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Abstract: Despite declining incidence and mortality rates in many countries, the abdominal aortic
aneurysm (AAA) continues to represent a life-threatening cardiovascular condition with an overall
prevalence of about 2-3% in the industrialized world. While the risk of AAA development is
considerably higher for men of advanced age with a history of smoking, screening programs serve
to detect the often asymptomatic condition and prevent aortic rupture with an associated death
rate of up to 80%. This review summarizes the current knowledge on identified risk factors, the
multifactorial process of pathogenesis, as well as the latest advances in medical treatment and surgical
repair to provide a perspective for AAA management.
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1. Introduction

An aneurysm is a persistent and localized weakening and dilation of a blood vessel,
typically an artery [1]. An abdominal aortic aneurysm (AAA) is, therefore, an irreversible
dilation of the abdominal aorta between the diaphragm and the iliac bifurcation [2]. AAAs
are typically ‘true aneurysms’, characterized by involvement and dilation of all three layers
of the vascular wall. In contrast, a pseudoaneurysm or ‘false aneurysm’ caused by an
arterial injury, such as a puncture or dissection, is hallmarked by blood infiltrating between
the wall layers [2].

AAAs that are located below the renal arteries, i.e., infrarenally, account for about
80% of cases. The remainder are juxtrarenal, pararenal, and suprarenal AAAs that involve
the renal arteries or occur above them, respectively. Typically, the wall dilation in AAAs
involves the whole circumference of the aorta (‘fusiform’). Other morphological types such
as saccular AAAs, where only part of the circumference is involved, are less common [3,4].

Clinically, no uniform definition of an AAA is universally accepted. The most com-
monly used definition is a maximum infrarenal abdominal aortic diameter of >30 mm,
measured by ultrasonography or computed tomography angiography (CTA) [4,5]. This
threshold is based on measurements of healthy infrarenal aortic diameters and is usually
more than two standard deviations above the mean diameter of 17.9-19.3 mm for men [6,7].
However, this cutoff might not be appropriate for patients whose infrarenal aortic diam-
eters differ from these dimensions, for instance, due to their height [5]. An alternative
definition relates the maximum infrarenal aortic diameter to its expected normal value
or to the diameter of the adjacent (i.e., the undilated suprarenal) aorta. Accordingly, a
dilation should be considered aneurysmal when this ratio exceeds 1.5 [1,8]. This definition
might be more useful for women, whose infrarenal aortic diameters measure a mean of
15.5-16.7 mm, as well as for distinct ethnic populations with deviating diameter values,
and it can also be applied to other aneurysms [9,10].
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2. Epidemiology

Lifetime risk of AAA is approximately 1 in 17 in the general population and up to
1in 9 for current smokers [11]. A 2013 meta-analysis analyzing 56 studies of the years
1991-2013 found prevalence rates of 6.0% for men and 1.6% for women [12]. However,
reported incidence and prevalence rates show a high degree of heterogeneity, owing to
the specific definition of AAA used by the original studies and characteristics of the study
populations, such as world region or population age [13]. Mortality of AAA patients is
increased when compared to the general population, in both treated and untreated patient
groups [14]. Rupture is the main and most often lethal complication of AAAs, but the
most common causes of death for AAA patients are cardiovascular events [15,16]. Among
AAA patients, women are more likely to die from an AAA-related death (i.e., rupture),
while men die from cancer more often than from ruptures [17]. The mean time between
a scan with no detected aortic abnormalities and AAA-related death is about 10 years
(range 3.8-15.0) [18].

Analyses of historical data show a marked increase of AAA incidence, prevalence, and
mortality during the 20th century. Over the past two decades, numbers have been on the
decline in most countries, especially in Western Europe and North America [19,20]. Pooled
prevalence rates have decreased from 5.7% in 1988-1998 to 2.8% in 2011-2013 [12]. AAA
mortality has declined, as well, in most developed countries, with males and those under
the age of 75 showing the greatest improvement [15,21]. The rise and fall of AAA-related
mortality rates in developed countries correlate strongly with the changes in smoking
prevalence [11,15]. Notably, AAA mortality in men is declining in many countries, particu-
larly in the United States, the United Kingdom, and the Netherlands, while it seems to be
on the rise among men and women in Hungary, Romania, and Japan [22].

3. Clinical Presentation and Course of Disease

AAAs are typically asymptomatic until they rupture. AAAs cause unspecific symp-
toms, if any, such as abdominal tenderness or pain radiating towards the back or to the
genitals [23]. A pulsating abdominal mass may indicate the presence of an AAA, but
abdominal palpation is inherently insensitive for detection of AAAs [24]. Symptoms may
also be caused by complications such as compression of nearby organs or embolic events,
but approximately half of patients have a ruptured aneurysm as their cause of primary
presentation [25,26].

3.1. AAA Growth Rate

Disease progression is commonly non-linear with intermittent periods of aneurysm
growth. The majority of AAAs enlarge over time and only a minority of patients show
no detectable growth at all [27]. Mean growth rates range between 2.2 and 2.8 mm per
year [28-31] and do not seem to have changed over the past 25 years [32]. Growth rates vary
greatly between patients, however, and every second AAA never progresses to surgery or
rupture [33]. A multicenter study found that in 0.9% of patients, the aorta progressed from
a subaneurysmal aortic dilation (diameter 2.5-2.9 cm) to the threshold for elective surgical
intervention of 5.5 cm in as little as five years, while another quarter of patients reached
this size after 10-15 years [34].

Smoking is the most important modifiable risk factor influencing growth rates [28,30,31].
Current smoking increases growth rates by about 20%. Notably, large aneurysms are also
known to grow faster: the baseline aneurysm diameter is strongly associated with growth.
The mean estimated growth rate increases by 0.59 mm per year for every 0.5 cm increase in
the baseline diameter. For instance, an aneurysm of 3.0 cm in diameter grows an average
of 1.3 mm/year, while a 5.0 cm aneurysm grows 3.6 mm per year [35]. Other factors
influencing growth rates will be further explored in the chapter on risk factors.
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3.2. Aneurysm Rupture

Rupture is the main complication of AAAs and is associated with mortality rates of
65-80% overall [12,36]. Approximately 150,000-200,000 deaths per year worldwide can
be attributed to AAA rupture [37,38]. Incidence and mortality rates of ruptured AAAs
(rAAAs) have been declining over the past decades, while diagnoses of intact AAAs
have increased [25,39]. These developments correspond with the decline in smoking rates
among men, as well as the implementation of screening programs and subsequent uptake
in elective repairs [15,20]. Less common complications of AAAs include aortoenteric
or aortocaval fistulae and iliac vein compression resulting in deep vein thrombosis or
emboli [40-42].

The clinical presentation of a ruptured AAA is usually dramatic with sudden-onset
abdominal, chest, or back pain, and hypotension or hemorrhagic shock due to massive intra-
abdominal bleeding [43]. However, the classic triad of abdominal or back pain, shock, and
a palpable clinical mass is only present in about 50% of rAAA cases, causing frequent mis-
diagnosis as myocardial infarction, ureteric colic, or perforated gastrointestinal ulcer [44].
The rupture varies in location and extent, but if not surgically repaired immediately, it
typically leads to fatal internal bleeding [26]. Retroperitoneal (posterolateral) rupture is
observed most frequently, at about 80%, where bleeding may be temporarily restrained
by a tamponade effect [40]. Around 20% of ruptures occur anteriorly, with mostly rapid
intraperitoneal bleeding and patient death. Rupture in combination with the formation of
an aortocaval fistula (3-4%) or a primary aortoduodenal fistula (<1%) are comparably rare
events [40].

AAA diameter is the strongest predictor of rupture. The link between diameter and
rupture is well established and provides the basis for surveillance intervals for patients
with small AAAs [35]. A 2013 meta-analysis found that rupture rates doubled for every
0.5 cm increase in diameter [28]. Furthermore, rapid aneurysm growth of over 2 mm per
year significantly predicts AAA-related clinical events [33]. Other factors associated with
increased risk of rupture are increased age, female sex, current smoking, and untreated
hypertension, as well as aneurysm morphology [30,45].

4. Risk Factors and Comorbidities

Besides age and male sex, the strongest predictors of AAA are smoking and atheroscle-
rotic cardiovascular diseases. Notably, in contrast to its role in atherosclerotic disease, type
II diabetes is associated negatively with AAA.

4.1. Influence of Age and Sex

Age is one of the most important risk factors for the development of an AAA. Com-
pared to a 40—44-year-old man, the risk is increased almost 200-fold for a 75-79-year-old
man (0.83 versus 164 per 100,000) [20]. Fewer data exist regarding AAA incidence in women,
but meta-analyses of epidemiological data and population screenings indicate that the
AAA risk increases with age for women in a similar fashion, albeit on a lower level [12,46].
AAA prevalence rates for women are approximated at around 0.74-1.6%. However, it
is estimated that with an adapted threshold value of 26-27 mm for women, based on a
50% increase in size from the average baseline, the AAA prevalence in 70-year-old women
would more than double [47,48].

As for men, increased age and current smoking are the strongest risk factors for
women [49,50]. Women tend to develop AAAs later in life compared to men, but the
disease progresses more aggressively [51]. Thus, AAAs in women grow faster and their
rupture risk is about four times higher than in men [28,52,53]. Women’s AAAs tend to
rupture at smaller diameters than men’s [30,54,55], and although prevalence is 4-6 times
lower than in men, almost every third patient presenting to the hospital with a ruptured
AAA is female [56].
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4.2. Ethnicity and Socioeconomic Factors

AAA prevalence is higher among men of Caucasian descent than among African-
American, Hispanic, and Asian men, and these differences persist even after adjusting
for all other known risk factors [5,49,57,58]. While white men in the USA are more likely
to develop an AAA, non-white ethnic groups exhibit worse outcomes [59-62]. A multi-
tude of individual and environmental factors might help explain these differences, but
the proportion of their respective impact is not without controversy [57,63]. It seems that,
rather than anatomical or biological differences, disparities between different ethnicities’
courses of disease and outcomes may be mediated by the level of education, socioeconomic
status, and disposable income [64,65]. These factors have been shown to be associated with
screening attendance and AAA prevalence [66,67], as well as with rupture rates [59,61,68],
even after adjusting for sex, age, and comorbidities. Educational level influences how
patients view and manage their own health. For instance, lower education reduces adher-
ence to preventive medication and decreases the success rate of smoking cessation [69,70].
A low educational level does not affect survival after AAA repair, but low disposable
household income is associated with increased mortality after AAA repair, both short-term
and over one year, regardless of ethnicity [68,71]. On a nonindividual level, discrepancies
in management of risk factors and medical management by health care personnel may hold
a certain influence [60].

4.3. Family History and Genetic Influences

Individuals with a first-degree relative with an AAA (i.e., parent, sibling, or offspring)
have an increased risk of developing an AAA themselves (odds ratio, OR 1.96-3.8) [72-74].
Familial AAA cases tend to present at a younger age, and are associated with an increased
growth rate and higher rupture rate compared to sporadic cases, even though aneurysm
morphology does not seem to be different [75,76].

About 6-20% of AAA patients have a positive family history [73,77-79], but except
for rare hereditary diseases, such as Marfan syndrome or Ehlers-Danlos syndrome [80],
no distinct inheritance patterns have been identified to help explain familial AAA clusters.
Two large twin studies have concluded that genetic factors may contribute as much as
77% to development of an AAA, with the remaining 23% attributed to individual and
environmental factors, such as smoking [81,82]. In recent years, efforts have been made
to identify genetic and epigenetic factors (including microRNAs and long noncoding
RNAs) that contribute to AAA pathogenesis [83-85]. With respect to single nucleotide
polymorphisms, gene variations associated with AAA were found to be manifold and
partly shared with cardiovascular disease [84,85]. Thus, polygenic effects are likely to
contribute to AAA pathogenesis. As of yet, the identified factors explain but a fraction of
the heritability of aneurysmal disease, but they may help to elucidate pathophysiological
processes and potentially serve as biomarkers or therapeutic targets in the future [86,87].

4.4. Smoking

Smoking is widely accepted as the key modifiable risk factor for AAA, as it contributes
significantly to development, growth, and rupture of AAAs. It is estimated that 75% of all
AAAs larger than 4.0 cm in diameter can be attributed to smoking [88]. In a USA screening
study with 3.1 million participants, 80.2% of all AAAs were diagnosed in smokers when
they comprised 42.8% of the cohort [49]. The effect of smoking on AAA development
seems to be even stronger in women [48,89,90]. While a 10-fold, as opposed to 3-fold, risk
to develop AAA is reported for current versus past female smokers, risk factor exposure in
the pre- and/or post-menopausal period is rarely discriminated in studies on women with
aneurysmal disease, and might offer further pathomechanistic insight [89].

Reported ORs for AAA development between smokers and nonsmokers range be-
tween 2.3 and 13.72 [57,77,91,92], making the association even stronger than between smok-
ing and coronary heart disease or chronic obstructive pulmonary disease (COPD) [93,94].
COPD itself has also been suggested to be positively associated with AAA [95,96], indepen-
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dently of smoking [97]. While COPD does not seem to increase AAA growth [98], it does
increase the risk of rupture at smaller diameters [99-101]. Smoking increases AAA growth
rate by 15-24% and is associated with an increased risk of rupture, regardless of diameter
(hazard ratio (HR) 2.02) [28,30-32].

The effect of nicotine consumption on AAA development seems to be dose-dependent,
i.e., both duration and amount of smoking matter [49,65,92]. Every year of smoking
increases the relative risk (RR) of AAA by 4% [102] and a recent meta-analysis found a
summary RR of 1.87 per 10 cigarettes per day [103]. Current smokers have a particularly
high risk, with an HR of 5.55 compared to an HR of 1.91 for former smokers [57]. Smoking
cessation reduces the risk of AAA formation, aneurysm growth, and lowers rupture
rates [30,104]. Reports indicate that it may take about ten years for the excess risk for
former smokers to be halved, and that it does not approach the risk of never-smokers until
at least 25 years after quitting [90,94,103].

4.5. Atherosclerosis and Cardiovascular Diseases

Atherosclerotic cardiovascular diseases (CVDs) and AAAs often coincide, and their
intricate relationship entails commonalities, as well as distinct aspects in risk factors and
pathomechanisms. The most striking discrepancy in risk profiles is the contrasting role
of diabetes mellitus [105]. Generally, CVDs and AAAs are considered distinct disease
entities [41,106].

AAA patients often have cardiovascular comorbidities and vice versa. High copreva-
lence rates of AAA and coronary artery disease (CAD) [107], peripheral artery disease
(PAD) [11,108], and cerebrovascular disease [109] are well established [16,110]. Prevalence
rates of AAA in CVD patients are higher than among the general population, with a
greater effect of PAD than CAD or carotid atherosclerosis [49,110]. In addition to mere
coprevalence, it has been shown that a history of atherosclerotic disease increases the
risk of developing an AAA about fourfold, and this risk is amplified by having multiple
or severe CVDs [77,107]. It is estimated that up to two thirds of AAA patients have a
relevant CAD, and AAA prevalence is higher in patients with three-vessel disease versus a
lower-degree CAD [111,112]. An Italian population-based study found the highest AAA
prevalence in the subgroups with high cardiovascular risk, previous myocardial infarction,
and stroke [113].

No consistent and robust association between CAD or PAD and increased or reduced
AAA growth or rupture rates has been found [27,99,114,115]. However, AAA patients
seem to be prone to higher disease severity of atherothrombotic diseases and are at risk
for cardiovascular events [110]. Polyvascular disease, i.e., atherothrombosis in multiple
vascular beds, was found to be twice as common in AAA patients as in non-AAA patients
with other CVDs or with at least three cardiovascular risk factors (31.6% versus 15.5%). In
the same study, AAA patients were found at greater risk for newly diagnosed or worsen-
ing PAD and showed increased rates of hospitalization for atherothrombotic events and
revascularization procedures at the 1-year follow-up [110]. A patient with a small AAA is
about 1.5 times more likely to suffer a cardiovascular event than a patient without an aortic
aneurysm, and has a 3% risk of cardiovascular death per year [16,116]. Thus, despite high
mortality rates of AAA ruptures, cardiovascular events remain among the most common
causes of death in AAA patients [117,118].

4.6. Arterial Hypertension and Dyslipidemia

Pre-existing arterial hypertension increases the risk of developing an AAA significantly,
with a stronger effect on women than on men [119]. While hypertension does not seem to
be associated with AAA growth, hypertensive AAA patients do show an increased rate
of aneurysm rupture [28,31,120]. Reports indicate a dose-dependent relationship between
blood pressure and AAA, both for formation and rupture [30,119], and diastolic blood
pressure might have a more pronounced effect than systolic [31]. It is estimated that the
risk of rupture increases 1.11-fold for every 10 mmHg increase in mean blood pressure [30].
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Dysregulated serum levels of total cholesterol, triglycerides, and lipoproteins are major risk
factors for atherosclerosis and CVDs. Regarding AAA development, high serum high-density
lipoprotein (HDL) levels have an undisputed protective effect (OR 0.7-0.83) [11,121,122], while
data are not as homogenous with regards to total cholesterol (TC), low-density lipoprotein
(LDL), or triglyceride levels. An analysis of historical and current laboratory data of patients
from 12 years before their initial AAA diagnoses found that prior elevated TC, LDL, and
triglyceride levels were significantly associated with current AAA (ORs 1.9,2.3,and 1.9,
respectively) [77]. Two meta-analyses found conflicting results, with one confirming that
increased LDL levels are associated with AAA presence [121], while the other found no
such association for LDL, but found a significant effect on AAA development for elevated
total cholesterol levels [122]. Dyslipidemia does not seem to influence AAA growth or
rupture rates [27].

Methodological differences between clinical studies and interindividual variations
in lipid metabolism could contribute to contradictory results [41]. Some authors suggest
that the traditional classification of cholesterol and triglycerides could be insufficient to
determine the true contribution of dyslipidemia to AAA development [41,123].

4.7. Obesity and Lifestyle Habits

Studies investigating the influence of obesity and high body surface area on AAA
development and growth have yielded conflicting results [124]. Both waist circumference
and waist-to-hip ratio as measures for intra-abdominal fat mass, i.e., visceral adiposity,
have been reported to be associated with the risk of AAA [125,126]. This association was
stronger in AAAs with a diameter above 40 mm, and seemed to increase linearly with waist
circumference up to a certain point [127,128]. However, no clear association of visceral
adiposity on AAA development or growth has been found [129]. A high body mass index
may, however, be associated with reduced AAA mortality [15,20]. This phenomenon
known as the ‘obesity paradox’, i.e., an association between cardiovascular risk factors and
an improvement in clinical outcomes, has been observed in other diseases as well [130].
Obstructive sleep apnea, often associated with adiposity, is common in AAA patients and
may be a risk factor for aneurysm growth, but further studies are required to elucidate this
relationship [131,132].

Regular exercise is generally safe for, and well tolerated by, patients with small
AAAs and does not influence growth rates, but may reduce the risk of AAA develop-
ment [133-135]. A well-balanced diet may reduce the risk of AAA, but studies analyzing
diet quality in AAA patients are scarce [136,137]. A deficiency of vitamin D has been
associated with AAA presence [138], and a recent experimental study showed that vitamin
D deficiency promoted AAA growth and rupture in mice [139], but further clinical studies
are needed to resolve whether a putative antioxidant effect of vitamin D would benefit
AAA patients [140].

4.8. The Role of Diabetes Mellitus

Although diabetes mellitus is a major risk factor for occlusive CVDs, type II diabetes is
associated negatively with AAA. Multiple meta-analyses of numerous large-scale epidemi-
ological and clinical studies show that the risk of developing AAA as a diabetic patient
is about half that of a nondiabetic [141-143]. Furthermore, diabetics show lower AAA
growth rates than nondiabetic AAA patients. It is estimated that type II diabetes slows
the annual growth of an AAA by 0.51-0.60 mm or about 25% [28,30,144]. A meta-analysis
investigating rupture risk found that diabetes was associated with significantly lower rates
of rupture [145]. However, diabetic patients show increased mortality after AAA repair
and lower survival rates over 2-5 years [141], which may be an indication of the higher
overall cardiovascular burden of diabetic patients [146].

This curious relationship between diabetes and AAA may be mediated by the hyper-
glycemic environment and thickened aortic wall prevalent in diabetics exerting protective
effects both biochemically and mechanically [147]. Experimental studies support a possible
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attenuation effect of hyperglycemia on AAA development and growth [148,149]. In recent
years, evidence has emerged that indicates the beneficial effect of diabetes on AAA may in
fact be mediated by the antidiabetic medication metformin [150-152]. This aspect will be
explored further in the chapter on pharmacological approaches to limit AAA growth.

5. Diagnosis and Management

Most intact AAAs are diagnosed incidentally when patients undergo imaging of the
abdominal region for an unrelated condition. Besides ultrasonography and computed
tomography, imaging modalities that may detect an AAA are diverse and include spinal
imaging and echocardiography [153,154], though analyses of sensitivity and specificity for
these modalities are scarce [155,156]. In some countries, systematic screening programs by
ultrasonography are in place [157]. After initial diagnosis, all patients should be referred to
a vascular surgeon to determine further proceedings [158].

5.1. Screening Programs

Long-term follow-up studies of large randomized controlled trials (RCTs) from the
1990s revealed that screening all 65-year-old men by one-time ultrasonography reduces
AAA-related mortality by 42-66% [159,160], with corresponding ORs in favor of screening
of 0.53-0.60 in meta-analyses [161,162]. Nationwide screening programs have since been
implemented in several countries such as the USA, UK, and Sweden [157]. Recent results
from these programs and large population-based trials confirm the benefits of screening
men with regard to AAA-specific mortality, though there are conflicting results regarding
all-cause mortality [161,162]. It is estimated that 667 men need to be screened in order to
prevent one premature AAA-related death [163]. Based on this calculation, screening of
65-year-old men for AAA is considered cost-effective and was implemented as a preventive
health measure in Sweden [163]. This strategy has been proposed to remain cost-effective,
even if AAA rates should drop by half [164]. Yet, the declining prevalence of disease is
one of the major arguments for the decision of other governments against nationwide
screening programs.

Despite possible overdiagnoses, the psychological consequences of an AAA diagnosis,
and decreasing incidence and prevalence rates, the benefits of screening men are com-
monly considered to outweigh the drawbacks [164-166]. Analyses of cost-effectiveness of
screening for men also raise the question of targeted screenings for other at-risk groups.
It is estimated that screening only male smokers between the ages of 65 and 75 leads
to an AAA detection rate of about 30% in the population aged 50-84 [49]. While most
current guidelines do not recommend population screenings for women, again mainly
due to low prevalence and cost-effectiveness considerations [10,157], Canada has recently
challenged this notion and proposed one-time screening by ultrasonography for women of
advanced age with a history of smoking or cardiovascular disease [167]. No assessments
of feasibility and cost-effectiveness have yet been performed for other candidate groups,
such as patients with other peripheral aneurysms [168], cardiovascular diseases [113,169],
or a subaneurysmal aortic dilation (2.5-2.9 cm in diameter) [32,170]. Some authors aim to
develop scoring tools for possible refinement of AAA screening strategies [171,172].

5.2. Imaging Techniques

Ultrasonography (US) and computed tomography angiography (CTA) are first-line
imaging tools for detection and management of AAAs. CTA is the gold standard for
the diagnosis of AAA rupture, therapeutic decision making, and treatment planning, as
well as post-surgical assessment and follow-up [173,174]. It provides detailed anatomical
information on the entire aorta and its adjacent vessels, allowing assessment of the extent of
the AAA, and of possible acute and chronic comorbid pathologies and, thus, exact planning
of surgical intervention [175]. Due to its wide availability, rapid image acquisition, and
lower radiation burden, CTA has virtually rendered conventional invasive angiography for
the evaluation of AAA obsolete.
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Duplex US is the recommended modality for screening and diagnosis of asymptomatic
patients [158,176], as it allows safe, noninvasive, and fast detection of AAAs with high
sensitivity and specificity [7,177]. It can also be used in emergency settings for rapid
assessment of symptomatic patients [178], but emergency conditions with possible active
bleeding after rupture or endoleaks after endovascular aneurysm repair (EVAR) usually
warrant an additional CTA due to inherent methodological limitations of US scans. For
instance, adjacent vessels may be difficult to assess, and imaging methodology influences
diameter measurements [179-181]. With both US and CTA, standardization of methodology
and reporting standards are crucial to obtain reliable results and to reduce intra- and
interobserver variability [182,183].

Magnetic resonance angiography (MRA) shares many of the advantages of CTA
imaging, with the added plus of not exposing the patient to radiation or requiring iodinated
contrast agents. These factors make MRA a viable alternative for patients with certain
allergies or renal insufficiency [183,184]. However, contraindications for MR such as
claustrophobia and some metal implants have to be considered, and MR imaging is not
suitable in emergency situations, such as impending or suspected rupture [185].

Molecular imaging by positron emission tomography—computed tomography (PET-
CT) is not routinely used in standard care for AAA, but may add valuable information for
diagnosis and follow-up of specific pathologies, such as inflammatory or mycotic AAA
and infected stent grafts [186,187]. In vivo visualization of functional activity by uptake of
radiotracers enables quantification of metabolic activity of cells and, thus, may facilitate
further understanding of AAA pathogenesis and, in the future, possibly provide a novel
diagnostic tool for clinical risk stratification [188,189].

5.3. Management of Small AAAs

As no pharmacological therapy has been established yet to slow AAA growth or
prevent rupture, surgical repair is the only curative treatment for AAAs. Thus, disease
management requires careful assessment and gauging of the surgical risk versus the risk
of aneurysm rupture. For as long as the risk of elective surgical repair exceeds the risk
of rupture, conservative management, i.e., watchful waiting while following the current
guidelines on cardiovascular disease control by best medical care, is indicated [35]. The
safety of this course of action has been determined by several RCTs and large studies
comparing early elective repair to surveillance [190-193]. For patients with small AAAs,
early elective repair offers no advantage, and surveillance, coupled with best medical care
and lifestyle modification, is considered safe and cost-effective [194].

Regular monitoring of aneurysm growth and symptoms is recommended at intervals
between three years for aneurysms of 3.0-3.9 cm diameter, annually for aneurysms of
4.0-4.9 cm, and every 3-6 months for AAAs with a diameter >5.0 cm [158,176], but may be
adapted according to individual patient factors, such as fast aneurysm growth or high peak
wall stress [35,195]. Insufficient monitoring of incidentally detected AAAs is associated
with increased mortality [196,197].

5.3.1. Control of Cardiovascular Risk

While aneurysm diameter is an important measure of disease progression, adequate
control of cardiovascular risk factors is crucial to improve outcomes [198,199]. Control of
cardiovascular risk factors can be accomplished by lifestyle modifications and auxiliary
medication to manage aggravating conditions, such as hypertension or dyslipidemia.

Cessation of smoking is a key component of CVD prevention or reduction, and
additionally, significantly lowers post-surgical pulmonary complications if achieved more
than eight weeks before elective AAA repair versus quitting short-term [200,201]. A well-
balanced diet reduces CVD events and improves outcomes, and was suggested to be even
more effective in reducing obesity compared to exercising [202,203]. Nevertheless, physical
activity can alleviate the CVD-associated health risks of excess weight and improve surgical
outcomes [133,204,205].
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When indicated, pharmaceutical management of cardiovascular risk factors is rec-
ommended for all AAA patients, unless contraindicated [158,176]. In line with CVD risk
assessment, statins are applied to reduce LDL cholesterol to <110 mg/dL for low risk, to
<70 mg/dL for intermediate risk, and to <55 mg/dL for high risk [206,207]. Systolic blood
pressure should be maintained below 140 mmHg. The choice of specific antihypertensive
drug depends on individual comorbidities and tolerability, though diuretics may be less
beneficial than other antihypertensive drug classes [118]. Antiplatelet agents are another
constituent to prevent cardiovascular events in AAA patients. A UK study examining
medication regimens of AAA patients showed that patients taking statins, antiplatelet
therapy, or antihypertensive medication had significantly improved five-year survival rates
(68% vs 42%, 64% vs 40%, and 62% vs 39%, respectively) [118].

5.3.2. Pharmacological Approaches to Limit AAA Growth

A wide range of drug classes has been investigated for possible benefits in AAA
treatment, as we have previously reviewed [208], but as of yet, no medical therapy has
been found sufficiently effective in reducing AAA growth or in preventing rupture to be
implemented in the treatment guidelines [158,209,210].

Betablockers were the first drug class to be examined in the context of AAA growth
reduction. While initial results seemed encouraging, larger studies and RCTs found
low tolerability of the drug regimen and no beneficial effect of propranolol treatment
on AAA expansion [211-213]. For another class of antihypertensive drugs, inhibitors of
angiotensin-converting enzyme (ACE), all but one study revealed no effect on AAA expan-
sion either [214-217]. The deviating result originated from a prospective cohort study that
intriguingly found increased growth rates in patients taking ACE inhibitors [218].

Antibiotics were thought to be another promising drug class, as chlamydia pneu-
moniae has been implicated in AAA pathogenesis [219,220]. Although doxycycline was
shown to significantly reduce plasma markers of proteolytic activity [221,222], clinical
studies obtained contradictory results and a recent RCT reported no decline in AAA
growth [223-225]. Results for the macrolide antibiotics roxithromycin and azithromycin
were similarly discouraging [226-228].

The influence of statins on AAA growth has been discussed controversially, as clinical
studies were not able to consistently reproduce the promising results of experimental
investigations but showed heterogeneity of outcome. Several meta-analyses tentatively
support the ability of statins to reduce AAA growth [229-231], while others err on the side
of caution [232]. Furthermore, ethical considerations and guidelines limit performing RCTs
on statins, as they significantly increase 5-year survival rates in AAA patients [118,233].

Several other drug classes, such as nonsteroidal anti-inflammatory drugs [234], mast
cell inhibitors [235], calcium channel blockers, diuretics, and angiotensin II receptor block-
ers [213,236] have been investigated clinically after showing promise in experimental
studies, but none of these studies were able to show a reduction in AAA growth. An-
tiplatelet therapy by acetylsalicylic acid or ticagrelor seemed another auspicious treatment
approach [237-239], but only one subanalysis of a small azithromycin RCT was able to
detect a significant effect of acetylsalicylic acid on growth rate [228]. Currently, several
RCTs are ongoing with hopes of finding a medical treatment for AAA [240-243].

An avenue of research that raises hope for successful AAA treatment in the future
is a well-established antidiabetic medication. The previously observed protective effect
of diabetes mellitus on AAA progression may not actually be inherent to the disease, but
rather attributable to concurrent treatment with metformin [151,152,244]. Experimental
studies were investigating a range of medications such as thiazolidinediones and dipeptidyl
peptidase-4 inhibitors [245,246], but metformin seems to be the only drug consistently
associated with reduced AAA growth in clinical studies [247]. Currently, two ongoing
clinical trials [242,243] and a shortly upcoming study [248] are investigating whether
metformin reduces AAA progression in nondiabetic patients, one of them at the Division
of Vascular Surgery of the Medical University of Vienna [242].
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Future perspectives of pharmacological approaches to limit AAA growth also include
nucleic acid drugs that target mRNAs, microRNAs, or transcription factors in a sequence-
specific manner to interfere with key molecules in AAA pathogenesis [249].

5.4. Surgical Treatment

Surgical repair is the only curative treatment for AAAs and is indicated when the risk
of rupture exceeds the surgical risk. Nowadays, about 85% of AAA repairs are performed
electively for intact aneurysms, though there are significant regional variations [250]. Nat-
urally, a ruptured AAA is a surgical emergency that requires immediate repair, with a
significant mortality of up to 85% [251,252].

Based on data from several RCTs comparing early elective repair to surveillance [194,253],
current guidelines recommend elective AAA repair for asymptomatic fusiform AAAs at
an aneurysm diameter of 5.5 cm in men and 5.0 cm in women, if the surgical risk is
acceptable [158,176]. Some authors suggest reevaluation of the threshold for surgical
repair for women in future guidelines [254], as the current cutoff diameters signify a larger
relative rupture risk for women than for men [255,256]. Earlier elective repair should
also be considered for saccular AAAs [257,258]. In the case of a rapid expansion rate of
>10 mm/year or incident symptoms referable to the aneurysm, additional imaging for
confirmation and then fast-track referral to a vascular surgeon is recommended, even at
small diameters [259,260].

5.4.1. Open Surgical Repair

Open AAA repair aims to replace the aneurysmal wall by a synthetic vascular graft.
The surgery involves a laparotomy, usually by midline incision, and transperitoneal or
retroperitoneal exposure of the proximal abdominal aorta just below the renal arteries [261].
Depending on the aneurysm’s morphology and size, either tube-shaped or bifurcated
grafts can be used. After aortic cross clamping under full heparinization [262], the proximal
end-to-end anastomosis is performed as close as possible to the renal arteries to counteract
development of another aneurysm in the remaining infrarenal aortic portion [263]. The
exact location of the distal dissection site depends on the individual’s anatomy, the AAA’s
extent, and concomitant conditions, such as local atherosclerotic burden or an aneurysm of
the iliac arteries. Finally, the aneurysm sac is closed over the graft.

Perioperative complications of open surgical repair (OSR) are mainly of cardiac,
pulmonary, or renal nature, such as myocardial infarction, pneumonia, or renal insuffi-
ciency [264]. Postoperative wound complications can affect a patient’s recovery severely [265],
and midline laparotomy incisions are more prone to incisional hernias [266,267]. Long-term
complications include graft infections, formation of secondary aorto-enteric fistulas, graft
limb occlusion, or formation of a para-anastomotic aneurysm [268,269].

5.4.2. Endovascular Aneurysm Repair

EVAR does not aim to replace the aneurysmal sac, but excludes it from systemic circu-
lation by minimally invasive implantation of a stent graft [270]. The stent graft is delivered
to the abdominal aorta through the femoral artery, either by a percutaneous approach or by
a surgical cut-down [271]. After confirmation of the exact vessel measurements by digital
subtraction angiography, the delivery system is inserted over a stiff guidewire and then
deployed and ballooned to expand and attach the stent graft to the aortic wall. Fixation and
sealing of the stent grafts require certain morphological attributes, such as low angulation
of the neck, and a certain length and diameter of the proximal and distal fixation sites [272].
Enhanced modular, fenestrated, bifurcated, or branched stent graft designs facilitate precise
tailoring to individual anatomy, and allow for anatomical deviations such as accessory
vessels, inadequate landing zones, or concomitant conditions [273,274].

Inadequate sizing or improper placement of the stent graft can cause various com-
plications such as endoleaks from inadequate sealing or kinking of the stent graft with
subsequent limb occlusion [275,276]. An endoleak is defined as persistent blood flow inside
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the aneurysm sac, resulting in a rise in pressure, renewed aneurysm growth, and eventual
rupture. The various types of endoleaks are the most common complication of EVAR
and often require reintervention [277]. Other complications of EVAR include problems
related to the access site, especially when the iliac arteries are small, calcified or severely
tortuous [271], and a systemic inflammatory response termed ‘post-implantation syndrome’
in the early postoperative phase [278]. Complex endovascular aortic repair should only be
advised at tertiary university hospitals, due to the necessary case numbers for experience
in both complex EVAR and OSR, in case of complication management [273,274].

Another novel concept, termed endovascular aneurysm sealing, relies on complete
sealing of the aneurysm sac by way of surrounding the stent graft with polymer-filled
endobags [279], but long-term durability is questionable [280-282].

5.4.3. Comparison of Surgical Methods

The choice of surgical technique depends on the aneurysm’s morphology and on
patient characteristics, such as comorbidities and functional capacity [283,284]. Another
consideration is the patient’s ability and willingness to adhere to necessary follow-up
surveillance [285,286], as EVAR requires life-long surveillance with regular imaging, owing
to the risk of late-onset endoleak, stent graft migration, or infection [287].

Exact assessment of anatomical and morphological attributes by pre-operative CT
or MR angiography is crucial to ensure the best possible outcome [288]. With both OSR
and EVAR, due care has to be exercised with regard to branch vessels to ensure adequate
blood flow in renal, superior mesenteric, lumbar, and internal iliac supply zones to prevent
postoperative sexual dysfunction and ischemic complications caused by inadequate pelvic
circulation [289-291].

While initially intended for patients deemed unfit for OSR, EVAR has since become the
method of choice if technically feasible, and nowadays, more than three quarters of elective
AAA repairs are performed endovascularly [158,176]. With this dynamic change in the ratio
of OSR to EVAR, a minimum of >30 cases annually per center is required in both techniques
to achieve the required expertise [158,176]. A major advantage of EVAR over OSR is
that it can be performed under local or epidural as well as general anesthesia, rendering
it a possibility for patients with severe cardiac and pulmonary comorbidities [292,293].
However, the endovascular approach does not offer any long-term survival benefits in
patients considered too physically frail for open AAA repair [294]. In patients currently
unfit for elective surgery, optimization of functional capacity and overall cardiovascular
health should be pursued before reassessment of surgical eligibility [294,295].

Open AAA repair is indicated for patients whose vessels do not meet the requirements
of endovascular repair, for instance due to short landing zones or excessive thrombus
formation [296]. OSR may also be required for treatment of certain EVAR-specific complica-
tions such as persistent endoleaks or aneurysm sac growth, as well as for patients with an
inflammatory aneurysm or an infected graft.

5.4.4. Outcome of Elective AAA Repair

After the advent of EVAR in the 1990s, several RCTs aimed to evaluate outcomes
of EVAR versus OSR for elective AAA repairs. A 2014 meta-analysis of these trials and
more recent studies found that EVAR has better short-term outcomes than OSR in both
morbidity and mortality [270]. Compared to OSR, cardiopulmonary complications are
significantly lower in EVAR due to its minimally invasive approach. It is not surprising,
therefore, that patients with EVAR benefit from a faster recovery and shorter length of
hospital stay. EVAR'’s early benefits are offset against lower durability. Due to graft-related
complications, the reintervention rates and AAA-related mortality are significantly higher
for EVAR compared to OSR [264]. In the long term, outcomes balance out, and long-term
return of functional level and health-related quality of life are similar between OSR and
EVAR for elective AAA repair [297]. Despite the need for continuous follow-up and high
rate of reinterventions, EVAR remains cost-effective when compared to OSR [298].
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EVAR is associated with lower 30-day mortality (1.4% for EVAR, 4.2% for OSR) and a
higher survival rate for up to one year after the repair [264,270,299]. However, this survival
advantage is lost around the 2—4-year mark of follow-up, and long-term all-cause survival is
similar for EVAR and OSR. Median survival after elective AAA repair is about 9 years, with
cardiovascular and pulmonary diseases constituting the main causes of death [117,264,300].
Adequate management of cardiovascular risk factors improves long-term survival after
AAA repair [301].

Besides advanced age and presence of cardiac, pulmonary, and renal comorbidities,
frailty and preoperative functional status are predictors of postoperative morbidity and
mortality [302-304]. Female sex, aneurysm diameter, and smoking habits are also associated
with poor long-term survival. The worse outcomes for women may be due to a higher
frequency of disadvantageous neck anatomy, but these anatomical differences do not seem
to account for all differences in outcomes between men and women [56,305]. Increased
cancer mortality rates in EVAR patients when compared to OSR have also raised concerns
about long-term radiation exposure during EVAR follow-up [306].

5.4.5. Management of the Ruptured AAA

A ruptured AAA with acute hemorrhage into the intra- or retroperitoneal space is
a surgical emergency. Depending on the hemodynamic situation, an immediate CTA, or
alternatively, an intraoperative angiography is indicated to confirm the diagnosis and
evaluate anatomical suitability for EVAR [307,308]. Both OSR and EVAR can be used
for rAAA repair, with EVAR being the method of choice if anatomically feasible. EVAR
and open surgery for rAAA have comparable morbidity rates and show no difference in
cardiac or respiratory failure [251]. Reintervention rates are similar, as well, and EVAR
is consistently associated with faster discharge and a gain in quality-adjusted life years,
rendering it cost-effective [309].

As with elective AAA repairs, use of EVAR for rAAA repair has increased massively
in the past two decades [251,252]. Analyses of earlier versus later cohorts show that out-
comes have improved in recent years for both EVAR and OSR [310,311]. High mortality
rates of unsuccessful EVAR for rAAA suggest that anatomical suitability and not hemody-
namic condition should be the pivotal factor in choosing the surgical method for rAAA
repair [251,312,313].

6. Pathogenesis

The development of an AAA is an intricate process of several pathomechanisms and
is still not fully understood. Ignited by a possibly diverse initial trigger, a destructive
process of oxidative stress, apoptosis of vascular smooth muscle cells (VSMCs), and prote-
olytic fragmentation of the extracellular matrix (ECM) are set in motion, potentiated by an
inflammatory immune response. These key processes perturb the equilibrium between re-
generative and degrading processes that normally ensures physiological tissue remodeling
and injury repair. Now malfunctioning, the aortic wall becomes progressively eroded and
weakened, dilates, and finally ruptures when it can no longer withstand the hemodynamic
forces placed upon it.

6.1. Intraluminal Thrombosis and Biomechanical Aspects

The infrarenal portion of the aorta is especially prone to aneurysms, due to hemo-
dynamic and mechanical characteristics. Due to the blood stream’s impact on the iliac
bifurcation, pressure-reflective waves within the blood are common in the infrarenal aorta.
These disturbances lead to a higher number of collisions of circulating cells amongst each
other and against the aortic wall. Endothelial injuries and atherosclerotic lesions often form
at such locations, and the high wall stress and strain caused by the aortic blood stream
likely contribute to the persistence of the endothelial injury at this location [314,315].

Historically, AAA was thought to be a particular, localized form of atherosclerosis,
as most AAAs present with cholesterol and calcium deposits. The exact nature of the
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relationship between atherosclerosis and AAA is still a matter of discussion [106]. In
both diseases, an atherosclerotic plaque may form on the basis of an intimal lesion and
subsequently replace the subendothelium. In occlusive atherosclerotic diseases, inward
remodeling of the aortic wall usually leads to a decrease in vessel lumen until either an
erosion- or rupture-triggered thrombus itself or an embolus cause occlusion of the vessel to
a hemodynamically relevant degree. Different theories have been proposed as to the role of
the gradually forming intraluminal thrombus (ILT) in about 75% of AAA cases, such as a
propensity of the aortic wall of AAA patients towards outwards remodeling in an attempt
to maintain the vessel lumen [41,316,317].

Whether causally associated or a subsequent byproduct, the ILT provides the aneurys-
mal wall with a certain biomechanical protection against wall stress [318,319]. Permeation
of the ILT with blood or contrast medium may announce the impending failure of the ILT as
a protective layer. This distinguishing mark is visible as a ‘crescent sign’ in CTA [320] and is
associated with AAA rupture [174,321,322]. However, clinical data support the notion that
the ILT’s active role in disruption of the wall’s integrity exceeds its biomechanical protec-
tion. Indeed, presence of an ILT is associated with an increased rupture risk, especially in
patients with small AAAs and when the thrombus encompasses the whole circumference
of the aneurysm [45,323,324].

The ILT in AAA is a biologically active, dynamic component that contributes to
the pivotal destruction and inflammation of the aortic wall’s medial and adventitial
layers [325-327]. The presence of an ILT in an AAA is associated with reduced thick-
ness of the artery wall, greater elastolysis, lower VSMC content in the medial layer, and a
higher level of inflammatory immune response in the adventitia [328]. Clinical data also
show that the presence of an ILT is associated with faster AAA growth [329], which may be
due to its biological activity [330,331], rather than size or volume [332-334].

The blood stream constantly replenishes the ILT’s luminal side with fibrinogen and
circulating cellular elements, such as platelets, erythrocytes, and immune cells [335]. The
ILT entraps these cells, which release oxidative enzymes, proteases and proinflammatory
cytokines [336-338]. Due to the high pressure gradient between the aortal blood flow
and the interstitial tissue, the cells and released molecules are pushed outward towards
the abluminal side through a canalicular system pervading the ILT [325]. Thus, the ILT
contributes to the generation of a toxic environment that contributes to the decay and
inflammation of the subjacent medial and adventitial layers of the aortic wall, as we have
previously highlighted [339].

6.2. Oxidative Stress and VSMC Apoptosis

As mentioned above, the ILT accumulates blood cells, i.e., platelets, erythrocytes,
and leukocytes. The adverse environment increases reactivity of entrapped cells, which
in turn boost oxidative stress by mediating production of reactive nitrogen and oxygen
species (ROS) [324,340,341]. These excess oxygen- and nitrogen-derived free radicals
then activate proteolytic enzymes, trigger degradation processes, and induce apoptosis of
VSMCs and mesenchymal progenitor cells [324,342]. This not only destabilizes the medial
layer of the aortic wall, but also impedes its matrix-producing and -repairing capacities.
Proinflammatory signals further stimulate VSMC apoptosis [343,344].

Excessive cell death and dedifferentiation (‘phenotypic switch’) of contractile VSMCs
is characteristic of the aneurysmal aortic wall [345,346]. Loss of VSMCs puts additional
hemodynamic stress on the weakened wall, which responds by stimulating angiogenesis in
the medial layer [347,348]. Furthermore, the ILT in place of the endothelium causes localized
hypoxia in the underlying AAA wall, which is an additional trigger for angiogenesis.
However, medial neovascularization further instigates the destructive cycle because it
facilitates infiltration of circulating inflammatory cells [349,350].

Clinical data support the importance of oxidative stress in AAA pathogenesis [351].
Excess levels of ROS have been detected in the blood of AAA patients and in AAA wall
tissue, but not in the adjacent nonaneurysmal aorta or in healthy individuals [340,352].
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These ROS stem from a variety of oxidative enzymes shown to be upregulated in expression
and activity in aneurysmal aortic walls [353,354]. In mice, loss of antioxidants was found to
increase AAA incidence and rupture rate [355]. Correspondingly, experimental activation
of antioxidant enzymes, such as catalase, reduces AAA formation in mice [356-358], but a
benefit of ROS-suppression in humans has not been shown yet [343].

6.3. Proteolysis

The destruction of the three-dimensional ECM network of the medial layer of the
aortic wall is considered a key feature of AAA pathogenesis. Excessive dismantling of
structure-bearing components reduces the wall’s ability to withstand the hemodynamic
load and leads to dilation of the aorta [359,360]. The physiological tissue remodeling
process becomes unbalanced and tilts towards an overactivity of proteases that disin-
tegrate the fibrillar ECM components, such as collagen and elastin [361-363]. Protease
substrates also include cell adhesion molecules, thereby promoting VSMC detachment and
apoptosis [344,364,365]. In addition, proteolytic enzymes augment AAA pathogenesis by
activating ECM-contained, latent matrix metalloproteinases (MMPs), and by mediating
inflammation and angiogenesis [366-369]. In turn, inflammatory conditions and oxidative
stress boost production and activation of proteases, creating a destructive circle [370,371].

Several protease families have been implicated in the pathogenesis of AAAs. Clini-
cal data show increased levels of MMPs, especially MMP-9 and MMP-2, cathepsins, and
neutrophil elastase in blood and tissue samples of the aneurysmal wall of AAA patients,
while their antagonists are reduced [122,372,373]. Population-based studies showed that
high cathepsin levels are associated with higher AAA risk and a larger diameter [374,375].
MMP-9 plasma levels were reported to decrease after AAA repair [376,377]. In rodent
studies, cathepsin deficiency was found to reduce aneurysm severity [378-380], and both
MMP-2 and MMP-9 knockout mice were protected from AAA development compared
to wild-type mice [381,382]. However, despite their central role in AAA development,
unselective MMP inhibition by doxycycline has been unsuccessful in attenuating AAA
growth in humans [223,224], illustrating that complex interactions and multiple mecha-
nisms are at play.

6.4. Inflammation

Aneurysmal aortic wall tissue is characterized by infiltration of both innate and
adaptive immune cells. At the luminal side, the ILT recruits circulating leukocytes, which
then migrate towards the media. Diapedesis is facilitated by the medial layer’s angiogenesis,
hemodynamic factors, as well as by activation of the complement system [383-385]. Other
entry points for immune cells to infiltrate the aortic wall are periadventitial lymph nodes
and adventitial vasa vasorum. Development of tertiary lymphoid organs in the adventitia
by a concerted collaboration of B-lymphocytes, follicular dendritic cells, and CD4+ T-
helper-cells has been described [386,387]. Ectopic adipocytes in perivascular tissue promote
recruitment and activity of immune cells by releasing proinflammatory cytokines, such
as tumor necrosis factor alpha (TNF-«), IL-6, IL-8 [388,389], and may also mediate an
autoimmune response [390].

Cytokines released by both innate and adaptive immune cells contribute to the in-
flammatory environment in the AAA wall. High levels of adventitial CD4+ T-helper-cells
and macrophages mediate recruitment and activation of inflammatory cells, establishing a
vicious circle of chronic inflammation of the aortic wall, while also boosting proteolysis
and oxidative tissue injury [341,391]. Circulating levels of Th1- and Th2-secreted cytokines
such as IFN-y, TNF-¢, IL-4, and IL-22 are consistently elevated in AAA patients [392,393].
IFN-y and IL-17 secreted by CD8+ T-cells and Th17 CD4+ T-cells have also been implicated
in AAA pathogenesis [394-396]. B-cell-derived immunoglobulins such as IgG4 and IgE
drive macrophage and mast cell activation and degranulation [397,398]. Regulatory CD4+
T-cells have a protective function by releasing anti-inflammatory cytokines such as IL-10
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and TGF-f [399-401], but both regulatory CD4+ cells and their mediators are reduced in
AAA patients [402].

A prospective clinical study using enhanced MR imaging has shown that the degree of
aortic wall inflammation predicts AAA growth and rupture [331]. The crucial role of inflam-
mation is supported by a number of experimental rodent studies showing that depletion of
immune cells, in particular myeloid cells, diminishes or abolishes AAA growth [41,403].

6.5. Myeloid cells in AAA
6.5.1. Monocytes and Macrophages in AAA

Monocytes and macrophages have been consistently detected in AAA tissue of both ro-
dent disease models and humans [404—407]. These immune cells of myeloid origin infiltrate
early in aneurysm development, and predominantly accumulate in the inner adventitial
layer of the aneurysmal aortic wall [349]. Monocyte and macrophage chemoattractants
and activation parameters (e.g., chemokine ligand [CCL] 2, also referred to as monocyte
chemoattractant protein 1, MCP-1 [393,408], CCL3 alias macrophage inflammatory protein-
la, MIP-1a [408]), receptors (e.g., chemokine C-X-C receptor 4, CXCR4 [409], triggering
receptor expressed on myeloid cells-1, TREM-1 [410]) have been shown to be significantly
increased in rodent models, AAA patient plasma, and aneurysmal wall tissue. Blocking or
depleting the involved ligands or pertaining receptors inhibits AAA formation and pro-
gression in animal models (e.g., C-C chemokine receptor type 2, CCR2 [404], CXCR4 [409],
CCL5 [411]).

Monocytes and macrophages contribute to AAA pathogenesis in various ways, de-
pending on the functional characteristics of their subtype. Monocytes can be classified into
distinct subsets [412,413] that assume different roles in the elimination of pathogens and
maintenance of vessel integrity [414—416]. For instance, CD16-expressing monocytes with
tissue-remodeling and proangiogenic features are associated with AAA diameter, and have
been reported to be significantly elevated in AAA patient plasma [408,417,418]. Similarly,
macrophages exhibit two distinct phenotypes that have opposing functions in mediating
inflammatory processes [419]. An imbalance between the two macrophage phenotypes can
create either a chronic inflammatory milieu or impairment of wound healing and tissue
homeostasis [420]. Although analyses of AAA tissue have not yielded conclusive results
to such a disproportion [407,421], rodent studies indicate that proinflammatory, destruc-
tive M1 macrophages may predominate during early stages of AAA development [422].
The proteinases and proinflammatory mediators released by M1 macrophages in close
collaboration with T-cells contribute to aneurysmal wall degradation [407,423]. New data
suggest that the M2 macrophage may not be entirely protective [424], as experimental
rodent studies investigating macrophage polarization from M1 to M2 have claimed that
M2 polarization can either suppress or attenuate AAA development [425-427].

6.5.2. Neutrophils in AAA

Neutrophils pose a crucial first line of defense in the innate immune system, as they
are the most numerous type of granulocytes (or ‘polymorphonuclear leukocytes’) and can
employ several effector mechanisms to eliminate pathogens [428]. As we have recently
reviewed [429,430], neutrophils are recruited to the aneurysm site by various chemotactic
factors, such as IL-8, platelet-derived factors or complement components. These mediators
are mainly released from the luminal ILT and have been shown to be increased in the
blood of AAA patients [337,393,431]. In rodent models, blockage or depletion of neutrophil
chemotactic factors can impede or completely abolish AAA development by suspending
neutrophil recruitment [383,432]. For instance, dipeptidyl peptidase I (DPPI) regulates
the activity of neutrophil-secreted proteases, but also mediates neutrophil recruitment
to the aneurysm site. Functional deficiency of DDPI has been shown to cause impaired
local production of a neutrophil chemotactic factor and thereby protect mice from elastase-
induced AAA formation [432].
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Elevated levels of activated neutrophils have been detected in AAA wall tissue [337,349],
as well as in AAA patient plasma in comparison to healthy controls, even after adjust-
ment for known confounders such as smoking [408,433]. Activation of neutrophils in-
duces degranulation, i.e., the release of cytotoxic contents of the neutrophil’s cytoplasmic
granules into the phagosome or into the extracellular space [434]. Besides bactericidal
peptides (e.g., lactoferrin), defensins, and proteinases (e.g., neutrophil elastase, collagenase,
cathepsins), neutrophil granules release myeloperoxidase (MPO) and nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase or NOX). MPO and NOX enzymes are
major sources of ROS and have been detected at high levels in AAA tissue and AAA patient
plasma, while antioxidants such as catalase are reduced [351,352,435].

ECM degradation is facilitated by several neutrophil-mediated mechanisms. MPO has
been shown to inactivate tissue inhibitors of MMPs, thereby increasing MMP activity [436].
Furthermore, neutrophils release neutrophil-gelatinase-associated lipocalin (NGAL), which
binds MMP-9 and inhibits its degradation [338]. High concentrations of NGAL-MMP-9-
complexes are present especially in the luminal ILT [335,337], and are higher in aneurysmal
aortic wall samples compared to healthy aortas [437]. Neutrophil-secreted proteases directly
cleave stabilizing ECM components, but can also activate MMPs [366,438,439]. Fragments
of the dismantled elastin and collagen fibers then promote inflammation further by serving
as chemotactic factors themselves [440-442]. As mentioned above, DPPI is not only neces-
sary for activation of neutrophil-secreted proteases, but also vitally mediates inflammation
of the aneurysmal aortic wall [432].

A 2005 study showed neutrophil-depleted mice to be protected from AAA forma-
tion [403]. However, contrary to the expected, this was only in part mediated by a decrease
in MMP activity, suggesting that neutrophils critically contribute to AAA pathogenesis
by another, independent mechanism. A novel effector mechanism of neutrophils, the
formation of neutrophil extracellular traps (or ‘NETs’), has since been implicated in AAA
pathogenesis [443—445], which is the current focus of our research efforts [430,446].

7. Conclusions

Even though world-wide changes in smoking habits and other lifestyle factors have
contributed to declining incidence and mortality rates of AAA, its prevalence and high
death rate upon vessel rupture remain a subject of concern. Progress has been made in
unraveling the multifactorial process of pathogenesis, in particular the components of
chronic inflammation. This has led to promising candidates for conservative treatment
such as metformin, an antidiabetes drug with pleiotropic anti-inflammatory effects, which
is currently being tested in several prospective clinical trials to prevent AAA progression.
Yet to date, surgical repair remains the only curative approach, but is associated with
a considerable morbidity and mortality. The rise in endovascular versus open surgical
interventions has revealed the challenge of establishing sufficient institutional expertise in
both procedures in order to appropriately address patient needs.
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