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Key Points

Abdominal aortic aneurysm (AAA) is defined as a permanent dilatation of the
abdominal aorta that exceeds 3 cm. Most AAAs arise in the portion of abdominal
aorta distal to the renal arteries and are defined as infrarenal. Most AAAs are totally
asymptomatic until catastrophic rupture. The strongest predictor of AAA rupture is the
diameter. Surgery is indicated to prevent rupture when the risk of rupture exceeds the
risk of surgery. In this review, we aim to analyze this disease comprehensively, starting
from an epidemiological perspective, exploring etiology and pathophysiology, and
concluding with surgical controversies. We will pursue these goals by addressing eight
specific questions regarding AAA: (1) Is the incidence of AAA increasing? (2) Are
ultrasound screening programs for AAA effective? (3) What causes AAA: Genes versus
environment? (4) Animal models: Are they really relevant? (5) What pathophysiology
leads to AAA? (6) Indications for AAA surgery: Are surgeons over-eager to operate? (7)
Elective AAA repair: Open or endovascular? (8) Emergency AAA repair: Open or
endovascular?

inal aortic aneurysm (AAA). The term aneurysm derives from
the Greek avevpuopa (aneurusma) that means widening.

« Ultrasound screening programs for AAAs are immensely ~ Aneurysm can be defined as a permanent, irreversible, and

effective.

localized dilatation of a vessel that exceeds 1.5 times the

« Both genes and environmental factors contribute to the ~ normal diameter of the vessel. For the abdominal aorta, the

development of AAAs.

threshold is a diameter of more than 3 cm. Most AAAs
develop in the portion of aorta 1 to 2 cm distal to the renal

» Three key processes contribute to AAAs development:
proteolysis, inflammation, and vascular smooth muscle
cell (VSMC) apoptosis.

* Surgical indications for AAA depend on an accurate balance
between the risk of rupture and the risk of surgery.

» Endovascular repair offers a lower early procedural mortal-
ity and morbidity, but open surgery achieves greater survi-
val and freedom from reintervention in the long term.

Dilatation of the abdominal aorta is a complex and dynamic
process that eventually leads to the formation of an abdom-
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artery and are termed infrarenal AAA. These occur mainly in
men older than 65 years. A key risk factor is cigarette
smoking. From a molecular perspective, three processes
are involved in the development of AAA: proteolysis, inflam-
mation, and smooth muscle cell (SMC) apoptosis. Although
some symptoms can be linked to AAA, most aneurysms are
totally asymptomatic until rupture, which leads to death in
65% of patients (patients who die outside the hospital plus
perioperative mortality).":? The strongest predictor of AAA
rupture is the diameter. Surgery is indicated to prevent
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rupture and should be performed when the risk of rupture
exceeds the risk of surgery. For AAA repair, two options are
currently available: standard open surgery and endovascular
aortic repair (EVAR). In this review, we aim to analyze this
disease comprehensively, starting from an epidemiological
perspective, exploring etiology and pathophysiology, aspect,
and concluding with surgical controversies. We will pursue
these goals by addressing eight specific questions regarding
AAA:

. Is the incidence of AAA increasing?

. Are ultrasound screening programs for AAA effective?

. What causes AAA: Genes versus environment?

. Animal models: Are they really relevant?

. What pathophysiology leads to AAA?

. Indications for AAA surgery: Are surgeons over-eager to
operate?

. Elective AAA repair: Open or endovascular?

8. Emergency AAA repair: Open or endovascular?
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Is the Incidence of AAA Increasing?

During the second half of the 20th century, there has been a
steady increase in incidence and mortality from AAA. Impor-
tant articles documenting this trend are summarized
in =Table 1, which shows compelling, extensive, consistent,
and worldwide evidence of increased aneurysm mortality
over the last half century. This rise in incidence and mortality
from AAA has usually been ascribed to the aging of the
population, increased detection (from increased imaging),
and also, perhaps, to a bona fide increase of this disease in the
human population.

As we shall see immediately below, a crucial advance in
diagnosis of AAA profoundly counteracted this rising toll of
AAA on the human population.

Abdominal Aortic Aneurysm Carino et al.

Are Ultrasound Screening Programs for AAA
Effective?

During the early part of the era depicted in =Table 1, the
overall mortality for ruptured AAA (rAAA) (combining mor-
tality outside the hospital and mortality from emergency
surgery) overall exceeded 80%.*°

Subsequently, the advent of a noninvasive diagnostic tool
completely altered this bleak picture. It was found that
abdominal ultrasonography could detect AAA in 97.3% of
affected patients.® Subsequently, multiple randomized, con-
trolled studies demonstrated the tremendous effectiveness
and epidemiologic impact of ultrasound-based screening
programs for AAA (see =Table 2). The Aneurysm Detection
and Management (ADAM) Study (VA Cooperative investiga-
tion) also showed vividly the extremely strong impact of
smoking on incidence of AAA (5.7-fold increase).’

Based on this powerful data, in 2005, the U.S. preventive
service task force (USPSTF) recommend one-time screening
with ultrasonography for all men aged 65 to 74 years who have
ever smoked (recommendation Class B).2 In the same docu-
ment, the USPSTF recommended against routine screening for
women (recommendation Class D).2 Three to four years later,
England,® Scotland,'® and Sweden'' followed suit, recom-
mending AAA screening for all men older than 65 years, this
time regardless of history of smoking.

Recently, updates of these screening studies with longer
follow-up have been published (~Table 3). Now, with follow-
up up to 15 years, the strong beneficial impact of routine
ultrasonographic screening for AAA in preventing AAA-
related death in elderly men has been unequivocally
confirmed.

The U.S. recommendations for screening were updated in
2014 by the USPSTE.'? The recommendation for the

Table 1 Increasing incidence of AAA and death due to AAA in the prescreening era

Population Year Key findings regarding AAA
Rochester, MN%3° 1984 Incidence increased sevenfold between 1951 and 1980
United States®3’ 1987 From 1951 to 1968, age-specific and age-adjusted mortalities increased constantly

(average annual increase of 17% for white males, 12% for white females, 14% for nonwhite
males, and 15% for nonwhite females)

England and Wales?3? 1989

Deaths due to AAA increased by 53% between 1974 and 1984

hospitalizations

Kansas City, KS?3° 1991 Prevalence increased between 1950-1959 and 1970-1984 in Kansas City among both men
(1.5-fold increase) and women (2.5-fold increase)

Australia®4? 1991 From 1980 to 1988, age-standardized AAA mortality rate increased 36% in men and 24% in
women

Sweden?4! 1992 A necropsy study showed that from 1958 to 1986 mean annual age-standardized increase
of aortic aneurysmal disease was 4.7% among men and 3.0% among women

Sweden?#? 1992 From 1960 to 1988, the annual rate of rupture of AAA standardized for age increased by
2.4% yearly

Canada®® 1995 From 1969 to 1991, an increasing number of AAA was diagnosed

United States?4* 1999 | From 1979 to 1991, there was a 20% increase of deaths due to and 50% increase in AAA

England and Wales?4 2005

From 1979 to 1999, AAA mortality rate and hospital admissions for AAA increased steadily

Abbreviation: AAA, abdominal aortic aneurysm.
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Table 2 Randomized controlled studies of ultrasound screening for AAA

Population Year | Number of Key findings regarding AAA
patients
United Kingdom?4® 1995 | 15,777 AAA detected in 4% overall and 7.6% of men. Screening
lowered incidence of rupture by 55% in men, while of
no benefit in women
Denmark?4’ 2005 | 12,639 M AAA found in 4% of men. Need for emergency surgery for
Age > 65y AAA lowered by 75% and death from AAA lowered by 67%
MASS (multicenter 2004 | 65,800 M Aneurysm mortality reduced by 42%
aneurysm screening study)13 Age 64-72y
AustraliaZ*8 2004 | 41,000 AAA prevalence 7.2%. Mortality ratio 0.61 (screened group to
Age 65-83 y nonscreened group), but difference NS (unfortunately multiple
mortalities occurred in patients randomized to scanning
who did not comply to be scanned, skewing results adversely)
Cochrane review?*? 2007 | 127,891 men, No reduction in all-cause mortality. Significant reduction in
9,342 women AAA-related death in men (OR, 0.60)
Aneurysm Detection and 1997 | 73,451 veterans | Smoking raises incidence of aneurysm 5.7-fold
Management study (VA study)’ Age 50-79y Aneurysms found in 1.4% of patients

Abbreviation: AAA, abdominal aortic aneurysm.

Table 3 Follow-up screening studies with longer follow-up

Population Year | Years of follow-up | Key findings regarding AAA

MASS2>0 2012 | 13 42% reduction in AAA-related mortality with screening

Denmark?®' 2010 | 14 AAA-related mortality decreased by 66%. Screening was cost-effective
United I(ingdom252 2007 | 15 AAA-related mortality reduced by 11% (NS)—small trial

Abbreviations: AAA, abdominal aortic aneurysm; NS, nonsignificant.

ultrasonography for men older than 65 years who have ever
smoked was confirmed (Class B). The last recommendations
for the screening from the European Society of Cardiology
are listed in = Table 4. The evidence regarding the balance of
benefits and harms of screening for AAA in women smokers
aged 65 to 75 years was considered insufficient to recom-
mend screening at this time.

Traditionally, prevalence of AAA in screened populations
has ranged largely from 1.1 to 5.2%.13-21 The most accurate
studies useful to detect the AAA prevalence in the postscreen-
ing era are listed in =Table 5. What is most interesting,

however, is that the mortality from AAA has been decreasing
—reflecting the beneficial impact of ultrasonographic screen-
ing programs. Drops in mortality in the most recent years have
been shown widely, including Australia,?2 New Zealand,?> and
England and Wales.?

Thus, in summary, we can say that over the latter half of
the 20th century, incidence and mortality from AAA showed
a progressive increase. However, in the last decade, medical
science has succeeded, via the implementation of increased
echocardiographic screening for AAA, in beneficially impact-
ing the mortality toll taken by this disease.

Table 4 Recommendations for AAA screening—European Society of Cardiology guidelines168

Recommendation Level Class
Ultrasound is recommended in all men older than 65y I A
Ultrasound may be considered in women older than 65 y with a history of Ib C
current/past smoking or positive familiar history

Ultrasound is not recommended in women with no history of smoking or familiar history 0 @
Ultrasound should be considered in first-degree siblings of patients with AAA lla B

In patients with AAA with a diameter between 30 and 39 mm imaging should be considered every 3 y lla B

In patients with AAA with a diameter between 40 and 44 mm imaging should be considered every 2 y Ila B

In patients with AAA diameter between 45 and 50 mm imaging should be considered yearly lla B

Abbreviation: AAA, abdominal aortic aneurysm.

International Journal of Angiology Vol. 27 No. 2/2018

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Table 5 Most accurate and recent studies on the prevalence of
AAA in the postscreening era

Study or Year Total number | Prevalence of AAA
authors of patients

(men older

than 65 y)
ADAM study'® | 2000 | 126,196 4.2% (5,283/126,196)
MASS trial'3 2002 | 27,147 4.9% (1,333/27,147)
Svensjo et al'® | 2011 | 22,187 2.2% (500/22,187)
GASP 2012 | 52,690 3.82% (2,013/52,690)
program16
VIVA trial?® 2015 | 18,749 3.3% (618/18,749)
Benson et al'® | 2016 | 24,891 1.18% (292/24,891)
Wan%ainen 2016 | 253,896 1.5% (3,891/253,896)
et al

Abbreviations: AAA, abdominal aortic aneurysm; ADAM, Aneurysm
Detection and Management; GASP, Gloucestershire Aneurysm Screen-
ing Programme; MASS, Multicentre Aneurysm Screening Study; VIVA,
viborg vascular.

What Causes Abdominal Aortic Aneurysm:
Genes versus Environment

Impact of Male Gender
In general, AAA is mainly a disease of elderly males (~Fig. 1).2>
Its prevalence in individuals older than 65 years is three to four
times higher in men than in women,?® and the risk of AAA
increase by 40% every 5 years after the age of 65 years.?’
The reason men have much higher risk of AAA than women
is unclear, but probably it is the result of hormonal factors and
genetic susceptibility.® The protective role of the female sex
hormone milieu has been shown creatively in an animal

304
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Fig.1 Prevalence of abdominal aortic aneurysm according to age and
genderin 6,836 men and women aged 25 to 83 years analyzed in 1994
to 1995 in the city of Tromse, Norway. Note the sharp rise of the
prevalence in men after 60 years of age. (Reproduced with permission
from Singh et al.?>%).
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Table 6 Environmental risk factors for AAA
Risk factor OR 95% ClI
AAA Male sex
development Advanced age
Smoking
Former smoker vs. | 2.3 1.9-2.8
never smoker?>3
20 cigarettes/d vs. | 13.72 | 6.12-30.78
never smoker>’
Family history®® 2.2 1.6-3.2
Hypertension’ 1.25 | 1.21-1.28
Diabetes 0.68 0.60-0.77
(protective role)’
Obesity*0 1.20 | 1.17-1.22
AAA Smoking
expansion AAA diameter
Cardiac
transplant?>
AAA Smoking3 2.2 1.33-3.06
rupture Female sex
AAA diameter
Hypertension'®% 1.04 | 1.02-1.07
Family history

Abbreviations: AAA, abdominal aortic aneurysm; Cl, confidence
interval; OR, odds ratio.

model. Normally, after AAA induction, AAAs grow more slowly
in female rats than in males.>®3® However, after transplanting
the female aorta into male rats, the rate growth of the AAA
equals that in male rats. Estrogens are thought to exert an
immunomodulatory effect; particularly, they reduce macro-
phage matrix metalloproteinase (MMP) production, thus
decreasing the collagen degradation and slowing progression
of the AAA.3! Although less common, AAA in women have a
worse prognosis,? with a fourfold higher risk of rupture,3 and
increased short-term mortality after both EVAR and open
repair in both elective and emergent condition.34-3® (The
main risk factors for AAA are listed in ~Table 6.)

Role of Cigarette Smoking

The principal modifiable risk factor for AAA is smoking.
This association was first described in 1958.3° Since then
many reports have showed the extremely strong correlation
between smoking and AAA—with odds ratios (ORs) between
smokers and nonsmokers ranging from 2.3 to 13.72.3” More-
over, a linear association between number of cigarette
smoked or years of smoking and prevalence of AAA has
been shown.*? In the same article, also an association shown
between a decline in the prevalence of AAA and the years of
widespread smoking cessation was evident.*® Intriguingly,
smoking seems to be a substantially greater risk factor for
AAA than for occlusive atherosclerotic disease.>® Smoking is
also an important factor in the progression of AAA. In a

37,38
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recent meta-analysis using data from 15,475 patients with
small (3-5.5 cm) AAAs, current smoking was associated with
an increased rate of expansion (compared with nonsmokers)
of 3.5 mm/year (95% confidence interval [CI], 0.23-0.48).3% In
the same article, smoking was also associated with an
increased risk of rupture (hazard ratio [HR], 2.02; 95% (I,
1.33-3.06) regardless the AAA diameter.>3

This strong association between smoking and AAA has led
many to investigate the molecular mechanism that can
explain this deleterious effect. Ina mouse AAA model treated
with benzo(a)pyrene (an important constituent of cigarette
smoke), increased gene expression of MMPs was evident,
with degeneration of the lamellar unit and loss of SMCs.*!
Exposure to tobacco smoke in an animal model of AAA
showed increased progression of AAA even in mice deficient
for MMP and elastase. This progression was explained by
altered activity of the immune system.*? Moreover, nicotine
(a major component of cigarette smoke) can promote the
developing of AAA in an animal model through activation of
adenosine monophosphate-activated kinase a2, resulting in
the phosphorylation in the VSMC of the activator protein 2a,

which causes increase MMP-2 gene expression.** Finally, it
has been demonstrated in vitro that extract of cigarette
smoke can inhibit expression of prolyl-4-hydroxylase in
VSMC, thus decreasing collagen synthesis.**

The impact of cigarette smoking is so powerful that
Lederle® has shown that the dramatic rise in aneurysm
mortality that characterized the second half of the 20th
century was curtailed as cigarette smoking fell in the past
decades of the century (see =Fig. 2A, B).

Hypertension

While a strong association between smoking and AAA is
evident, the association between hypertension and AAA is
weak (=Fig. 3). In a retrospective study with a cohort more
than 3 million people, hypertension was associated with AAA
with an OR of 1.25 (95% CI, 1.21-1.28),*® and in a prospective
study with 7-year follow-up, the OR for AAA in patients with
hypertension was slightly but significantly higher (OR,
1.54).37 Finally, in a population-based study with both
historical and current data, the association between hyper-
tension and AAA failed to reach the statistical significance.?®
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Fig.2 (A)Linear correlation between number of cigarettes smoked and AAA mortality in the United States. (Reproduced with permission from Lederle.*?)
(B) Historical and contemporary AAA prevalence rates compared with time trends in smoking in the Swedish population. Again, a linear correlation between
smoking and AAA prevalence is evident. (Reproduced with permission from Svensj6 et al.zse) AAA, abdominal aortic aneurysm.
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Fig.3 Linearregression revealing the positive association between temporal trends in (A) male and (B) female mean systolic blood pressure and

AAA mortality. (Reproduced with permission from Sidloff et aI.54)

Where hypertension does matter is in the fact that high
blood pressure seems to be a more important risk factor for
growth and rupture of AAA. In the analysis of 2,257 patients
involved in the United Kingdom small aneurysm trial
(UKSAT)* and United Kingdom small aneurysm study,*®
after variable adjustment with the Cox’s regression, the HR
of rupture for patient with hypertension was 1.04 (95% ClI,
1.02-1.07).2>*° The association between hypertension and
AAA rupture was confirmed in a recent meta-analysis.>> In
particular, this study, after variable adjustment, showed an
increased risk of rupture of 1.11-folds (95% CI, 1.02-1.22) for
each 10 mm Hg increase of the mean pressure.

Obesity

Discordant data exist about the association of AAA with
obesity: in a large retrospective analysis involving more
than 3 million people, body mass index (BMI) > 25 was
associated with an increased risk of AAA.*? In analysis of
ultrasonography in 12,203 men aged 65 to 83 years, a
correlation between obesity and AAA was shown,”® with a
stronger correlation in obese patients with a high waist
circumference.®’ However, in other prospective studies,
high BMI was not associated with risk of AAA.>%>3 In a recent
population-based cohort study, waist circumference was
associated with increased risk of AAA, while high BMI was
not.>> While BMI reflects total adiposity, waist circumfer-
ence is more reflective of visceral adiposity. Therefore, it may
be that visceral adiposity, rather than total adiposity, is
important in the development of AAA.>*

Diabetes

Further confirming the difference between classic occlusive
cardiovascular diseases (CAD and peripheral artery disease,
where diabetes is one of the most important risk factors), in
AAA, diabetes appears to have a protective effect. This was first
proposed in 1997 after analysis of 73,451 males who under-
went ultrasonography.” The patients with diabetes had an OR
for AAA of 0.68. The authors were initially dubious regarding
this result,” but became convinced when a similar result was

AAA, abdominal aortic aneurysm.

found in a study with a different design,®® convincing the
authors of the protective role of diabetes against developing
an AAA.” Since then, many other reports have confirmed the
protective role of diabetes.!>1840:50.57.58 Finally, in 2016, an
article from the ALICE group (All Literature Investigation Car-
diovascular Evidence) summarized the results of seven differ-
ent meta-analyses and confirmed the protective role of
diabetes for AAA.>® The protective role of diabetes is evident
not only for the development of AAA but also in decreasing the
growth rate of the aneurysm. A recent meta-analysis estimated
an annual mean effect of diabetes on grow rate of —0.6 mm/
year.>38 The physiopathological explanation for the protective
effect of diabetes remains elusive. Both mechanics and mole-
cular mechanisms have been postulated. In diabetic patients, a
thickening of the aortic wall is evident—a factor well known to
aortic surgeons.60 According to Laplace’s law, a thicker aortic
wall decreases wall stress. Wall stress is considered pivotal for
progression of AAA.%" From a molecular point of view, different
mechanisms have been proposed. The advanced glycation end
products typical of diabetes cause cross-linking of collagen
fibers.%? In vitro, this cross-linking inhibits the proteolysis®>
and secretion of MMPs that are involved in AAA formation.%*
Moreover, the presence of the end products advanced glycation
promotes proliferation of the SMCs in the media.®® Hypergly-
cemia also suppresses plasmin, itself an activator of MMPs®®
leading to a further decrease in overall MMP activity.

Atherosclerosis

Although atherosclerotic changes are often seen in AAA, the
relationship is not a casual one. Both epidemiological data
and molecular studies provide evidence that AAA is a differ-
ent disease from classical atherosclerotic occlusive disease.
Interestingly, almost every factor associated with AAA is also
associated with DNA methylation, and analysis could be
conducted to elucidate this link.”

Genetics
After smoking the second most important risk factor for AAA is

the family history,%8~7® with a positive history raising the OR of
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AAA development by as much as 1.96 (6) to 2.2.%% Interestingly,
patients with a female relative with AAA are even more
strongly affected, manifesting a 2- and 0.5-fold higher risk
than patients with a male relative with AAA.®® The strong
association of positive family history and AAA in wide epide-
miological studies, together with the growing evidence num-
ber of specific gene association (see later) strongly supports
genetic influence on the AAA development.

The first report of clustering of AAA in a single family goes
back to 1977, when three affected brothers were reported.”’
Following this first report of a single family, in 1984, Tilson
and Seashore reported 50 families with AAA in two or more
first-order relatives,’? demonstrating the genetic etiology of
AAA. (The senior author J.A.E. of this article was a trainee in
the audience when Tilson and Seashore presented their
ground-breaking findings at Surgical Grand Rounds at Yale.)

Since those pioneering observations, the genetic influ-
ence on AAA has been confirmed from many different
perspectives. The higher prevalence of AAA in white men
compared with other races*0 suggests a genetic predisposi-
tion.”> Based on interviews of patients with AAA, the per-
centage of positive family ranges from 6.174 to 19.27° to
35.7%,7® with a mean around 15%.”” The observed prevalence
of AAAin first-degree family members after ultrasonography
screening ranges between 978 and 1972 and 29%.2° This high
level of concurrence of AAA between first-degree relatives
confirms a genetic influence in the development of AAA.
From a clinical perspective, it was noted that familial AAA
(FAAA) tends to present and to rupture at a younger age
compared with sporadic AAA (SAAA).”>1 Moreover, FAAA
manifests a greater incidence of rupture when compared
with SAAA.8%83 The different clinical behavior of FAAA
compared with SAAA corroborates the importance of genetic
predisposition. Finally, the Swedish twin registry revealed
that the twin of a monozygotic twin with AAA suffered a risk
of AAA that was 71 times that of the monozygotic twin of a
person without AAA.84

Many studies have attempted to characterize the specific
pattern of genetic inheritance. In 1991, Majumder et al
performed segregation analysis of patients who underwent
emergency repair for rAAA and suggested a recessive model
of inheritance.8> In 2003, Kuivaniemi et al examined 233
families with at least two members with AAA, reporting that
~75% of their data fitted an autosomal recessive inheritance
pattern, while in the remaining 25%, an autosomal dominant
pattern better explained their results. They conclude that the
lack of consistency in the mode of inheritance may be
indicative of multifactorial disease with multiple genetic
and environmental risk factors.3¢

In the last 25 years, an impressive number of genes have
been investigated to evaluate their possible role of the patho-
genesis of AAA. While for thoracic aortic aneurysm (TAA),
there exists a very specific list of genes that are undoubtedly
involved in pathogenesis of TAA 8788 no single mutation can be
undoubtedly associated with AAA. Results from a recent meta-
analysis show that 263 genes have been investigated and an
association with AAA was reported with variants in 87 of
these.?? In general, most of these studies have focused mainly

International Journal of Angiology Vol. 27 No. 2/2018

on three classes of genes:°° genes for the structural component
of the aortic wall (collagens, elastin),’’ genes for the enzymes
responsible for degrading the structural molecules of the
aortic wall (MMPs and their inhibitors) >3 and genes for
proteins involved in the immune response.94

Genome-wide association studies (GWASs) have also
been applied in search of greater understanding of the
genetics of AAA.%>

The first association of AAAwith a single polymorphism in
a GWAS emerged in 2008.%° The G-allele of a single nucleo-
tide polymorphism (SNP), rs10757278, located on chromo-
some 9p21.3 was significantly associated with AAA, with an
OR of 1.31 (95% CI, 1.22-1.41) and a highly significant
p = 1.2x 107'2, This mutation can stimulate apoptosis of
SMCs via enhancement of the p53 signaling pathway.”’ Later,
in 2010, a study of 1,292 individuals with AAA and 30,503
controls from Iceland and the Netherlands showed that the
[A] allele of rs7025486 on 9q33 was associated with AAA,
with an OR of 1.21 (95% CI, 1.11-1.32).%8 rs7025486 [A] codes
for DAB2IP, a member of the RAS-GTPase-activating protein
family.®® DAB2IP has been shown to suppress cell survival
and proliferation and to enhance apoptosis.'% In a similarly
designed study with 1,866 patients with AAA and 5,435
controls, another polymorphism, rs1466535, located within
intron 1 of low-density lipoprotein receptor (LDLR)-related
protein 1 (LRP1), demonstrated significant association
(p = 0.0042) with AAA but not with coronary artery disease,
blood pressure, diabetes, or hyperlipidemia—suggesting that
this locus could be specific to AAA.'® The role of LRP1 in the
development of AAA may reflect regulation of extracellular
matrix (ECM) remodeling and VSMC migration and prolif-
eration.'®? In 2013, a meta-analysis showed that patients
with AAA had higher level of circulating interleukin (IL)—6.1 03
Pooling data from 4,524 cases with AAA and 15,710 controls
demonstrated that rs7529229 (codifying for a variant of
IL-6R named ala358) was significantly associated with a
lower risk of AAA (OR, 0.84; 95% (I, 0.80-0.89). A subsequent
in vitro analysis using lymphoblastoid cells showed
that, after stimulation with IL-6, the presence of the IL-6R
ala358 was associated with a reduction of STAT3, MYC, and
ICAM-1. These results gave evidence that IL-6 is likely a
causative pathway in the developing of AAA.'%3

Finally, in 2017, a meta-analysis of all six available GWAS
datasets for AAA (total 4,972 cases and 99,858 controls, with a
validation cohort of 5,232 cases and 7,908 controls) confirmed
five of the previous six identified SNPs and found four novels
SNP associated with AAA.1%4 Among the novel identified loci,
one deserves major interest: the rs3827066 on chromosome
20q13.12; this codes for MMP-9, which is known to play an
important role in the developing of AAA and TAA.'% The
confirmed SNP are all the previous cited but rs1466535 coding
for the LRP1 which demonstrated a borderline association with
AAA in the combined analysis (p = 6.4 x 1077); the other two
SNP are the 15599839 coding for PSRC1-CELSR2-SORT1'% and
1s6511720 coding for LDL-R'?” (~Table 7).

In conclusion, the development of AAA is a combination of
the genetic predispositions and environmental factors
enumerated earlier.
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Table 7 SNP associated with AAA risk in GWAS
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SNP in GWAS associated with AAA OR 95% Cl
rs10757278% 1.31 1.22-1.41
Apoptosis vascular smooth muscle cell through p53

rs7025486°8 1.21 1.11-1.32
Apoptosis vascular smooth muscle cell through DAB2IP

(member of the RAS-GTPase-activating protein family)

rs7529229'%3 0.84 0.80-0.89
IL-6R ala358 (decreasing the inflammatory response after stimulation with IL-6)

rs1466535 10" 1.15 1.10-1.21
LRP1: it could act in the requlation of ECM remodeling and in the

vascular smooth muscle cell migration and proliferation

rs599839'0° 0.81 0.76-0.85
CELSR2, PSRC1, and SORT1 genes: using RT-PCR RNA of

sort-1 was find expressed in AAA tissue

rs6511720'% 0.76 0.70-0.83
Code for LDR-R: similar to LRP1

rs3827066'% 1.22 1.16-1.28
Codes for matrix metalloproteinase 9: involved in the degradation of the ECM

Abbreviations: AAA, abdominal aortic aneurysm; Cl, confidence interval; ECM, extracellular matrix; GWAS, Genome-wide association study;
IL, interleukin; LRP1, low-density lipoprotein receptor-related protein 1; OR, odds ratio; SNP, single nucleotide polymorphism.
?In the last meta-analysis, it did not reach the statistical significance for GWAS.104

It is worth noting some important parameters along
which AAAs differ from TAAs. Specifically, AAAs show older
mean age of presentation, absence of specific causative genes
(just increased risk with some mutations), and very strong
association with the cigarette smoking. Thus, environmental
factors appear to be more important for AAA than for TAA,
and genetic factors more important for TAA than for AAA.

Animal Models: Are Really Relevant?

A deep understanding of the mechanisms that underlie
formation and progression of AAA is of paramount impor-
tance if we are to develop therapeutic and preventative
strategies. Animal models are vital to these issues.

The first animal model of aneurysm was developed in the
1980s by Gertz et al.'% They noticed an aneurysm of the
common carotid artery in a rabbit 3 weeks after the peri-
adventitial application of calcium chloride (CaCl,). Histolo-
gically, the CaCl, diffuses into the media of the aortic wall,
binding preferentially the internal elastic lamina and the
elastic fibers in the lamellar network. The calcium-elastic
tissue complex attracts inflammatory cells, predominantly
monocytes and macrophages, which disrupt the integrity of
lamellar units in the media, causing progressive luminal
dilatation. For the first time, this work implicated the
immune system in the development of AAA. Many other
studies have utilized CaCl, induction of aneurysm,'?%-114
often in mice and rats. It has been shown that by adding
phosphate to the CaCl,, the extent of aortic medial calcifica-
tion is increased.'’™ It has been shown that periaortic
application of CaCl, has other important effects beyond
immune stimulation, including and increased oxidative
stress,''® induced VSMC apoptosis, and increased produc-

tion of MMP-2 and MMP-9.'"” Beyond monocytes and
macrophages, the periadventitial application of CaCl, also
provokes migration and degranulation of mast cells.''®
A positive correlation between the number of mast cells in
the adventitia and the AAA diameter has been noted''® both
in animal model and in human AAA. In the CaCl, model,
macrophages also secrete proinflammatory cytokines such
asIL-1 and IL-6, causing further increase of the inflammatory
infiltrates and MMP activity.''® Finally, adventitial neovas-
cularization has been demonstrated in CaCl,-induced AAA in
both mice''® and rats.'"®

In conclusion, the animal model of AAA induced by CaCl,
shares many pathological characteristics with human AAAs,
such as calcification, inflammatory cell infiltrate, oxidative
stress, neovascularization, degradation of the ECM, and
VSMC apoptosis. However, CaCl,-induced animal AAAs do
not display intraluminal thrombus, atherosclerosis, and
rupture which are important features of human AAA. More-
over, a laparotomy is necessary to induce the AAA.

The chronologically second animal model of AAA is the
elastase model introduced by Anidjar et al in 1990."%° In this
model (see =~Fig. 4), porcine pancreatic elastase is infused into
the lumen of the abdominal aorta of rats, causing AAA. Other
studies showed similar results in mice'?" and rabbits'?2 as well
as after the periadventitial application of elastase.'?> The
infusion of elastase inside the abdominal aorta results in a
dense inflammatory infiltrate visible 2 weeks after the infusion,
as well as extensive degradation of elastic fibers in the
media.'?® The inflammatory infiltrate is composed predomi-
nately by macrophages, but neutrophils are present as well.'?!
In these models, porcine pancreatic elastase was not detectable
in aortic wall extracts within 24 hours of elastase perfusion,
implying that pancreatic elastase is not directly responsible for
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Single
Sutun

elastase

Fig. 4 (A) Isolation of the aorta from the left renal vein to the
bifurcation. (B) A 5-minute type 1 porcine pancreatic elastase infusion
at a pressure of 100 mm Hg for 5 minutes. (C) Incision is closed with a
single suture and blood flow is re-established. (D) Aneurysm is formed
14 days after elastase infusion. (Reproduced with permission from
Lysgaard Poulsen et al.125)

the late degradation of aortic wall elastin associated with
aneurysmal dilatation.'' Similar to the CaCl, model, the
elastase model induces calcification in the aortic wall."** More-
over, differently from CaCl, model, elastase-induced AAAs do
present intraluminal thrombosis and do manifest rupture.'?>

The third animal model of AAA was developed by Daugherty
et al's group in Kentucky.' 26 They founded that the intravenous
infusion of angiotensin Il in the hyperlipidemic apoE~~ mouse
induces AAA in 2 to 3 weeks (=Fig. 5). The development of AAA
after angiotensin II infusion has been noted also in the LDLR™/~
mouse.'?” LDLR contributes to the disposal of low-density
lipoproteins. Although no atherosclerotic lesions are visible,
the presence of hyperlipidemia facilitates the development of
AAA. In this model, transmural disruptions of the media are
evident.'”® These medial disruptions are accompanied by
extensive inflammatory infiltrates (predominantly macro-
phages and lymphocytes) at sites of disrupted elastic lamellae
and damaged SMCs, with reactive fibromuscular hyperpla-
sia.'® It is not clear whether the macrophage and lymphocytes
accumulation acts as a stimulus for elastin degradation or vice
versa.'?® As in humans, also in the mouse model of AAA,
angiotensin Il-induced males are much more prone to AAA
development.3° Rupture is also common.'?> While in the other
models, the infrarenal aorta s the site of AAA development, and
in the angiotensin Il-induced model, the suprarenal aorta is
involved in the dilatation.'2%127-131

This angiotensin Il model has several advantages over the
other models: a minor surgery is suffices, laparotomy and
arteriotomy are not required, the model is reproducible, and
rupture is common.'?> For these reasons, the angiotensin II
model is the most common model currently used.'>? How-
ever, unlike the other two models, calcification is not seen in
the aortic wall.

Another small animal model is the xenograft approach. In
this model, transplantation of the infrarenal aorta is performed
from one species to another, for example, guinea pig to rat, to
induce aneurysms.'*>~"3> Prior to implantation of the aorta,
the donor aorta must be decellularized. The decellularization
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Fig.5 Suprarenal AAA 4 weeks after Ang-ll infusion in the apoE~"mouse;
note hemorrhage into the wall in the macroscopic (upper, arrow) and H&E
section (lower; arrow). (Reproduced with permission from Gertz et aI.132)
AAA, abdominal aortic aneurysm; Ang-Il, angiotensin-Il; H&E, hematoxylin
and eosin.

of the donor graft is needed to trigger a slower immunological
response and not an acute fatal rejection episode.'?®> This
model is extremely demanding from a technical point of
view. While intraluminal thrombosis is seen, the induced
aneurysms do not rupture. Like, the angiotensin II model,
calcification is absent in the aortic wall.'?®

Interestingly, administration of doxycycline (a broad-based
inhibitor of MMPs) before AAA induction in elastase,'?!
CaCl,,"3® and angiotensin 11'?’ infusion models attenuates
the formation of experimental AAAs. Also, the administration
of rapamycin in the elastase model limits the AAA progression
in elastase model.'®’ To date, the only therapy that has been
shown to induce regression of established AAAs animal models
is the inhibition of JNK'' (c-Jun-N-terminal kinase can cause
downregulation of gene expression of some crucial ECM
biosynthetic enzymes [lysyl hydroxylase, lysyl oxidase, and
prolyl 4-hydroxylase] and it can activate the MMPs).! '

Finally, a more physiological porcine model of AAA based
on laparoscopic delivery of CaCl, to the periadventitial sur-
face of the aorta combined with angiotensin-II infusion has
been proposed.’3?

The animal models of AAA, including their advantages and
shortcomings, are summarized in =Table 8.

Models of AAA in small size animals do not permit
evaluation of novel medical devices where an aortic diameter
similar to that of humans is deemed necessary. To address
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Table 8 Characteristics of various of animal models of AAA

Animal CaCl, Elastase Angiotensin 2
models
Mechanism Calcification Calcification Inflammation
and and
inflammation | inflammation
Rupture No Yes Yes
Intraluminal | No Yes No
thrombosis
Need for Yes Yes No
major
surgery

Abbreviations: AAA, abdominal aortic aneurysm; CaCl,, calcium
chloride.

this issue, animal models in large animals have been devel-
oped, largely by surgically enlarging the aorta by surgically
implanted patches.'' 12 These models are suitable for study
of surgical devices (e.g., stent grafts) but are not valuable as
pathophysiological replicas.

In conclusion, for small animal models, the biggest limita-
tion in the fidelity by which the available models recapitulate
the pathological features of human aortic aneurysms is the
deficiency in clarifying the very first phase of the human
disease.’?® In all the models, the AAA induction is nonphy-
siologic and not reflective of human disease. Moreover, the
induced aneurysms do not expand indefinitely over time and
are characterized by a stabilization of the biological process
after a few days or weeks, reflecting cessation of the initial
insult and subsequent healing. This is another import differ-
ence from human AAA. Therefore, the available animal
models of AAA, imaginative and creative, resemble the
human aneurysm in many but not in all respects. These
models have permitted extensive investigation of pathophy-
siology and treatment of experimentally induced AAAs, but a
more “naturally” occurring experimental model of human
AAA (e.g., genetically induced) would be a welcome advance.

What Pathophysiology Leads to AAA?

Three key processes contribute to the AAA development:
proteolysis, inflammation, and VSMC apoptosis.2>

Proteolysis
Two classes of proteases are commonly considered respon-
sible for the degradation of the ECM in AAA: MMPs and
cathepsins.'’>1"4137 Cathepsins are a group of enzymes
with both elastolytic and collagenolytic activities.'>® In the
animal model, deficiency of cathepsins protects from AAA
formation.’-'47 Also, it has been demonstrated, in popula-
tion-based study, that high level of cathepsin-S'#? and
cathepsin-L'"> are associated with a higher risk of AAA,
with ORs, respectively, of 1.31 and 3.04.

The most studied classes of proteases are the MMPs. MMPs
are a family of zinc-dependent enzymes with collagenolytic
activity. They are physiologically involved in many processes,
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such as wound healing, bone and tendon homeostasis, preg-
nancy and parturition, and mammary involution.'#3144 All
members of the MMP family are secreted in a latent form,
requiring activation for proteolytic activity. The MMPs are
inhibited by tissue inhibitors of MMPs (TIMPs). From a che-
mical perspective, MMPs share common amino acid
sequences.'® TIMPs are a family of enzymes capable of
inhibiting the activity of the MMPs;'%® there are four members
of the TIMP family. Several studies evaluating messenger RNA
levels have shown that aneurysmal tissues have an imbalance
between MMP and TIMP activities.'*’~14° Also, high plasma
levels of MMP-9 have been identified in large aneurysms'®
and plasma levels of MMP-9 decrease in patients after AAA
repair.'®'-'>? However, not all the results are concordant: in a
large study, plasma levels of MMP-9 failed to show relevance as
serum marker for aortic dilatation.'3

Interestingly, after treatment with a nonselective inhibi-
tor of MMPs (the antibiotic doxycycline) in mice, the devel-
opment of AAAwas suppressed; the same result was noted in
MMP-9 deficient mouse but not in an MMP-12 deficient
mouse.'?! On the basis of this observation, first small ran-
domized controlled trial (RCT) was designed to evaluate the
effect of doxycycline on the progression of human AAA. The
initial results were encouraging;'®* unexpectedly a second
RCT with 286 patients with small AAAs (<5 cm) showed that
the use of doxycycline was associated with an increased
expansion of the AAA.">>

Inflammation

Several classes of inflammatory cells have been identified in
human AAAs, particularly macrophages.n’137 In animal
models, deficiency of C-C chemokine receptor type 2 (an
important receptor for macrophage mediation of response to
inflammation) attenuates the progression of AAA,>® sug-
gesting a role of macrophages more in the progression than
in the formation of AAA. Another important macrophage
receptor that has shown to be upregulated in human AAA is
the CXCR4;"®’ in an animal model, blockade of this receptor
with the antagonist AMD3100 inhibits the formation and
progression of AAA.">” Lymphocytes are also present both in
human'%1%? and experimental AAA.'%>1%0 proinflamma-
tory cytokines have also been implicate in the formation
and development of AAA, including epidermal growth factor,
IL-1B, IL-17, IL-23, transforming growth factor-f, interferon-
Y, and tumor necrosis factor-a.

VSMC Apoptosis

Although a decreased number of VSMC in AAA tissue is
documented extensively, it is not entirely clear whether cell
deathis an active pathological event or a consequence of tissue
deterioration.'>” A few data exist from animal models regard-
ing the process of apoptosis of VSMC. Wang et al showed that
deletion of the receptor serine-threonine protein kinase 3
involved in the process of VSMC apoptosis inhibits the devel-
opment of AAA in an animal model."®" Moreover, TNF-a
secreted by macrophages can cause VSMC apoptosis'®? and
also the release of chymase, a protease secreted by the mast
cells can induce SVMC apoptosis.'® Increased clarification of
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the underlying pathophysiology of AAA holds promise for new
preventive and therapeutic approaches.

Indications for AAA Surgery: Are Surgeons
Over-eager to Operate?

The decision about whether an AAA requires repair depends
on an accurate balance between the risk of mortality from
AAA rupture and the risk of surgery. Considerations regard-
ing patient general life expectancy also enter into the equa-
tion. AAA diameter is the strongest predictor of aneurysm
rupture,'®*18> and the rupture risk increases exponentially
with increase in aneurysm diameter.'5:167

Although diameter is undoubtedly the key factor, it cannot
be the unique criterion for the decision. The overall char-
acteristics of every single patient and the specific character-
istics of the AAA (e.g., familial vs. sporadic) must be
considered as well. International (both European and North
American) guidelines recommend surgery when the AAA
diameter exceeds 55 mm in men and 50 mm in women (level
of evidence I-B)'%8-170 (~Table 9). The older guidelines of the
European Society for Vascular Surgery guidelines recom-
mend a threshold of 52 mm for women.'”’

These thresholds have been established on the basis of
many observational studies demonstrating a dramatic
increase in the rate of rupture when the maximum aneurysm
diameter exceeds 50 mm. Particularly, Reed et al'®’ esti-
mated an annual risk of rupture of 1% for diameter < 50 mm,
11% for diameter between 50 and 59 mm, and 26% for a
diameter > 60 mm. Similar results have been showed by the
analysis of Brown and Powell,'®* who calculated an annual
rupture rate of 6.5% when the diameter exceeds 50 mm.
Analysis of outcomes in elderly patients unfit for surgical
repair revealed an annual rate of rupture of 12% with a
diameter between 50 and 59 mm and 14% with a
diameter > 60 mm."”? Finally, similar results were reported
analyzing the data of patients unfit for surgery from the
ADAM study, with a 1-year incidence of probable rupture of
9.4% for AAA of 5.5 to 5.9 cm, 10.2% for AAA of 6.0 to 6.9 cm
(19.1% for the subgroup of 6.5-6.9 cm), and 32.5% for AAA of
7.0 cm or more."®® Finally, a 2013 meta-analysis of 18 studies

analyzing growth rate and risk of rupture of small AAA
(< 5 cm) estimated a rate of rupture of 6.4 per 1,000
person/year for male with a AAA of 50 mm of diameter.
For women, a similar rate of rupture was incurred at an
AAA diameter of only 40 mm (rate of rupture 7.9 per 1,000
person/year).'’3

The issue of surgical repair before the threshold of 55 mm
has been a matter of debate during the 1990s. In fact, in 1992,
elective repair had been recommended for AAA of 40 mm or
more for patients without contraindication,'’* although
others had advocated the use of surveillance by means of
imaging until the diameter reaches 50'”> or 60 mm."’® To
address this issue, two RCTs have been undertaken: the ADAM
study'”” and the UKSAT.'”® The design of these RCTs was
similar; patients with AAA diameter between 40 and 54 mm
considered fit for open surgery where randomly assigned to
immediate open repair or to surveillance by means of ultra-
sonography or computed tomography (CT) scan every
6 months with repair reserved until the diameter exceeds
55 mm or the aneurysm become symptomatic. Both these
studies showed no improved in survival in the early repair
group, although the operative mortality was significantly
lower in the ADAM study (2.0 vs. 5.8%).'77-178 It should be
noted that in both the ADAM trial and the UKSAT, 70% of
patients assigned to observation ended up with open surgery.

Two other RCTs comparing EVAR and surveillance have
been performed: the Comparison of Surveillance versus
Aortic Endografting for Small Aneurysm Repair (CAESAR)
study and the Positive Impact of Endovascular Options for
treating Aneurysms Early (PIVOTAL) study.'”®"'8 The design
of these two studies recapitulated the two prior open surgery
trials: patients with small AAAs (40-54 mm in CAESAR and
40-50 in PIVOTAL) considered suitable for endovascular
repair were randomly assigned to early EVAR or watchful
waiting, with repair reserved until diameter exceeds 55 mm
or symptoms appears. As in the former open trials, no benefit
in survival was observed after, respectively, 54 and 20 + 12
months of follow-up in the early treatment group.'”®:180

Finally, a Cochrane meta-analysis collecting data from all
these four RCTs concluded that early repair of AAA does not
yield any survival advantage compared with surveillance.'®’

Table 9 Indications for surgery (from most recent European Society of Cardiology guidelines)'®®
Recommendation Class Level
Surveillance is safe and indicated in patients with AAA < 55 mm I A
AAA repair is indicated in male patients with AAA > 55 mm I B
AAA repair is indicated in female patients with AAA > 50 mm I @
AAA repair is indicated when AAA grow rate exceed 10 mm/y I B
In patients deemed fit for open repair with AAA anatomically suitable for I A
EVAR both open repair and EVAR are recommend
If AAA is unsuitable for EVAR, open repair is recommended I C
In patients deemed unfit for open repair, EVAR along with best lb B
medical therapy could be considered

Abbreviations: AAA, abdominal aortic aneurysm; EVAR, endovascular aortic repair.
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On the basis of these results, the latest guidelines assert
that surveillance is indicated and safe in male patients with
AAA < 55 mm and slow (<10 mm/year) growth (level of
evidence I-A).168

Analysis of aneurysm diameter at the time of surgical
intervention has been performed for many counties around
the world (Europe, North America, and Australia).'82-'84 Mean
diameters at surgery ranged from 6.2 to 6.7 cm. In both the
United Kingdom and the United States, the rates of surgery for
ruptured aneurysm have decreased substantially.'® This
development has been attributed to the increasing number
of elective operation each year in both countries'® and con-
sidered an indicator of the dramatic efficiency of the screening.

In the United States, AAA repair is often pursued with a
more aggressive posture'83184: 40% of all intact AAA repairs
in men in the United States were performed at a diameter
between 50 and 55 mm. Proponents point to the drop-in
need for operations for rAAA as a validation for such an
aggressive approach. Others, Lederle included, bemoan this
aggressive deviation from evidence-based guidelines.'® The
authors wish to point out that essentially every experienced
aortic surgeon has experienced and treated patients with
rupture before the criterion of 5.5 cm for males (or 5.0 cm
for females) is reached. Regardless of the strength of the
randomized trials, the behavior of aneurysms is not fully
predictable. This is seen vividly in thoracic aortic disease,
where genetic characteristics have been better clarified, and
subgroups with specific mutations (such as ACTA2 and
MYLK) dissect at very small diameters, often without aneur-
ysmal dilatation.?’ If a surgeon’s judgment and experience
(or even his “instinct”) have the surgeon concerned, the
authors would not object to an early operation.

One must recognize also that the RCT discussed earlier
showing no benefit from early surgery (and even an additional
supportive meta—anallysisﬂ86'187 are, at this point, somewhat
dated. All these trials began recruitment at least a decade ago,
and clinical practice has changed considerably since then.'88189

177,180

Abdominal Aortic Aneurysm Carino et al.

Surgical safety continues to improve, altering the risk/benefit
ratios. Therefore, a change in the threshold of the guidelines has
been proposed.'®® This change will require new RCTs. The
previous RCTs enrolled for early repair male patients with a
diameter between 40 and 55 mm. However, it has been clearly
demonstrated that when the diameter reaches 50 mm, the
growth accelerates and the risk of rupture rises, compared with
a diameter < 45 mm.'%+16>191 A RCT comparing surgery
against watchful waiting in patients with AAA of a diameter
of between 50 and 55 mm would be valuable. Given the high
level of evidence of the current guidelines, only a large RCT so
designed could justify an earlier criterion for intervention.

Another important issue that has been addressed in recent
years regards the possibility of endovascular repair in patients
considered unfit for open surgery. In this group of patients, the
possible survival benefit of EVAR versus observation has been
evaluated with a RCT: the EVAR II study.1 9 This trial showed a
high perioperative mortality in the endovascular repair group
(9% 13/150) (significantly higher than the perioperative mor-
tality in the EVAR-I trial done in the same centers [1.7%])."°3
There was no difference in survival at 4 years after randomiza-
tion (~Fig. 6).'°% Also, the need for continued surveillance
after endovascular repair, and the high rates of reintervention
caused substantial increase of the costs. Late follow-up at
8 years after intervention'* confirmed the absence of reduc-
tion of mortality in the repair group, although a lower rate of
AAA-related mortality was shown.

Therefore, one might say that “you get what you pay for"—
not financially, but in terms of invasiveness. The open proce-
dure is more effective and durable than EVAR, but it requires
open surgery. The open procedure also trades a slightly higher
early mortality for improved long-term survival.

Elective AAA Repair: Open or Endovascular?

What is the best approach to repair an infrarenal AAA? This
has been one of the most debated topics in the field of aortic
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Fig. 6 Kaplan-Meier’s method to estimate all-cause mortality and AAA-related mortality in patient unfit for open surgery treated with EVAR or
with no intervention. EVAR does not offer benefit in survival respect, no intervention in patient deemed unfit for open surgery. (Reproduced with

permission from EVAR trial participants.’®?)

AAA, abdominal aortic aneurysm; EVAR, endovascular aortic repair.
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surgery during the past 15 years. Since 1991 when the
feasibility of EVAR was demonstrated by Parodi et al''’
and Volodos et al,'® this procedure has progressively
become more popular. Initially, endovascular repair was
reserved for patients deemed unfit for open surgery, while
today more than three quarters of all the infrarenal AAA
repairs are accomplished endovascularly.'®® (We worry that
new trainees may lack sufficient open AAA skills.)

The safety and efficacy of endovascular repair was estab-
lished in the 1990s with retrospective cohort studies and
prospective registries. These include the Registry of Endo-
vascular Treatment of Abdominal Aortic Aneurysm'®’ and
the European Collaborators on Stent Graft Techniques for
Abdominal Aortic Aneurysm Repair Registry.'?® Both these
registries began patient recruitment in 1996 and reported
30-day procedural mortality of 2.9 and 3.1%, respectively.

Although the reported 30-day mortality was low, the retro-
spective nature raised the potential of selection bias; therefore,
RCTs were undertaken to evaluate differences between EVAR
and open surgery. The three biggest pertinent RCTs are
EVAR 1,'®3 DREAM,'® and OVER.2% The design of these RCTs
is quite similar: patients with AAA > 5.5 cm deemed fit for
open surgery and also suitable for EVAR were randomly
assigned to open repair or EVAR. The results of these studies
are similar: EVAR is associated with a significantly lower 30-day
mortality (EVAR I: 1.6 vs. 4.6%,'> DREAM: 1.2 vs. 4.6%,'*° and
OVER: 0.5 vs. 3.0%200), as well as shorter intensive care unit and
in-hospital length of stay. However, the survival advantage is
lost after 2 or 3 years of follow-up.2%0-294 The results of these
RCTs are summarized in a meta-analysis that confirms the
immediate survival advantage of EVAR is lost after 2 years of
follow-up.29°

Other than the RCTs, reports also from the real world have
confirmed the early survival advantage of EVAR over open
surgery (relative risk of death with open repair: 3.22).'8 As

in the randomized trials, the early survival benefit of the
endovascular approach is lost after 3 years of follow-up.'®°

Beyond the loss of late survival benefit, other most worri-
some aspect of endovascular repair is the continued risk of
AAA rupture after the repair. This is related to the mechanism
of the endovascular repair itself.2% To remain in situ, the stent
graft needs to exert a radial force against the “neck” of the
aneurysm (really, against the proximal and distal stent landing
zones). This force can cause dilatation of the proximal neck,
permitting device migration and development of endoleak
termed type Ia proximal and type Ib distal. However, this is
theoretic in nature and the incidence of clinically significant
proximal neck dilatation is quite small. Type I endoleak are
extremely dangerous because of the sharp rise in the pressure
in the aneurismal sac, with subsequent high risk of aneurysm
rupture. This difference in the technical efficacy and durability
of the two therapies is demonstrated by the much higher rate
of aortic reintervention in the endovascular groups (EVAR I:
6.3 vs. 2.1%,201 DREAM: 20.8 vs. 2.2%,%% and 2.3 vs. 0.8% in the
Medicare population analysis).207 In meta-analysis, the rela-
tive risk of reintervention is 2.53 for the endovascular groups
Other than a greater rate of aortic reintervention, the lesser
efficacy of the EVAR is demonstrated by the significantly
higher rate of AAA relate mortality in long-term follow-up:
EVARI: 0.8 versus 0.2%%°; six cases of late rupture in the EVAR
group versus zero in the open group in the OVER trial??3; and in
the Medicare population 5.4 versus 1.4%.'8% In addition, type I
“side branch endoleaks” are not innocuous, as a long-term
report noted there can be continued sac expansion in this
cohort.28

Very recently, in 2016, the results of very long-term
follow-up (up to 15 years) of the EVAR I patients have
been published (~Fig. 7).2°° Of the 1,252 patients initially
randomized, about one-third were still alive. Patients in the
open repair group manifested a superior survival over the
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Fig. 7 Kaplan-Meier’s method to estimate survival from any cause and AAA-related survival in the very long-term follow-up in the EVAR | trial. In the first
2 years, EVAR gives an advantage in survivals, but this advantage is lost after 2 years of follow-up and after 12 years, the open repair offers an advantage in
survival. (Reproduced with permission from Patel et al.2%%) AAA, abdominal aortic aneurysm; EVAR, endovascular aortic repair.
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Table 10 Result of trials of open surgery versus EVAR in elective circumstances

Name of 30 d OR 30 d EVAR | p-Value | Medium-term | Medium-term p-Value | Long-term Long-term p-Value
the trial mortality | mortality OR mortality | EVAR mortality OR mortality | EVAR mortality

EVAR I'%? | 4.6% 1.6% 0.007 19.9% 20.08% 0.3 23.1% 22.3% 0.5
DREAM'®® | 4.6% 1.2% 0.1 10.3% 10.4% 0.8 33.7% 33.5% 0.97
OVER? | 3.0% 0.5% 0.004 | 9.8% 7% 0.1 33.4% 32.9% 0.81

Abbreviations: AAA, abdominal aortic aneurysm; EVAR, endovascular aortic repair; OR, odds ratio.

EVAR group (53 vs. 46%), with a HR for death of 1.25 for EVAR
patients. Also, the AAA related mortality was significantly
higher in the EVAR group (5 vs. 1%), with a very significant
increased risk for the EVAR group (HR, 5.82). The increased
aneurysm-related mortality in the EVAR group was mainly
attributable to secondary aneurysm sac rupture (43 ruptures
in EVAR vs. 1 in open repair),>'® with increased cancer
mortality also observed in the EVAR group (adjusted HR,
1.87).29 Also, in 2016, the results of very long-term follow-
up of the DREAM trial have been presented.?'! After 12 to
15 years of follow-up, patients randomized to EVAR showed
comparable survival, but at the expense of a threefold higher
reintervention rate.’'’ These trial results are tabulated
in =Table 10.

Emergency AAA Repair: Open or
Endovascular?

Despite the increasing detection of asymptomatic AAA and the
subsequent growing number of protective elective repairs,
rAAA caused more than 2,400 deaths in the United States in
2015.2'2 Open repair is still associated with high mortality, and
evidence does not suggest a great improvement in outcome
over time.'82-213 The feasibility of EVAR in the treatment of
rAAA was demonstrated in 1994.2' Since then growing

Table 11 Emergent AAA repair: EVAR versus open

experience in its application in elective cases has led to an
increased its use also in the emergency setting.

The theoretical advantages of EVAR in the treatment of
rAAA are clear: offers to decrease visceral and lower extre-
mity ischemia time by balloon inflation control, which is
significantly shorter than cross-clamping, and also avoids
bloody periaortic dissection. However, only 40 to 64% of
patients with rAAA have aortic anatomy suitable for EVAR.'

Observational studies have reported improved short-term
outcomes for EVAR (~Table 11).21°721% A report from the
Nationwide Impatient Sample (a database representative of
around 20% of nonfederal U.S. hospitals) for the period 2001
to 2006 (27,750 patients) reported a mortality for the EVAR
group of 31.7% compared with 40.7% in the open repair
group.?'® Analysis of the Medicare population in the period
2001 to 2008 also reports a significant survival advantage in
the EVAR group (mortality 33.8 vs. 44.7%).2'° Retrospective
analysis from two centers in Europe who adopted an “EVAR-
whenever-possible” approach in a cohort of 361 patients
shows a major advantage for EVAR (15.7 vs. 37.4% mortality,
with OR for death in the open repair group 3.3).220

It must be recognized that RCTs for rAAA suffer from
methodological issues (exclusion of hemodynamically
unstable patients, anatomically unsuitable patients, rando-
mization before or after CT scan). Some authors have also

Author and year | Type of | Period No. of | EVAR | OR 30-d mortality | 30-d p-Value | Overall 30-d
of publication study rAAA EVAR mortality OR mortality
Hinchliffe et al RCT 2002-2004 | 32 15 17 53% 53% NS 53%

(2006)2%2 (8/15) (9/17) (17/32)
Desgranges et al | RCT 2007-2013 | 107 56 51 18% 23.5% NS 20.5%

(2015)? (10/56) (12/51) (22/107)
Reimerink et al RCT 2004-2011 | 116 57 59 42% 47% NS 44.8%
(2013)2%4 (24/57) (28/59) (52/116)
IMPROVE RCT 2009-2013 | 613 316 | 297 35.4% 37.4% NS 36.3%
(2014)%%° (112/316) (111/297) (223/613)
Ruptured M-A - 836 429 | 407 31.2% 33.9% NS 32.5%
Aneurysm of RCT (134/429) (138/407) (272/836)
Trialists (2015)2%7

McPhee et al Registry | 2001-2006 | 27,750 | 3,179 | 24,571 | 31.7% 40.7% <0.001 | 39.6%
(2009)216 (1,008/3,179) | (10,000/24,571) (11,008/27,750)
Giles et al Registry | 2001-2005 | 23,335 | 2,499 | 20,836 | 32.3% 40.8% <0.001 | 39.8%
(2009)2"7 (807/2,499) (8,501/20,836) (9,308/23,335)
Edwards et al PMon | 2001-2008 | 2,198 | 1,099 | 1,099 | 33.8% 47.7% <0.001 | 40.7%
(2014)21° registry (371/1,099) (524/1,099) (895/2,198)

Abbreviations: AAA, abdominal aortic aneurysm; EVAR, endovascular aortic repair; M-A, meta-analysis; OR, odds ratio; rAAA, ruptured AAA;

RCT, randomized controlled trial.
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criticized the ethics of organizing an RCT for rAAA.%?" None-
theless, four RCTs have been performed to compare treat-
ment of rAAA by EVAR or open surgery. The results of these
trials (and a large registry) are found in = Table 11. These four
studies (one from the UK, ECAR in France, AJAX in the
Netherlands, and IMPROVE in the UK) showed, surprisingly,
no significant difference in surgical mortality between EVAR
and open repair for rAAA.>?27225 Subgroup analysis of
IMPROVE, however, suggested that women did better after
endovascular repair than open repair, due to a high mortality
in the female open repair group (57%).225

An editorial accompanying this last trial suggested that
90-day survival should have been chosen as the primary
outcome instead of 30-day survival.?2® This was done in a
meta-analysis of three of the trials.??’ Again, no difference
between the two groups was evident at either 30 or 90 days.
Also, analyses of 1-year outcomes revealed no difference
between EVAR and open surgery (=Fig. 8).223’228

Therefore, the promise shown for EVAR for rAAA in the
observational studies was not confirmed in RCTs and meta-
analyses, likely reflecting selection bias in the observational
studies.??® Severely hemodynamically patients are likely to
have been triaged to open surgery in observational studies.
Also, length of the proximal “neck” is very pertinent. Analysis
of the IMPROVE data has shown that a short neck increases
mortality both after open repair or EVAR.2% Obviously, in case
of a short neck EVAR is contraindicated. In case of open repair
with a neck shorter than 15 mm, the clamp must be often
placed above the renal arteries, with inevitable compromise of
the visceral circulation, especially poorly tolerated in shocked
patients. These considerations help explain the contradiction
between the results of the observational trials and the RCTs.

In conclusion, no distinct advantage can be claimed for
EVAR or open surgery for these very compromised patients

with rAAA. Anatomic considerations and institutional and
surgeon experience and preference can fairly be permitted to
predominate.

Hypotension Management—New Data on a Perpetual
Controversy

Permissive hypotension in the preoperative management of
rAAA has for many years been advised to reduce bleeding prior
to repair.230 However, recent data from the IMPROVE trial
report a significant higher mortality in patients with systolic
blood pressure lower than 70 mm Hg when compared with
patients with a systolic blood pressure higher than 70 mm
Hg.??> These data, together with the results of a recent meta-
analysis231 show that excessive hypotension (<70 mm Hg)is a
negative prognostic factor in patients with rAAA.

Permissive hypotension is linked to the other cornerstone
of the preoperative management of rAAA: fluid restriction.
Aggressive fluid resuscitation may exacerbate bleeding for
two reasons.'’’?32 First, the increased blood pressure
exacerbates bleeding, and second, the accompanying hemo-
dilution adversely affects the clot formation, further increas-
ing bleeding and third space fluid accumulation.>® In a
retrospective analysis of 154 patients, the administration
of more than 3.5 L of fluid was associated with an OR for
death of 3.54."° Moreover, it has been demonstrated that for
each additional liter of fluid administered per hour before
the aortic cross-clamp or the endoprosthesis sealing, the
odds of perioperative death increase of 1.57-fold.?3*

Therefore, recent data indicate that the benefit of the
decreased bleeding from permissive hypotension should
be balanced against the risk of end organ ischemia. It is
best to limit fluid administration as much as possible
(boluses of 250 mL), yet maintaining systolic blood pres-
sure > 70 mm Hg (~Fig. 9).230:23°

A 100-

80-

40

Percentage Surviving

204 —

Number at risk
Endovascular strategy 316 197
Open repair 297 178

LIRSS

0 30 60 90 120 150 180 210 240 270 300 330 360
Days since randomisation

Endovascular strategy

59% (95% CI, 53-64) at 1 year
OUpen repair

55% (95% CI, 49-61) at 1 year

190 189 179
173 168 162

Fig. 8 Kaplan-Meir’s survival in patients with ruptured AAA treated with EVAR or open surgery. No significant difference is seen at 30, 90 days,
and after 1 year of follow-up. (Reproduced with permission from IMPROVE Trial Investigators‘zzs) AAA, abdominal aortic aneurysm; EVAR,

endovascular aortic repair.
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Fig.9 Abdominal aortic aneurysm: from the development to management. Smoking, family history, aging, male sex, and hypertension are the
main risk factors for AAA development. VSMC apoptosis, inflammation, and proteolysis are the molecular mechanism that causes AAA. When
the risk of rupture exceeds the risk of surgery, there are two options: EVAR and open surgery. (Portions of this figure are modified from Kent'%®
and Davis FM, Rateri DL, Daugherty A. Mechanisms of aortic aneurysm formation: translating preclinical studies into clinical therapies. Heart
2014;100:1498-1505.) AAA, abdominal aortic aneurysm; EVAR, endovascular aortic repair.

Summary reflective of human disease. A genetic model or other

. Istheincidence of AAA increasing? There is no doubt that the
incidence and mortality of AAA increased progressively
during the second half of the 20th century, probably reflect-
ing increased imaging diagnosis as well as a bona fide
(cryptogenic) increase in aneurysm disease. The advent of
ultrasound screening and effective, safe surgical techniques
have decreased the toll of this disease in recent decades.

. Are ultrasound screening programs for AAA effective? Yes,
immensely effective. Guidelines and Medicare reimburse-
ment permit an abdominal ultrasound for AAA at the age
of 65 years in males. This screening is extremely accurate
in identifying AAAs for follow-up and surgical interven-
tion. If there is no AAA at that point, it is extremely
unlikely that the patient will die of AAA.

. What causes AAA: Genes versus environment? Both con-
tribute. Genes clearly play a role, but specific genes and
mutations, so clearly outlined for TAA, remain elusive for
AAA. Cigarette smoking is far and away the main envir-
onmental culprit.

. Animal models: Are they really relevant? Excellent animal
models, especially the angiotensin-induced AAA of
Daugherty et al, which mimic many characteristics of
human aneurysm, have proven immensely helpful in
clarifying pathophysiology and suggesting novel thera-
pies. However, all models rely on a very “artificial” injury
to the aortic wall, an instigation of AAA that is not

physiologically based preparation, as for TAA (e.g., FBN1
knockouts for Marfan’s disease), is sorely needed.

. What pathophysiology leads to AAA? Inflammation, elastin

and collagen degradation by MMPs, and SMC loss are the
predominant factors thus far identified.

. Indications for AAA surgery: Are surgeons over-eager to

operate? Although an intervention criterion of 5.5 cm for
males and 5.0 cm for females are supported by abundant
observational and randomized clinical studies, earlier
operation, based on surgeon “instinct” and unpredictabil-
ity of AAA behavior in specific individuals, is understand-
able and not to be discouraged.

. Elective AAA repair: Open or endovascular? While EVAR

offers somewhat lower early procedural mortality, open
surgery offers greater survival and freedom from reinter-
vention in the long term. We hope that current trainees
will achieve adequate facility in open AAA procedures in
the current endovascular era.

. Emergency AAA repair: Open or endovascular? This is a

toss-up. Anatomic features (neck length), degree of hemo-
dynamic instability, and institutional and individual sur-
geon experience can fairly indicate either an open or
endovascular approach to these critically ill patients.
The fluid restrictive, hypotensive preoperative manage-
ment that decreases bleeding before open or endovascular
treatment must be moderated to maintain systolic blood
pressure above 70 mm Hg.
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