation av bara ett kön. Slutligen så bör det också påpekas att då 
samtliga studier är tvärsnittsstudier så kan inga slutsatser om orsak och verkan 
dras. För att göra detta så måste longitudinella studier genomföras.   

Den här avhandlingen belyser de komplexa sambanden mellan 
artärväggsstyvhet, hypertoni och kardiovaskulär sjuklighet. Resultaten bidrar 
med ny kunskap om sambanden mellan artärstyvhet, bukaortaaneurysm och 
vänsterkammarens funktion. Fynden i avhandlingen lyfter frågan om 
mätningar för artärstyvhet ska användas för att ge en mer individualiserad 
behandling för högriskpatienter. Ska pulsvågsmätningar användas för att 
identifiera patienter med en ökad kardiovaskulär risk?  

Slutsatserna från avhandlingen är följande:  

- Äldre hypertensiva kvinnor har ökat systoliskt blodtryck och 
artärstyvhet jämfört med äldre hypertensiva män. Dessutom har 
hypertensiva äldre kvinnor med genotypen Fibrillin-1 2/3 högre 
artärstyvhet jämfört med hypertensiva kvinnor med genotyperna 
Fibrillin-1 2/2 eller Fibrillin-1 2/4. 

- Män med bukaortaaneurysm har ökad central artärstyvhet jämfört 
med män utan bukaortaaneurysm. 

- Upptäckten av en större artärdiameter även proximalt hos män med 
bukaortaaneurysm pekar på att bukaortaaneurysm påverkar mer än 
bara den vidgade aortaregionen i buken. 

- Bukaortaaneurysm hos män är associerad med en lätt försämrad 
vänsterkammarfunktion. 

- Artärstyvhet är relaterad till graden av inflammation som återspeglas 
av CRP- och Interleukin-10-nivåer hos män med bukaortaaneurysm. 

Det behövs ytterligare studier för att utforska pulsvågshastighet som ett 
kliniskt mått i både normotensiva och hypertensiva populationer såväl som 
hos män med bukaortaaneurysm. Det är också viktigt att diskutera om det 
finns ett behov av mer könsspecifika och individualiserade behandlingar för 
hjärt-kärlsjukdomar. Även effekterna av Interleukin-10 på artärstyvhet och 
bukaortaaneurysm bör undersökas ytterligare för att avgöra om det är möjligt 
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att använda Interleukin-10 för att minska artärstyvhet hos män med 
bukaortaaneurysm. 
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Clinical Aspects of Arterial Wall Stiffness with a 
Focus on Abdominal Aortic Aneurysm

Cardiovascular diseases are the most common type of age-related diseases and can affect 
health in several ways. As a result of increased life expectancy around the world, the prevalence 
of cardiovascular diseases is expected to increase. Early detection of cardiovascular 
morbidity is important to reduce mortality and also to improve cardiovascular health. Arterial 
stiffness is a well-known independent predictor of cardiovascular morbidity and mortality. 
The central arterial walls become stiffer with age, which has an important impact on cardiac 
work. Arterial stiffness is affected by vascular function and arterial pressure and is a result of 
complex interaction among stable and dynamic changes of the vessel wall. The development 
of arterial stiffness is not an immutable and inexorable process. Instead, it should be seen as 
a potential target of interventions that aim to slow the vascular ageing process. 

Arterial stiffness in individuals affected by abdominal aortic aneurysm is an understudied 
area. Abdominal aortic aneurysm is usually asymptomatic, but a rupture of the aneurysm 
is life threatening. However, even without rupture, individuals with an abdominal aortic 
aneurysm have an increased risk of other major cardiovascular events, but the underlying 
mechanisms of this increased risk are unclear. 

The overall aim of the research in this thesis was to investigate clinical aspects of arterial 
stiffness with a focus on abdominal aortic aneurysm.

The results from this thesis highlight the possibility to use pulse wave velocity and 
augmentation index for risk stratification in patients already affected by cardiovascular 
diseases. The results contribute new knowledge about arterial stiffness and left ventricle 
function in males with abdominal aortic aneurysm. Moreover, they contribute knowledge 
to support new and individualised treatments for arterial stiffness in males with abdominal 
aortic aneurysm in the future.




