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REVIEW

A Review of Biological Factors Implicated in Abdominal
Aortic Aneurysm Rupture
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Abdominal aortic aneurysm (AAA) rupture is the 13th commonest cause of death in the Western World. Although
considerable research has been applied to the aetiology and mechanism of aneurysm expansion, little is known about the
mechanism of rupture. Aneurysm rupture was historically considered to be a simple physical process that occurred when the
aortic wall could no longer contain the haemodynamic stress of the circulation. However, AAAs do not conform to the law of
Laplace and there is growing evidence that aneurysm rupture involves a complex series of biological changes in the aortic
wall. This paper reviews the available data on patient variables associated with aneurysm rupture and presents the evidence

implicating biological factors in AAA rupture.
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Introduction

Abdominal aortic aneurysms (AAA) primarily affect
elderly males with a prevalence of 5%. The natural
history of aneurysms is to expand and eventually
rupture. AAA rupture is responsible for 1.5% of the
total mortality in males over 55 years of age, amount-
ing to 8000 deaths per year in England.! Recent
elucidation of the biological processes causing aneur-
ysm development and expansion has led to transla-
tional research investigating the use of novel
medication aimed at retarding aneurysm growth.
The most promising drugs have been those with either
anti-inflammatory or anti-matrix metalloproteinase
(MMP) properties, both of which have had some
success in experimental models.>”> However, any
medication strategy for the treatment of AAA must
address aneurysm rupture as well as expansion. In
contrast to the expansion of AAA, the biological
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processes causing aortic aneurysm rupture have
received little attention.

Abdominal aneurysms were traditionally con-
sidered to be a simple biomechanical problem, result-
ing from irreversible structural damage to the aortic
wall. These changes were thought to result in dilata-
tion and eventual rupture when wall stress from the
circulation exceeded the tensile strength of the aortic
wall. Focusing on aortic wall stress led to a simplistic
view that aneurysm rupture was determined solely by
mechanical factors. Just as the complexity of the
atherosclerotic plaque has become apparent, it is
now recognised that AAA rupture is a multifaceted
biological process involving biochemical, cellular, and
proteolytic influences in addition to biomechanical
factors. The purpose of this review is to provide a
summary of patient variables associated with AAA
rupture and present the evidence implicating biologi-
cal factors in AAA rupture. A MEDLINE search from
1966 until 2004 (OVID and Embase) was performed
using the subject heading ‘abdominal aortic aneur-
ysm’ and keywords ‘rupture’, ‘matrix metalloprotei-
nase’, ‘thrombus’ and ‘stress’. An extensive manual
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search was carried out using bibliographies from
relevant key published papers.

Patient Variables Implicated in Aneurysm Rupture

Diameter

The principal determinant of AAA rupture is the
maximum diameter of the aneurysm. Early investi-
gations that attempted to stratify rupture rates
according to aneurysm diameter were subjected to
many problems. Initial studies relied on autopsy®’
which did not reflect diameter in vivo.® Studies in
patients faced the problems of poor reproducibility of
aneurysm diameter measurement by different scan-
ning modalities’ and low rates of autopsy following
sudden deaths in population studies. It is therefore not
unexpected that reported rupture rates varied widely,
from 1% per annum'%™'? to as high as 6%'> per annum
for aneurysms <5.0 cm in diameter and from 0.8%'* to
9.4%"® for aneurysms 5.5-5.9 cm. The natural history
data for larger aneurysms were even more difficult to
obtain because most large AAA were surgically
repaired. Contemporary data on the rupture risk of
larger aneurysms have been derived from the non-
surgical arm of the US aneurysm detection and
management (ADAM) Veteran Affairs Cooperative
Study.'® This study prospectively evaluated patients
with AAA larger than 5.5 cm for whom elective repair
was not planned because of medical contraindications
or patient refusal. Estimated annual rupture rates
according to size (pooled data) are summarised in
Table 1.

Table 1. Annual rupture rates of abdominal aortic aneurysms
according to size (based on pooled available data)

Initial aneurysm diameter (cm) Annual risk of rupture

3.0 0.2-0.4%"%°

4.0 0.8-1.1%"%°
4.0-5.5 0.62°-1.0'2
55-5.9 9.4%"%"

6.0-6.9 10.2%"°

>7.0 30.5'0-32.5%"'°

* The 9.4% 1-year probable rupture rate observed for initial AAA
of 5.5 to 5.9 cm is 10-fold higher than the rates observed in 2
randomised trials'>?® for AAA of 4.0 to 5.5 cm. Lederle et al.'
postulated that whilst this large difference was likely due to the
difference in AAA diameters, it may also reflect a difference in
rupture rates between their mostly high-operative-risk patients (for
whom elective repair was not planned because of medical contra-
indications) and the healthier patients randomised into the trials.
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Expansion rates

There is evidence that rapid AAA expansion is
associated with increased rupture risk. Limet et al.*®
reported that the risk of aortic rupture was not only
related to aneurysm size but also to the rate of
expansion. These findings were confirmed by Lederle
et al."® who found a significantly greater mean AAA
enlargement rate in patients with probable rupture
than patients without rupture (0.75 vs. 0.41 cm per
year) and Brown et al.'"* who reported increased mean
and median expansion rates in patients with ruptured
AAA than patients without rupture (mean 0.84 vs.
0.39 cm per year). The view that expansion rates are
associated with rupture risk is not universally
accepted. Cronenwett'” argued that it is difficult to
separate the influence of expansion rate on rupture
risk from the effect of expansion rate on absolute
diameter, which itself affects rupture risk. Nevit et al®
found that the absolute size and not expansion rate
was associated with increased rupture rate, an
observation which was also supported by Cronenwett
et al."® To determine whether expansion rate per se is
an independent predictor of rupture would require a
large series of patients with similar sized aneurysms
but different expansion rates to be followed without
intervention. Furthermore, individual growth rates are
difficult to predict and AAAs have intervals of
stability, slow and rapid expansion.'® Investigations
on expansion rates should have a minimum 3 monthly
follow up to monitor expansion rates accurately' but
this is expensive, time consuming and highly depen-
dent on patient compliance.

Cronenwett et al.”® found that expansion rate was
dependent on current AAA diameter, rather than a
fixed rate, so that 3-6 cm diameter aneurysms
expanded by 10% of their diameter per year. That
expansion rate is an exponential function of initial
aneurysm diameter has also been supported by other
studies.'®*"* Limet et al.'® also reported more
rapid growths in larger diameter aneurysms
(5.3 mm/year for AAA diameters less than 40 mm
versus 7.4 mm/year for AAA diameters of 50 mm
or more). Other variables that have been shown to
have a positive correlation with expansion rate are
pulse pressure,” systolic and diastolic blood
pressures®* and smoking.”> Interestingly, the US
ADAM?® study reported that diabetes was associ-
ated with slower enlargement of aneurysms. This
was consistent with previous observations that
diabetes was associated with a reduced prevalence
of aneurysm,*”*® but the basis for this link remains
unknown.
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Other risk factors for aneurysm rupture

The UK Small Aneurysm Trial (UKSAT),” with a total
of 1090 patients with AAA between 4.0 and 5.5 cm in
diameter randomised to either surgery or serial
ultrasonographic surveillance, reported that the risk
of rupture was independently and significantly associ-
ated with female sex and higher mean blood pressure.
When the analysis included a further 1167 patients
who were ineligible for randomisation, current smok-
ing and lower FEV; were also found to be associated
with risk of rupture. In contrast, age, body mass index,
serum cholesterol concentration, and ankle/brachial
pressure index were not found to be associated with an
increased risk of aneurysm rupture.

Female sex

When combined with their 1167 non-randomised
patients, the UKSAT reported a three-fold higher risk
of rupture in women compared to men.” Further-
more, the UKSAT found that the mean diameter
preceding rupture was smaller in women (5.0+
0.8 cm) than in men (6.0+1.4 cm). A smaller study14
found the risk of rupture in women with AAA 5.0-
5.9 cm to be four times that of men with AAA 5.0-
5.9 cm. The US ADAM study?® had very few women
(only 34 total, with four having AAA of 4.0cm or
greater) and therefore limited conclusions could be
drawn from this study regarding the risk of rupture in
women.

The findings that females with AAA have a higher
rupture risk suggest that when considering the
indications for aneurysm repair, different thresholds
might apply to women than men. In centres with low
operative mortality rate, Brown et al.'* recommended a
threshold of no higher than 5.0cm in women.
Unfortunately, this threshold has not been tested in
any randomised trial. Protocols from the UKSAT'* and
US ADAM? studies managed both male and female
patients with an identical threshold for surgery.
Furthermore, since the prevalence of AAA is much
lower in women than men,!' recruitment of large
numbers of women into trials remains a challenging
issue.

Blood pressure

UKSAT? reported that aneurysm rupture was associ-
ated with higher mean blood pressure. The UKSAT
investigators speculated that weakening of aneurys-
mal wall by the haemodynamic burden of higher
mean blood pressure was a possible reason for this
link. In addition to evidence from the UKSAT,? the
association between hypertension and AAA rupture
has also previously been demonstrated in earlier
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studies.”*?*** Cronenwett'” reported that diastolic
blood pressure was a more accurate predictor of
aneurysm rupture than systolic blood pressure. In a
review of 75 patients with AAAs, Foster et al.*
observed that 72% of patients with diastolic hyperten-
sion died from aneurysm rupture compared with 30%
of the entire group. In an autopsy study, Sterpetti et
al>' compared 77 patients who died from AAA
rupture to 220 patients who died with an intact
aneurysm and found that patients with ruptured
AAA more frequently had hypertension (54 versus
28%). In a group of 156 patients, Szilagyi et al.*?
reported that hypertension (>150/100 mmHg) was
present in 67% of patients with aneurysm rupture, but
in only 23% of those without rupture.

Chronic obstructive pulmonary disease

Data from the UKSAT?’ showed an association
between lower FEV; and AAA rupture. However,
this association was only apparent after including in
the analysis a further 1167 patients who were ineligible
for randomisation. These patients mainly included
those whose AAA diameter never exceeded 4.0 cm or
who were considered unfit or refused surgery. The
UKSAT investigators acknowledged that inclusion of
these patients could have biased the results. Never-
theless, the association between COPD and AAA
rupture has also been supported by earlier studies.
Sterpetti et al.>' found that patients with ruptured
AAAs more frequently had emphysema (67 vs. 42%)
and Cronenwett et al.'> found that COPD was
independently predictive of AAA rupture and attrib-
uted this to a possible increase in systemic proteinase
activity. However, this hypothesis has never been
proven in experimental studies and current evidence
remains circumstantial. Van Laarhoven et al.*®
reported that 19% of COPD patients with severe
emphysema (FEV/vital capacity ratio <55%) had
dilated aortas (> 2.5 cm) compared with 8% of patients
with less severe COPD, suggesting that patients with
more severe COPD have a greater likelihood of
developing AAA.

Smoking

In addition to smoking being a risk factor for AAA
development® and expansion,® it has also been
shown to be a risk factor for AAA rupture. Earlier
studies on the relationship between smoking and
AAA rupture yielded contrasting results. In a large
population based study, Strachan reported the relative
risk of death from AAA rupture to be increased 4.6
fold for cigarette smokers and 2.4 fold for pipe/cigar
smokers.”> On the contrary, Cronenwett et al.'> and
Sterpetti et al.>' did not find that smoking history or
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current smoking status was predictive of AAA
rupture. Cronenwett'’ raised the issue that COPD
was not specifically measured in the study by
Strachan,® therefore it was not be possible to separate
the potentially confounding influence of COPD. The
UKSAT? did measure COPD specifically and reported
that risk of rupture was independently and signifi-
cantly associated with current cigarette smoking. In
the separate analysis of the more homogeneous group
of 1090 randomised patients, the UKSAT* investi-
gators reported a similar association between smoking
and AAA rupture when baseline plasma cotinine (a
long lived metabolite of nicotine) was used as an index
of smoking.

Biomechanical Factors in Aneurysm Rupture

The biomechanical approach to predicting AAA
rupture views stress (internal forces per unit area) on
the aneurysmal wall as the one direct factor leading to
the aortic wall giving way. The basic premise of
biomechanical principles is that AAA formation and
enlargement are accompanied by an increase in wall
stress and /or a decrease in the ability of the material of
the wall to withstand these stresses (i.e. a decrease in
tensile strength). To account for the well established
relationship between AAA size and risk of rupture,
investigators conventionally referred to the biophysi-
cal principle expressed by the law of Laplace,*® where
wall stress is directly proportional to aortic diameter
and blood pressure.

_ PXr
t

where o, circumferential wall stress; P, intraluminal
pressure; 1, vessel radius; t, thickness of wall vessel.
However, it is now known that stress distributions
in aneurysms do not conform to the approximations of
the law of Laplace. The law of Laplace yields only an
estimate of the average stresses generated in thin wall
cylinders. This equation is derived from assumptions
that render it incompatible with the complex geo-
metrical structure of an aneurysm. Mower et al.”’
claimed that the method of finite element analysis
(FEA), a recognized discipline in engineering sciences,
predicted stress distributions in hypothetical aneur-
ysm models with greater accuracy. FEA involved
dividing a large complex structure into a finite number
of smaller individual elements with their own geo-
metric shape and material properties. Engineering
analysis techniques were then used to determine the
behaviour of these individual elements. By studying
the effects of transmission of forces of each individual
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element to other elements, the behaviour of a complex
structure could be determined.

FEA analysis of an axisymmetric and fusiform AAA
model by Elger et al.?® found that maximum stress was
a function of the shape of the AAA wall rather than its
diameter. While FEA analyses incorporated the effect
of AAA shape in the determination of wall stress, this
is not considered in the law of Laplace. The finding
that wall stress was greatly dependent on the shape as
well as the size of the aneurysm was confirmed by
Vorp et al.*’ In their study, the peak wall stress for a
hypothetical model of non-aneurysmal aorta was
approximately 9 N/cm?, whereas that for a 4-cm
AAA and an 8-cm AAA was approximately 23 and
45 N/cm?, respectively. Using a hypothetical model of
a small aneurysm, FEA calculations by Mower et al.>”
were opposite to that predicted by the law of Laplace
in that stress was greatest on the inner surface of the
wall and decreased nonlinearly as the outer wall was
approached.

However, these earlier studies were limited by the
assumptions of idealized geometry and simplified
mathematical models for aneurysmal tissue. Ragha-
van et al.** extended these earlier studies by using FEA
to estimate AAA wall stress distribution from simul-
taneously determined 3D computer tomography (CT)
reconstruction of abdominal aortic wall geometry and
blood pressure. This study reported that in all AAA
cases, the wall stress was complexly distributed, with
large regional variations of high and low stress. Peak
wall stress among AAA patients varied from 29 to
45 N/cm?. Assuming that wall strength does not vary
regionally within the AAA, the site of maximum stress
would also likely be the site most susceptible to
rupture. Peak wall stress was localised to the posterior
surface in all cases studied, consistent with the
observation by Darling et al.*' that the majority of
ruptures occurred on the posterior surface. In contrast,
the wall stress on the non-aneurysmal aorta in the
control subject was relatively low and uniformly
distributed, with a peak wall stress of 12N/cm®.
Statistical analysis of the computed geometric factors
suggested that AAA volume, rather than AAA
diameter, was the best indicator of peak wall stress
and, consequently, AAA rupture.

Using 3D CT reconstruction and in vivo FEA
analysis of peak wall stress, Fillinger et al.** and
more recently, Venkatasubramaniam et al.** found that
ruptured or symptomatic AAAs had a significantly
higher peak wall stress compared to asymptomatic
AAAs, independent of blood pressure or AAA
diameter. In addition, these in vivo measurements of
peak wall stress using FEA predicted rupture risk
more accurately than law of Laplace. The smallest
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ruptured AAA was 4.8 cm, but this aneurysm had a
stress equivalent to the average electively repaired 6.3-
cm AAA. In a later study by Fillinger et al.,, FEA of
peak wall stress was applied to 103 patients under
observation.** This study showed that patients who
later required emergent repair had higher peak wall
stress during observation.

Limitations of Biomechanical Approach

Despite encouraging results, studies on FEA have
limitations. Fillinger et al.** acknowledged that in
some of the symptomatic patients, the only available
blood pressure was at the time of symptoms and it was
therefore uncertain whether the acute symptoms
caused hypertension or whether hypertension caused
high aneurysm wall stress that led to acute pain.
Selection bias was also possible because patients who
were not stable enough for a CT scan were excluded.
Furthermore, these studies assume a uniform aortic
wall thickness and ignored the effect of thrombus on
wall stress. Some investigators have reported that
intraluminal thrombus lowered the stress in the
aneurysm wall**** whilst others have reported
intraluminal thrombus to increase AAA expansion/
rupture risk.***

Although these studies took into account the
complex geometrical shape of AAAs, the investi-
gations did not address differences in wall tensile
properties. By measuring tensile properties in aneur-
ysmal and control tissues, Vallabhaneni et al.”
reported that material properties of the aneurysm
wall were markedly heterogeneous both within and
between patients. These findings showed that finite
element methods, by incorrectly assuming aneurysm
wall to be homogeneous, might therefore be highly
inaccurate. Secondly, these investigators also demon-
strated clear differences in the tensile properties of
non-aneurysmal aorta in the longitudinal and trans-
verse directions and suggested that such anisotropy
exists in aneurysms. If so, this highlights a further
inadequacy in finite element methods that assumes
aneurysm to be isotropic. The marked heterogeneity
and high intersubject variation of aneurysm wall
strength suggested that there are focal areas of
weakened aortic wall.

Paradigm Shift in Concepts of AAA Rupture
The observation that the risk of aneurysm rupture is

primarily determined by aortic diameter seems to
support the concept that aortic rupture occurs when
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the wall stress exceeds the tensile strength of the
altered aortic wall. However, the relationship between
aortic rupture and wall stress is more complex than
first envisaged. There are few data to support the
assumption that excessive stress acting upon the aortic
wall is the only cause of rupture. It has been well
documented that aneurysms can rupture at virtually
any size."”! The traditional biomechanical notions of
AAA rupture therefore appear insufficient to explain
the clinical behaviour of all AAAs. Consideration must
also be given to the fact that small AAAs are those in
the earliest stage of evolution, when the capacity for
connective tissue repair maybe high. Large AAAs,
however, are also the most longstanding and will have
a decreased capacity for connective tissue repair.”* The
concept of a localised process of ageing with the
exhaustion of the repair potential of cells in larger
AAAs seems to be supported by studies which found a
pattern of accelerated replicative senescence of smooth
muscle cells (SMCs) derived from AAA tissue.’
Recent advances in our understanding of the role of
enzymes in the pathobiological processes within AAA
have led to a paradigm shift in our concepts of AAA
rupture. Based on the findings of tensile strength
heterogeneity within aneurysms, Vallabhaneni et al.>
proposed that ‘hot spots’ of increased biologic activity
(enzyme activation) within aneurysmal wall may be
responsible for focal weakening and aneurysm rup-
ture at relatively low levels of intraluminal pressure.”

The notion that AAA rupture may be related to
increased enzymatic activity in the aortic wall was first
proposed following anecdotal observations that surgi-
cal procedures precipitated AAA rupture. In a retro-
spective study, Swanson et al.>* described 10 patients
with known asymptomatic aneurysms that ruptured
within an average of 10 days after laparotomy for
another condition and suggested that the laparotomy
may have precipitated rupture of the unresected
abdominal aneurysms by raising levels of endo-
geneous collagenase. Nora et al.,” in their series of
17 patients with coexistent AAA and colon carcinoma,
found a 14% incidence of AAA rupture in patients
who underwent colon resection only. Trueblood et al.”®
reported an 11% incidence of AAA rupture that
occurred within 3 days of operation for intraabdom-
inal malignancy. The hypothesis that collagenase may
be activated at sites distant from an initial injury was
supported by an experimental study by Hawley et al.””
that found increased collagenase activity within the
small bowel, caecum, and stomach after colon resec-
tion in rabbits. However, other investigators have
questioned these clinical and laboratory findings.
Durham et al.>® found a low incidence (3%) of post-
operative AAA rupture in patients who underwent a
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procedure other than AAA repair. Similar low rates of
postoperative AAA rupture was reported by Hertzer
et al.”® and Acinapura et al.*® Cohen et al.** showed that
laparotomy, bowel resection, and even aortic mobiliz-
ation had no effect on aortic collagenase activity in
rats. However, these findings must be interpreted
cautiously because collagenase behaviour in humans
and rats may differ.

Role of Enzymes in the Pathophysiology of AAA

It is widely accepted that an AAA is the end result of a
multifactorial process culminating in irreversible
pathological remodelling of the aortic wall connective
tissue®? (Fig. 1). The most prevalent features of
endstage AAA segments are: degradation of the
viscoelastic protein elastin, compensatory increased
collagen synthesis and content, excessive inflamma-
tory infiltration consisting of T-cells, B-cells and
macrophages, apoptosis of vascular smooth muscle
cells (VSMCs) and excessive medial neovascularisa-
tion. The overall result is gradual imbalance between
the synthesis and degradation of elastin and collagen
leading to permanent diffuse alteration of the matrix
structure of the vessel wall in aneurysms.®>™%°
Although the exact mechanisms are unknown, there
is compelling evidence to indicate that the pathophy-
siology of AAAs is associated with increased proteo-
lytic capacity within the abdominal wall, which is
primarily attributed to elevated concentration and
activity of matrix metalloproteinases (MMPs). MMPs
are a family of endopeptidases with proteolytic
activity towards the important structural elements in
the aortic wall—elastin and interstitial collagen.®” Four
MMPs, including 72-kD gelatinase (MMP-2), 92-kD
gelatinase (MMP-9), matrilysin (MMP-7), and macro-
phage elastase (MMP-12), are predominantly elas-
tases, whereas at least three other MMPs (MMP-1, -8
and -13) are enzymes specific for interstititial col-
lagens.®® Based on substrate specificity the MMPs are
categorized into 6 groups (Table 2). Other enzymes
that may participate in connective tissue degeneration
are plasmin, plasminogen activators,” their inhibi-
tors,”%”! serine elastases and cathepsins.”” In different
laboratories and with various experimental
approaches, MMPs have consistently materialised as
key participants in aneurysm disease. The role of
MMPs in the pathophysiology of AAAs has been
comprehensively reviewed elsewhere®®”>”* and will
therefore be limited in this review to a table summary
(Table 3) of a series of published experimental studies
on MMPs and AAAs.
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Role of Enzymes in AAA Rupture

Protein content of the aortic wall

Ex vivo mechanical testing of healthy and aneurysmal
abdominal aortic wall specimens”>”® revealed that the
failure strength of a typical AAA wall was lower than
that of non-aneurysmal aorta. It seems likely that the
increased local production of enzymes capable of
degrading elastin and interstitial collagen®” alters the
structural integrity and predisposes the aortic wall to
weakening.”® During the formation of AAAs, the
elastin concentration decreases whilst the collagen
concentration increases.®> Sumner et al.”’ demon-
strated the relative depletion of elastin in aneurysmal
tissue, a finding that was confirmed by subsequent
studies.””® This phenomenon reflected the increased
elastin disruption by elastases and insufficient elastin
production by senescent VSMCs. In contrast, the
collagen concentration of aneurysmal aorta was
found to be elevated in several studies.”>”** McGee
et al.’' showed that mRNA levels for « 1-procollagen
were increased in AAA tissue extracts and suggested
that the increase in collagen concentration in aneur-
ysmal tissue was due to increased collagen synthesis
and deposition. This was thought to be due to a
compensatory response to increase in wall stretch,* a
phenomenon which has been observed in vitro.%
Others claimed that the increase in collagen concen-
tration was a dilutional effect caused by selective
degradation of elastin in the aneurysmal media.”

It is generally accepted that the distensible elastic
fibres of the aortic media are responsible for load-
bearing at physiologic pressures whereas adventitial
collagen acquires load-bearing function at higher
pressures® In the normal aorta, collagen and elastin
are arranged in such a way that confers resistance to
stretch, with the main load being placed upon the
elastin fibres.®” The degradation of elastin in aneur-
ysmal tissue is thought to initiate arterial dilatation.
Elastic fibres are distributed to a larger area as the
collagen concentration and aortic diameter increase.*”
8 All these changes result in the gradual increase of
both aortic diameter®® and haemodynamic stress, and
the transfer of tensile stress in the aortic wall to
collagen fibres.®>®*% The collagen content increases as
the aneurysm increases in size.’”®® This network
contains predominantly type I and IIT collagen,®*°
with collagen t;/;)e III responsible for most of its tensile
characteristics.

However, these compensatory processes have an
endpoint. Beyond this threshold, the collagen net-
work cannot maintain the biophysical properties of
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Fig. 1. Chain of biological events leading to abdominal aortic aneurysm rupture.

the aneurysm®*®*°! and the aneurysm becomes at

high risk of rupture. Once an AAA becomes
established and prior to rupture, it is primarily
composed of types I and III collagen. Naturally,
AAA resistance to rupture must be dependent

upon the tensile strength provided by these
collagen networks.”” Tt therefore seems likely that
the final common pathway of clinical progression
of AAAs to rupture involves proteolytic degra-
dation of aortic collagen fibres.
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Table 2. The major MMP subtypes and their substrates

E. Choke et al.

Principal substrates

MMP Enzyme

Collagenases

MMP-1 Collagenase-1 (Interstitial collagenase)
MMP-8 Collagenase-2 (Neutrophil collagenase)
MMP-13 Collagenase-3

MMP-18 Collagenase-4 (Xenopus collagenase)
Gelatinases

MMP-2 Gelatinase A (72 kDa gelatinase)
MMP-9 Gelatinase B (92 kDa gelatinase)
Stromelysins

MMP-3 Stromelysin-1

MMP-10 Stromelysin-2

MMP-11 Stromelysin-3

Matrilysins

MMP-7 Matrilysin-1 (PUMP-1)

MMP-26 Matrilysin-2

Membrane type MMPs

MMP-14 MT1-MMP

MMP-15 MT2-MMP

MMP-16 MT3-MMP

MMP-17 MT4-MMP

MMP-24 MT5-MMP

MMP-25 MT6-MMP

Others

MMP-12 Macrophage metalloelastase

Collagens I, I, 11, VII, VIII, X, gelatin, aggrecan, MMPs-2 and -9
Collagens I, II, III, V, VII, VIII, X, gelatin, aggrecan

Collagens I, II, III, IV, gelatin, aggrecan, PAI2

Collagen I

Gelatin, collagens I, IV, V, VII, X, XI, XIV, elastin, fibronectin,
aggrecan
Gelatin, collagens IV, V, VII, X, elastin

Collagens III, 1V, IX, X, gelatin, aggrecan, MMPs-1, -7, -8, -9, -13
Collagens 1III, IV, V, gelatin, casein, MMPs-1 and -8
Gelatin, collagen IV, fibronectin, casein, proteoglycans

Collagens 1V, X, fibronectin, gelatin
Collagen 1V, fibronectin, gelatin, proMMP-9, fibrinogen

Collagens I, II, III, gelatins, MMPs-2 and -13

MMP-2, gelatin

MMP-2

Gelatin, proMMP-2

Proteoglycans, proMMP2, collagen I, gelatin, fibronectin, laminin
Collagen 1V, proMMP-8, proMMP-9

Collagen 1V, gelatin, elastin, fibronectin

Experimental studies

Dobrin et al.” investigated the proteolytic effects of
purified collagenase and elastase on arterial tissue. At
supraphysiological pressures, collagen and elastin
were degraded differentially in isolated canine com-
mon carotid arteries and human external, internal and
common iliac arteries. Treatment with collagenase
caused the blood vessels to dilate, become more
compliant and rupture. In contrast, treatment with
elastase caused the vessels to dilate markedly and
become stiffer (probably due to recruitment of pre-
viously unstretched collagen fibres) but was not
related to rupture. These findings have fostered the
notion that elastin degradation is a key step in the
development of aneurysmal dilatation but collagen
degradation is ultimately required for aneurysm
rupture. It must be recognised when interpreting
these studies that there is some collagenase activity
in elastase and some of the results could therefore be
related to changes in collagen. The investigators stated
that they used the most purified elastase and
collagenase available, and that the results were
reproducible; every vessel treated with elastase dilated
but never ruptured, whereas every vessel treated with
collagenase dilated only slightly but did rupture.
Animal studies provided evidence for the role of
tissue inhibitor of matrix metalloproteinases (TIMP)-1
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in preventing medial degradation and aneurysm
formation by inhibiting the MMPs involved in the
disruption of the media. Silence et al.”* showed that
aneurysms in thoracic and abdominal aortas were
more frequent in mice with combined deficiency of
apoE and TIMP-I genes compared with single
deficiency of ApoE genes. In their experiments,
MMP activity was most pronounced at sites where
degradation of the elastic lamina occurred. Lemaitre et
al.” showed that mice with combined deficiency of
apoE and TIMP-I genes, fed on a cholesterol-rich diet,
developed aortic medial ruptures and formed pseu-
doaneurysms. In these mice, the elastic lamellae were
degraded and infiltrated with macrophages. The
gelatinolytic activity associated with the macrophages
was abolished by the addition of TIMP-1.

Allaire et al.*® demonstrated that local inhibition of
MMP activity by TIMP-1 had the potential to inhibit
aneurysm rupture. This group seeded vessels with rat
SMCs, transfected with a retroviral vector containing
TIMP-1 ¢DNA. This had the effect of preventing
aneurysmal degeneration and rupture. This group
argued that it was very likely that TIMP-1 inhibited
destruction of the wall by blocking MMPs since the
elastic layers were preserved and the activity of MMP-
9, activated MMP-2 and 28 kD caseinase and elastase
were all decreased. In a similar experiment, the same
group demonstrated that blockade of plasminogen
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Table 3. Summary of published series reporting the role of enzymes in the pathophysiology of AAA
Enzymes Summary of findings Author Year
MMP-9 Increased levels MMP-9 in explant AAA than AOD or normal aorta. MMP-9 localised ~ Thompson et al.'*” 1995
to macrophages
MMP-9 expression localised to macrophages McMillan et al.'*® 1995
Increased expression MMP-9 mRNA in AAA Tamarina et al.'®® 1997
Increased expression and activity of MMP-9 in AAA Elmore et al.'® 1998
Freestone et al.”® 1995
Saito et al.'” 2002
Tung et al.'”* 2001
Yamashita et al.'”> 2001
Significant proportion of MMP-9 found to be active in AAA wall Sakalihasan et al.'” 1996
Monocytes cultured with aortic explants infiltrated tissue, produced MMP-9 and Katsuda et al.'”* 1994
degraded elastic fibres
Targeted gene disruption of MMP-9 prevented aneurysmal degeneration in mice Pyo et al.'” 2000
No significant difference in MMP-9 mRNA and protein between AAA and AOD tissue’  Davis et al.'”® 1998
MMP-2 Increased MMP-2 protein and mRNA in AAA compared to AOD tissues Davis et al.'”® 1998
McMillan et al.'* 1995
Increased MMP-2 activation and binding to tissue matrix in AAA compared to AOD Davis et al.'”® 1998
aorta
Increased levels MMP-2 in vasculature (inferior mesenteric veins) remote from the Goodall et al.'”” 2001
aorta in patients with AAA
MMP-2 complemented and facilitated the degenerative activity of MMP-9 in Longo et al.'”® 2002
transgenic murine models
Increased amounts of MMP-2 protein and mRNA production by cultured aortic SMCs ~ Crowther et al.'” 2000
compared to SMCs from AOD tissues
No significant difference between MMP-2 mRNA level between AAA and control Elmore et al.'® 1998
(AOD and organ donor aorta)’
No significant difference in MMP-2 staining by immunohistochemistry between AAA  Knox et al.’® 1997
and AOD tissue’
MMP-12 Increased MMP-12 in AAA compared to normal aorta and localisation of MMP-12 to Curci et al.'®! 1998
residual elastin especially areas adjacent to nondilated normal aorta
Deficiency of MMP-12 in mice conferred protection against medial destruction and Luttun ef al.'®> 2004
ectasia
Targeted gene disruption of MMP-12 did not suppress elastase-induced aneurysmal Pyo et al.'”® 2000
degeneration”
MT1-MMP Increased MT1-MMP protein and mRNA in AAA compared with normal and AOD Nollendorfs et al.'® 2001
tissue
MT1-MMP localised to the media in the same distribution as MMP-2 giving indirect Crowther et al.'®* 2000
evidence for its role in MMP-2 regulation
Immunodepletion of MT1-MMP blocked a significant portion of the proteolytic Rajavashisth et al.'®® 1999
activation of pro-MMP2
Collagenase -1 Increased pro MMP-1, MMP-1 protein and mRNA levels in AAA compared to healthy  Irizarry et al.'® 1993
(MMP-1) aorta
Annabi et al.'"’ 2002
Tamarina et al.'®® 1997
MMP-1 localised within mesenchymal cells (SMCs and fibroblasts) Newman et al.'*° 1994
Capillary endothelial cells synthesised MMP-1 in response to cytokine stimulation Rifkin et al.'® 1990
No significant difference in MMP-1 mRNA in AAA compared to AOD tissue’ Mao et al.'*® 1999
Variable expression of MMP-1 in AAA and difficulty in demonstrating excess Evans et al.'"®’ 1991
collagenase activity in soluble tissue extracts’
Herron et al.'”° 1991
Menashi et al.”’ 1987
Bussutil et al.'*" 1980
Webster et al.' 1991
Collagenase -2 Inconsistent expression of MMP-8 in AOD and AAA tissue. However, MMP-8 is stored Mao et al.'>® 1999
(MMP-8) as preformed protein in granules*'*® and therefore MMP-8 mRNA may not
accurately reflect protein concentration
Collagenase -3 Increased expression of MMP-13 in AAA compared to AOD tissue and localisation of ~ Mao et al.'>® 1999
(MMP-13) MMP-13 to SMCs in close spatial proximity to collagen
Tissue inhibitors Increased ratio between enzyme (MMP-2 and -9) and inhibitor (TIMP-1 and -2) mRNA Tamarina ef al.'®® 1997
of MMPs (TIMPs)  in AAA
Increased ratio between MMP-2 and its inhibitor TIMP-2 and between MMP-1 and -3~ Knox et al.'® 1997
and their inhibitor TIMP-1 in AAA
More frequent abdominal aneurysms in mice with combined deficiency of apoE and Silence et al.* 2002
TIMP-1 compared with single deficiency of apoE
Gelatinolytic activity associated with macrophages in mice aorta abolished by the Lemaitre et al.”® 2003

addition of TIMP-1

* Contrary evidence.
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activators also inhibited MMP activity and prevented
formation of aneurysms and arterial rupture.”’ Guinea
pig-to-rat aortic xenografts seeded with syngeneic rat
SMCs, retrovirally transduced with the rat plasmino-
gen activator inhibitor-1 (PAI-1) gene, did not rupture
or become aneurysmal whereas all grafts not seeded
with cells ruptured within 14 days. Overexpression of
PAI-1 was related to decreased levels of tissue
plasminogen activator (t-PA), 28-kD caseinase, and
activated MMP-9, and preservation of elastin.

Clinical evidence

The pathological processes associated with the natural
history of aneurysms to dilate and rupture are not well
documented in clinical studies. The relationship
between aortic diameter and MMP activity and
expression has been examined in several studies.”®®*
Data from these investigations provided circumstan-
tial evidence that MMP-2 promoted propagation of
smaller AAA, but MMP-9 activity was associated with
larger aneurysms. Freestone et al.”® used zymography
and immunassay to show increased concentrations of
MMP-2 in small aneurysms (4-5.5 cm in diameter),
and increased activity of MMP-9 in larger aneurysms
(>5.5 cm). It was therefore postulated that increased
expression and activation of MMP-2 played a role in
early aneurysmal dilatation by degrading elastin,
whereas MMP-9, by its association with larger
aneurysms, predisposed the aneurysm to rapid
growth and rupture. McMillan et al.** used polymer-
ase chain reaction (PCR) methodology to show that
moderate-diameter AAAs (5-7 cm) had significantly
higher MMP-9 mRNA expression than either small
(<5cm) or large (>7cm) AAAs. These authors
speculated that the increased MMP-9 expression was
related to the continued expansion of moderate sized
aneurysms but the lower levels of MMP-9 expression
in aneurysms >7 cm suggested that the rapid expan-
sion and higher rupture rates that characterise very
large aneurysms were probably related to other
factors.

Anderton et al.” showed that serum MMP-1 levels
were increased 2.5 fold and serum MMP-9 levels were
increased 6 fold in ruptured compared to non-
ruptured AAA. Petersen ef al. investigated the activity
of MMP-2 and -9 in 20 medium sized (diameter 5 <
7 cm) AAAs, 20 large sized (>7 cm) AAAs and 20
ruptured AAAs using semi-quantitative substrate gel
zymography. Their results showed a significantly
higher MMP-9 activity in ruptured AAA compared
to large non-ruptured AAA but no difference in MMP-
2 activity. These investigators concluded that high
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MMP-9 activity was associated with AAA rupture.
However, this study was limited in the selection of
patients and the methodology employed to define
MMP activity or concentrations.

Anderton et al.'” used enzyme linked immunosor-
bent assay (ELISA) to quantify levels of MMP-1, -2, -3,
-9 and -13 and TIMPs-1 and -2 and found no
significant differences in these levels in the AAA sac
of large (>6.5cm) and medium (5-6.5cm) sized
aneurysms, or ruptured and non-ruptured AAA sac.
When the same group analysed paired samples of
aortic sac obtained from the anterior sac and the site of
rupture in nine patients with ruptured AAA, MMP-9
was seven times higher at the site of rupture than in
the anterior sac, suggesting that localised elevations in
MMP-9 may have a role in focal aortic wall weakening
and AAA rupture. This concept of localised ‘hot spots’
of MMP hyperactivity was supported by Vallabhaneni
et al.>® This group demonstrated marked heterogeneity
of tensile strength and MMP activity in aneurysmal
walls but failed to correlate MMP-2 and -9 activities to
the physical properties of the wall. The absence of this
correlation could be due to the fact that these
investigators were unable to measure the MMP
activity and physical properties in the same specimen.
Instead, MMP assay was conducted from an area close
to the specimen subjected to tensile strength testing.

Role of Inflammation and Immune Response in
AAA Rupture

A prominent histologic feature of end stage AAAs is
extensive inflammatory infiltration consisting of T-
cells, B-cells and macrophages. The cause of the
inflammatory process is unknown, and possibilities
include autoimmune reaction'”'*® or an infectious
agent such as Chlamydia pneumoniae.'® Soluble pep-
tide fragments derived from the degradation of
extracellular matrix components, including elastin,
laminin and fibronectin, may serve as a chemotactic
agent for infiltrating macrophages through inter-
actions with the 67-kD cell surface elastin-binding
protein found on inflammatory cells.'’* The trigger for
the recruitment of leukocytes is not yet known, but
may include the local production of chemotactic
cytokines (chemokines) such as interleukin-8 (IL-8),
monocyte chemoattractant protein-1 (MCP-1) and
RANTES (regulated on activation normal T-cell
expressed and secreted).'™ Their elevated levels in
human and experimental AAA tissues'®'% coupled
with their potent chemotactic properties suggest that
they are likely to play a role in the influx and migration
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of inflammatory cells, especially T-lymphocytes and
monocytes.

Anidjar et al.'”” used elastase-induced model of
AAA in rats to demonstrate that inflammation
correlated with aneurysm formation. It is likely that
inflammatory cells release a cascade of pro-inflamma-
tory cytokines that results in the activation of
proteolytic enzymes.'”® Human and experimental
AAA tissues have been shown to produce abundant
amounts of prostaglandin E2 (PGE2), tumour necrosis
factor-o. (TNF-a), interleukin-1p (IL-1B) and interleu-
kin-6 (IL-6).''* These cytokines may play a major
role in tissue injury by inducing the expression and
activation of MMPs and TIMPs.'*

Although chronic inflammation is a dominant
feature of established AAAs, evidence for the role of
inflammation in AAA rupture is lacking. Domanovits
et al.'"* compared laboratory parameters of inflam-
mation (C-reactive protein [CRP] and white blood
count [WBC]) in 111 asymptomatic outpatients, 52
symptomatic patients without rupture and 62 patients
with aneurysm rupture. These authors reported that
patients with symptomatic and ruptured AAA had
significantly elevated serum CRP and WBC levels
compared to asymptomatic patients. As aneurysmal
pain was associated with elevated CRP and WBC,
Domanovits et al. proposed that an inflammatory
process is present in the aortic wall that promoted
rupture. However, their study failed to distinguish
whether the elevations in serum markers of inflam-
mation were due to a local vascular inflammatory
process or due to acute phase reaction accompanying
the systemic inflammatory response syndrome.

The functional importance of the immune response
in AAAs is not fully understood. The immune
response in AAAs may be primarily destructive,
encouraging connective tissue break down and vas-
cular smooth muscle cells apoptosis. On the other
hand, anti-inflammatory cytokines, such as interleu-
kin-4 (IL-4) and interleukin-10 (IL-10), can inhibit
macrophage activation and expression of MMPs and
may represent endogeneous mechanisms that counter
aneurysmal degeneration.'” These cytokines are
produced by CD4+ T-cells within aneurysms''>''®
and have been demonstrated to be elevated in human
AAAg 117,118

There is evidence linking immunosuppression to
AAA rupture but this is largely limited to anecdotal
accounts. Palm et al.'"” reported rapid growth and
rupture of AAA in a patient who received chemother-
apy with gemcitabine, cisplatinum, prednisolone, and
dexamethasone for metastatic pancreatic carcinoma.
Fastest aneurysm growth coincided with chemother-
apy administration and when chemotherapy was not

237

given for 3 months, there was no aneurysm growth
observed. Piotrowski et al.'®® reported an increased
aneurysm growth rate and rupture at 4 cm diameter in
a cardiac transplant patient who was on a cyclospor-
ine, steroid and azathioprine immunosuppressive
regimen. The mechanism for the disadvantageous
effects of chemotherapy on AAA is unknown. At
present, the literature on the effect of chemotherapy on
the extracellular matrix is sparse. Furthermore, these
reports were unable to distinguish if aneurysm
rupture may be related to other effects of chemother-
apy, such as increased arterial pressure induced by
cyclosporine therapy, or due to the immunosuppres-
sive effects of chemotherapy per se. Reilly et al.'*!
showed that steroids induced aortic aneurysm rupture
in 90% of heterozygous female blotchy mice within 2
weeks and that this response was dose dependent. On
the contrary, Dobrin et al.'** showed that treatment
with corticosteroids effectively suppressed aneurys-
mal dilatation and reduced aortic wall elastin
degradation.

Role of Intraluminal Thrombus in AAA
Rupture

Intraluminal thrombus (ILT) is found in about 75% of
all AAAs.'” Some authors have suggested that
rupture is associated with growth of thrombus in the
aneurysm.'** Acute haemorrhage seen in the mural
thrombus of patients with ruptured AAAs has led
others to suggest that blood entering thrombus may
have a role in rupture.'” Vorp et al.'*® showed that
aneurysms with ILT thickness equal or greater than
4 mm had lower pO2 compared with aneurysms with
ILT less than 4 mm thick, consistent with their earlier
observation that ILT attenuated oxygen flow from the
lumen to the aortic wall."” Vorp et al."*® also reported
that AAAs with thick ILT had greater inflammation,
increased expression of ORP (hypoxia specific poly-
peptide) and lower tensile strength. They postulated
that ILT, by creating a hypoxic environment may lead
to a compensatory inflammatory response, an increase
in local proteolytic activity of the wall,"**'*" local wall
weakening and subsequent rupture.

In addition, early studies have shown that hypoxia
induced macrophages to enhance their bioreactiv-
ity,"*'"'*° with subsequent increase in elastase pro-
duction.® Adolph et al."*” reported ILT to be an active
and complex biological entity, containing many
inflammatory cells, including macrophages and neu-
trophils. Fontaine et al.'®® showed that ILT was a
possible site of proteolytic enzyme release and
activation, and hypothesised that mural thrombus
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acted as a source of proteolytic enzymes by aggregat-
ing platelets and trapping circulating cells and
adsorbing plasma components. The observation by
Jean-Claude et al.'* that elevated levels of plasmin
were present in the inner layers of the AAA wall near
the interface with ILT, supported this phenomenon of
proteolytic enzymes leeching from ILT. A more recent
study by Fontaine et al.'** showed that leukocytes in
the luminal pole of thrombus released MMP-9 and
MMP-8.

Early experimental work suggested that the avail-
ability of oxygen affected both the quantity and quality
of ECM synthesis.'*'"'*® Aortic endothelial cells
cultured in hypoxic conditions exhibited a decrease
in collagen synthesis,'* whereas hypoxic arterial
SMCs exhibited a decrease in both collagen syn-
thesis'**'*” and tropoelastin mRNA expression and
synthesis.'** Fibroblasts exposed to hypoxic con-
ditions also produced less collagen.'**'*” Further-
more, hypoxic cells synthesised abnormal collagen,
because oxygen is needed for the hydroxylation of
proline.'* Kazi et al."™® compared the morphology of
aneurysm wall covered with thrombus to segments
exposed to flowing blood and illustrated the following
features to be associated with thrombus: thinner
aneurysm wall, fragmentation and decreased number
of elastin fibres, decreased numbers of SMCs,
increased number of inflammatory cells, and increased
SMC apoptosis. The thinner thrombus-covered wall
with less structural integrity may therefore predispose
this wall segment to rupture.

On the contrary, other investigators have reported
that intraluminal thrombus exerted protective influ-
ences against aneurysm rupture. Kushihashi et al.'*'
observed from CT images that mural thrombus was
significantly thinner in ruptured than in non-ruptured
aneurysms (9 vs. 19 mm). In another series of CT
analysis, Pillari et al.'>* noted that aneurysm expansion
was associated with a synchronous increase in the
volume of intraluminal thrombus in those aneurysms
measuring 5-7 cm. However, expansion of aneurysms
greater than 7 cm was not associated with increase in
thrombus volume. The lower thrombus to lumen ratio
associated with larger (>7 cm) aneurysms suggested
that the thrombus may reach a point of maximum
relative volume and thus maximum protection for the
aneurysm.

Some studies have reported that ILT significantly
lowered aneurysm wall stress.*> However, Schurink et
al.*® demonstrated that the thrombus within an aortic
aneurysm failed to reduce transmission of pressure to
the aneurysm wall. Thubrikar et al.*’ described a
different mechanism by which thrombus reduced wall
stress. Similar to the observations by Schurink et al.,*®
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Thubrikar et al.*’ reported that thrombus readily
transmitted pressure to the vessel wall. In vivo
measurements of pressure through mural thrombus
revealed that the aneurysm wall was subjected to
almost all (91+£10%) of the intraluminal pressure.
However, when these investigators measured in vitro
dilatation of aneurysms during pressurisation before
and after the thrombus was removed, they observed
that the presence of thrombus was responsible for an
overall marked reduction in the aneurysm dilation. It
was proposed that mural thrombus acted as a fibrous
network adherent to the aneurysm wall and since this
network also had to stretch with the aneurysm, the
dilation of the aneurysm under pressure was reduced
in the presence of thrombus. Although the thrombus
transmitted most of the luminal pressure to the
aneurysm wall, the reduction in dilation (strain) was
thought to be important in reducing the overall wall
stress.

Future Work

Several opportunities exist to advance our under-
standing of the biological processes underlying AAA
rupture.

Collagenases

Given that the final common pathway of clinical
progression of AAAs to rupture is likely to involve
proteolytic degradation of aortic collagen fibres,
research efforts should focus on collagenases. The
triple-helix domains of interstitial collagens confer
intrinsic stability and resistance to enzymatic break-
down. The biologic degradation of interstitial collagen
requires two types of extracellular proteinases; col-
lagenases that cleave the triple helix domains of intact
collagen fibres in a characteristic locus, resulting in a
mixture of 1/4- and 3/4-length degradation frag-
ments, and secondly, gelatinases that subsequently
cleave denatured or partially hydrolysed forms of
collagen to more soluble peptides.'”® Both types of
collagen-degrading activity are attributed to enzymes
of the MMP family, of which MMP-1, -8 and -13
function as interstitial collagenases under physiologic
conditions.'>

The proteolytic capacity of collagenases in ruptured
AAAs has not been well documented in experimental
or clinical studies. Investigations on the role of MMP-8
(collagenase-2) are not straightforward. MMP-8 is
produced by polymorphonuclear neutrophils
(PMNs), and is sequestered in storage granules to be
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released upon cellular activation.'”*'*® In addition,
chondrocytes, synovial fibroblasts and vascular endo-
thelium can also express MMP-8."°°">” Mao et al.'*®
reported an inconsistent expression of MMP-8 in AOD
(2 of 4) and AAA (1 of 4) tissues. They postulated that
this inconsistent pattern could be attributed to the fact
that MMP-8 is stored as preformed protein in granules
in PMNs and therefore MMP-8 mRNA may not
accurately reflect protein concentration.

Angiogenesis

Previous histological studies have demonstrated that
AAAs were associated with angiogenesis (formation
of new blood vessels from pre-existing blood
vessels)."””'" The role of angiogenesis in aneurysm
disease however remains undefined. Thompson ef
al.'®® demonstrated that the extent of angiogenesis
correlated with the degree of inflaimmation in the
aortic wall. There is evidence that hypoxia may induce
inflammatory cells to aggregate and secrete angiogenic
factors resulting in neovascularisation.'*® In addition
to permitting oxygen and nutrient supply to the
hypoxic regions, neovascularisation will also result
in further inflammatory cell migration to aneurysmal
tissue and subsequent secretion of proteolytic
enzymes, potentially leading to wall weakening and
aortic rupture. Kobayashi et al.'®' have demonstrated
that vascular endothelial growth factor (VEGF)
expressing cells were strongly related to the degree
of neovascularisation in AAAs. VEGF possesses
several unique attributes that make it an attractive
target for AAA rupture research. Specifically, it
promotes mitogenesis of vascular endothelial cells
and vascular permeability, and it also modulates
production of a number of proteolytic enzymes
involved in the process of neo-vascularisation. As a
result, VEGF plays a pivotal role in the initiation and
maintenance of angiogenesis, and is crucial in the
activation of pathways causing enzymatic breakdown
of matrix protein.'®>¢*

Conclusions

Collective endeavours in basic science research in the
past two decades have led to an accelerated pace of
progress in the understanding of aneurysm disease as
a unique pathophysiological process. In contrast,
research into biological factors involved in AAA
rupture is still at an early stage. Nevertheless, recent
developments are encouraging and the progress made
is beginning to alter our concepts of AAA rupture.
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It can be expected that clinical management will
eventual shift to include new medical therapeutic
strategies that limit aneurysm growth. It is hoped that
new insights into the processes underlying aneurys-
mal rupture will lead to novel medical therapies. A
model incorporating how biochemical, cellular, hae-
modynamic and proteolytic influences can conspire to
cause AAA rupture will be essential to the develop-
ment of pharmacologic agents that will not only retard
aneurysm growth but will more importantly, directly
inhibit aneurysm rupture.

References

—_

THOMPSON MM. Infrarenal abdominal aortic aneurysms. Curr

Treat Options Cardiovasc Med 2003;5(2):137-146.

2 Boyrk JR, McDermoTT E, CROWTHER M, WiLLs AD, BeLL PR,
TrOMPSON MM. Doxycycline inhibits elastin degradation and
reduces metalloproteinase activity in a model of aneurysmal
disease. | Vasc Surg 1998;27(2):354-361.

3 HorLmEes DR, PeTtrRINEC D, WEsTER W, THoMPsON RW,
REe1LLy JM. Indomethacin prevents elastase-induced abdominal
aortic aneurysms in the rat. | Surg Res 1996,63(1):305-309.

4 TaomprsoN RW, BAXTER BT. MMP inhibition in abdominal aortic
aneurysms. Rationale for a prospective randomized clinical
trial. Ann NY Acad Sci 1999;878:159-178.

5 Warton LJ, FrankrIiN IJ, Bavyston T, BrownN LC,
GREENHALGH RM, TAYLOR GW et al. Inhibition of prostaglandin
E2 synthesis in abdominal aortic aneurysms: implications for
smooth muscle cell viability, inflammatory processes, and the
expansion of abdominal aortic aneurysms. Circulation 1999;
100(1):48-54.

6 DARLING RC. Ruptured arteriosclerotic abdominal aortic aneur-
ysms: a pathologic and clinical study. Am | Surg 1970;119:397-401.

7 Turk KAD. The post-mortem incidence of abdominal aortic
aneurysm. Proc R Soc Med 1965;58:869-870.

8 NEvITT MP, BALLARD DJ, HALLETT JW. Prognosis of abdominal
aortic aneurysms: a population-based study. N Engl | Med 1989;
321:1009-1014.

9 Erris M, PoweLL JT, GREENHALGH RM. The limitations of
ultrasonography in surveillance of abdominal aortic aneurysms.
Br ] Surg 1991;78:614-616.

10 Reep WW, HALLETT JW, DamiaNno MA, BALLARD DJ. Learning
from the last ultrasound. A population-based study of patients
with abdominal aortic aneurysm. Arch Intern Med 1997;
157:2064-2068.

11 Scott RA, Tist PV, AsutoN MA, ALLEN DR. Abdominal aortic
aneurysm rupture rates: a 7-year follow-up of the entire
abdominal aortic aneurysm population detected by screening.
J Vasc Surg 1998;28:124-128.

12 UK Small Aneurysm Trial Participants. Mortality results for
randomised controlled trial of early elective surgery or
ultrasonographic surveillance for small abdominal aortic
aneurysms. Lancet 1998;352:1649-1655.

13 CrRONENWETT JL, MurpHY TF, ZELENOCK GB, WHITEHOUSE
Jr WM, LINDENAUER SM, GRAHAM LM et al. Actuarial analysis
of variables associated with rupture of small abdominal aortic
aneurysms. Surgery 1985;98:472-483.

14 BrowN PM, Zerr DT, SosorLev B. The risk of rupture in
untreated aneurysms: the impact of size, gender, and expansion
rate. | Vasc Surg 2003;37(2):280-284.

15 LeEDERLE FA, JoHNsoN GR, WiLsoN SE, BALLARD DJ, JorpDAN

Jr WD, BLEBEA ] et al. Rupture rate of large abdominal aortic

aneurysms in patients refusing or unfit for elective repair. JAMA

2002;287(22):2968-2972.

Eur J Vasc Endovasc Surg Vol 30, September 2005



240

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

E. Choke et al.

LiMET R, SAKALIHASSAN N, ALBERT A. Determination of the
expansion rate and incidence of rupture of abdominal aortic
aneurysms. | Vasc Surg 1991;14:540-548.

CRONENWETT JL. Variables that affect the expansion rate and
rupture of abdominal aortic aneurysms. Ann NY Acad Sci 1996;
800:56-67.

Crovke PL, Gomes MN. Surgery for ‘small” abdominal aortic
aneurysm. Lancet 1993;342(8884):1377.

Scortr RA, WiLson NM, AsatoNn HA, Kay DN. Is surgery
necessary for abdominal aortic aneurysm less than 6 cm in
diameter? Lancet 1993;342(8884):1395-1396.

CRONENWETT JL, SarGenT SK, Warr MH, Hawkes ML,
FrReEMAN DH, DAIN BJ et al. Variables that affect the expansion
rate and outcome of small abdominal aortic aneurysms. | Vasc
Surg 1990;11(2):260-268.

BeNGTssoN H, NiLssoN P, BErGQvisT D. Natural history of
abdominal aortic aneurysm detected by screening. Br | Surg
1993;80(6):718-720.

GriMsHAW GM, THOMPSON JM. The abnormal aorta: a statistical
definition and strategy for monitoring change. Eur | Vasc
Endovasc Surg 2004;10(1):95-100.

Hirost Y, HaMADA S, TakaMiva M. Predicting the growth of
aortic aneurysms: a comparison of linear vs exponential models.
Angiology 1995;46(5):413-419.

ScHEWE CK, ScHWEIKART HP, HaAMMEL G, SPENGEL FA,
ZoLLNER N, ZoLLER WG. Influence of selective management
on the prognosis and the risk of rupture of abdominal aortic
aneurysms. Clin Invest 1994;72(8):585-591.

MacSwWEeENEY ST, ErLLis M, WorRrReLL PC, GREENHALGH RM,
PoweLL JT. Smoking and growth rate of small abdominal aortic
aneurysms. Lancet 1994;344(8923):651-652.

Aneurysm Detection and Management Veterans Affairs Coop-
erative Study Group. Immediate repair compared with surveil-
lance of small abdominal aortic aneurysms. N Engl | Med 2002;
346(19):1437-1444.

LepEeRLE FA, JounsoN GR, WiLsoN SE, CHUTE EP, LitTooy FN,
BANDYK D et al. Prevalence and associations of abdominal aortic
aneurysm detected through screening. Ann Intern Med 1997;
126:441-449.

LeperLE FA, JounsoN GR, WiLsoN SE, Cuute EP, HYE R],
MAKAROUN MS et al. The Aneurysm Detection and Manage-
ment Study screening program: validation cohort and final
results. Arch Intern Med 2000;160:1425-1430.

BrownN LC, PoweLL JT. Risk factors for aneurysm rupture in
patients kept under ultrasound surveillance. UK Small Aneur-
ysm Trial Participants. Ann Surg 1999;230(3):289-296.

Foster JH, Borasny BL, GosBerL Jr WG, ScorTt Jr HW.
Comparative study of elective resection and expectant treat-
ment of abdomianl aortic aneurysm. Surg Gynecol Obstet 1969;
129(1):1-9.

STERPETTI AV, CavALLARO A, CAVALLARI N, ALLEGRUCCI P,
TAMBURELLI A, AGosTA Fet al. Factors influencing the rupture of
abdominal aortic aneurysms. Surg Gynecol Obstet 1991;
173(3):175-178.

SziLacgyi DE, ErriorT JP, SmiTH RE Clinical fate of the patient
with asymptomatic abdominal aortic aneurysm and unfit for
surgical treatment. Arch Surg 1972;104(4):600-606.

vaN LaarHoveN CJ, Borstrar AC, vaAN BERGE
HenecouweNn DP, ParmMeEN FM, VERPALEN MC,
ScHOEMAKER MC. Chronic obstructive pulmonary disease and
abdominal aortic aneurysms. Eur | Vasc Surg 1993;7(4):386-390.
HamMmonD EC, GARFINKEL L. Coronary heart disease, stroke
and abdominal aortic aneurysm. Arch Environ Health 1967;
19:167-182.

STRACHAN DP. Predictors of death from aortic aneurysm among
middle-aged men: the Whitehall Study. Br | Surg 1991,78:401-
404.

STRINGFELLOW MM, LAWRENCE PF, STRINGFELLOW RG. The
influence of aorta-aneurysm geometry upon stress in the
aneurysm wall. | Surg Res 1987,42:425-433.

Eur ] Vasc Endovasc Surg Vol 30, September 2005

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

MoweRr WR, BARAFF L], SNEYD J. Stress distributions in vascular
aneurysms: factors affecting risk of aneurysm rupture. ] Surg Res
1993;55:155-161.

ErLGerR DF, BLACKKETTER DM, BupwicG RS, JoranseN KH. The
influence of shape on the stresses in model abdominal aortic
aneurysms. | Biomech Eng 1996;118:326-332.

Vorr DA, RAGHAVAN ML, WEBSTER MW. Stress distribution in
abdominal aortic aneurysm: influence of diameter and asym-
metry. | Vasc Surg 1998;27:632-639.

RacuavaNn ML, Vorr DA, FEDERLE MP, MAKAROUN MS,
WEBSTER MW. Wall stress distribution on three-dimensionally
reconstructed models of human abdominal aortic aneurysm.
J Vasc Surg 2000;31:760-769.

DARLING RC, CARLENE R, MEgssiNa RN, BrRewsTer DC,
OTTINGER LW. Autopsy study of unoperated abdominal aortic
aneurysms: the case for early resection. Circulation 1977,56:161—
164.

FiLLINGER MF, RagHAVAN ML, MARRA SP, CRONENWETT JL. In
vivo analysis of mechanical wall stress and abdominal aortic
aneurysm rupture risk. | Vasc Surg 2002;36:589-597.
VENKATASUBRAMANIAM AK, Facan M], MeHTA T,
MyLaNKAL K], Ray B, KuHAN G ef al. A comparative study of
aortic wall stress using finite element analysis for ruptured and
non-ruptured abdominal aortic aneurysms. Eur | Vasc Endovasc
Surg 2004;28(2):168-176.

FILLINGER MF, MARRA SP, RAGHAVAN ML, KENNEDY FE. Predic-
tion of rupture risk in abdominal aortic aneurysm during
observation: wall stress versus diameter. | Vasc Surg 2003;
37:724-732.

D1 MarTINO E, MANTERO S, INzoL1 F, MELISsANO G, ASTORE D,
CHiEesA R et al. Biomechanics of abdominal aortic aneurysm in
the presence of endoluminal thrombus: experimental charac-
terisation and structural static computational analysis. Eur
J Vasc Endovasc Surg 1998;15(4):290-291.

Inzorr F, Boscuertt F, Zarpa M, Lonco T, FumMERO R.
Biomechanical factors in abdominal aortic aneurysm rupture.
Eur | Vasc Surg 1993;7:667-674.

THUBRIKAR M], RoBIicsEk F, LABROSSE M, CHERVENKOFF V,
FowLeRr BL. Effect of thrombus on abdominal aortic aneurysm
wall dilation and stress. ] Cardiovasc Surg (Torino) 2003;44(1):67—
77.

ScHURINK GW, vAN BAALEN JM, VisseR M], vaN BockeL JH.
Thrombus within an aortic aneurysm does not reduce pressure
on the aneurysmal wall. ] Vasc Surg 2000;31(3):501-506.

Worr YG, THomas WS, BrenNaN FH, Gorr WG, Sise MJ,
BeErNnSTEIN EF. Computed tomography scanning findings
associated with rapid expansion of abdominal aortic aneur-
ysms. | Vasc Surg 1994;20(4):529-535.

VALLABHANENI SR, GILLING-SmITH GL, How TV, CARTER SD,
BRENNAN JA, Harris PL. Heterogeneity of tensile strength and
matrix metalloproteinase activity in the wall of abdominal aortic
aneurysms. | Endovasc Ther 2004;11(4):494-502.

Camra JS, GREENHALGH RM, PowkLL JT. Elastin degradation in
abdominal aortic aneurysms. Atherosclerosis 1987,65(1-2):13-21.
TaomrsoN RW. Reflections on the pathogenesis of abdominal
aortic aneurysms. Cardiovasc Surg 2002;10(4):389-394.

Liao S, Curcr JA, KeLLey BJ, Sicarp GA, THOMPSON RW.
Accelerated replicative senescence of medial smooth muscle
cells derived from abdominal aortic aneurysms compared to the
adjacent inferior mesenteric artery. | Surg Res 2000;92(1):85-95.
SwansoN R]J, Litrooy FN, Hunt TK, StoNEY R]. Laparotomy as
a precipitating factor in the rupture of intra-abdominal
aneurysms. Arch Surg 1980;115(3):299-304.

Nora ]JD, Pamrorero PC, Nivarvongs S, CHERRY K],
HarLert JW, Groviczki P. Concomitant abdominal aortic
aneurysm and colorectal carcinoma: priority of resection.
J Vasc Surg 1989;9(5):630-635.

TruesLoop HW, WiLLiams DK, GusTtarsoN JR. Aneurysmal
rupture following resection of abdominal malignancy. Am Surg
1976,42(7):535-537.



57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Abdominal Aortic Aneurysm Rupture

Hawrey PR, FauLk WP, Hunt TK, Dunphay JE. Collagenase
activity in the gastro-intestinal tract. Br | Surg 1970;57:896-900.
DuraaMm SJ, Steep DL, Moosa HH, MAKAROUN MS,
WEBSTER MW. Probability of rupture of an abdominal aortic
aneurysm after an unrelated operative procedure: a prospective
study. ] Vasc Surg 1991;13(2):248-251.

HertzER NR, YoUNG JR, BEVEN EG, O'HARA PJ, GRAOR RA,
Ruscunaurt WFet al. Late results of coronary bypass in patients
with infrarenal aortic aneurysms. The Cleveland Clinic Study.
Ann Surg 1987;205(4):360-367.

AcIiNAPURA AJ, Rose DM, KRaMer MD, Jacosowirz IJ, CuN-
NINGHAM Jr JN. Role of coronary angiography and coronary
artery bypass surgery prior to abdominal aortic aneurysmect-
omy. | Cardiovasc Surg (Torino) 1987,28(5):552-557.

CoHEN JR, PERRY MO, HarIr1 R, Hort J, ALvarRez O. Aortic
collagenase activity as affected by laparotomy, cecal resection,
aortic mobilization, and aortotomy in rats. | Vasc Surg 1984;
1(4):562-565.

Davies MJ. Aortic aneurysm formation: lessons from human
studies and experimental models. Circulation 1998;98:193-195.
Baxter BT, Davis VA, Minton DJ, Wanc Y, Lyncu TG,
McManus BC. Abdominal aortic aneurysms are associated
with altered matrix proteins of the nonaneurysmal aortic
segments. | Vasc Surg 1994;19:797-803.

He CM, RoacH MR. The composition and mechanical proper-
ties of abdominal aortic aneurysms. | Vasc Surg 1994;20(1):6-13.
MAcCSwEENEY STR, POwELL JT, GREENHALGH RM. Pathogenesis
of abdominal aortic aneurysm. Br | Surg 1994;81:935-941.
WiLLs A, THomPsoN MM, CROWTHER M, SAYERs RD, BELL RE.
Pathogenesis of abdominal aortic aneurysms—cellular and
biochemical mechanisms. Eur | Vasc Endovasc Surg 1996;
12:391-400.

DoBrIN PB, Mrkvicka R. Failure of elastin or collagen as
possible critical connective tissue alterations underlying aneur-
ysmal dilatation. Cardiovasc Surg 1994;2:484-488.

Lorrus IM, THoMPsoN MM. The role of matrix metalloprotei-
nases in vascular disease. Vasc Med 2002;7(2):117-133.

ReILLY JM, SicarRDp GA, Lucore CL. Abnormal expression of
plasminogen activators in aortic aneurysmal and occlusive
disease. | Vasc Surg 1994;19:865-872.

ArLaiRe E, HasenstaB D, KeEnNaGy RD, STARCHER B,
CrLowes MM, CLowEes AW. Prevention of aneurysm develop-
ment and rupture by local overexpression of plasminogen
activator inhibitor-1. Circulation 1998;98:249-255.

Louwerns HD, KwaaN HC, REarce WH, Yao JST, VErrusiO E.
Plasminogen activator and plasminogen activator inhibitor
expression by normal and aneurysmal human aortic smooth
muscle cells in culture. Eur | Vasc Endovasc Surg 1995;10:289-293.
Wasser M, Baxter BT, CaHisHoLM RL, Darman RL,
FriLLINGER MF, HEINECKE ] et al. Pathogenesis of abdominal
aortic aneurysms: a multidisciplinary research program sup-
ported by the National Heart, Lung and Blood Institute. | Vasc
Surg 2001;34:730-738.

KapoGrou NP, Liaris CD. Matrix metalloproteinases: contri-
bution to pathogenesis, diagnosis, surveillance and treatment of
abdominal aortic aneurysms. Curr Med Res Opin 2004;20(4):419-
432.

THoMmPsoN RW, Parks WC. Role of matrix metalloproteinases in
abdominal aortic aneurysms. Ann NY Acad Sci 1996;800:157-174.
RaGHAVAN ML, Vorr DA, WEBSTER MW. Ex-vivo biomechanical
behavior of abdominal aortic aneurysm: assessment using a
new mathematical model. Ann Biomed Eng 1996;24:573-582.
Vorr DA, RacHavaN ML, MuLuk SC, MAKAROUN MS,
STeep DL, SHAPIRO R et al. Wall strength and stiffness of
aneurysmal and nonaneurysmal abdominal aorta. Ann NY Acad
Sci 1996;800:274-277.

SuMNER DS, HokaNsoN DE, STRANDNESS Jr DE. Stress—strain
characteristics and collagen-elastin content of abdominal aortic
aneurysms. Surg Gynecol Obstet 1970;130(3):459—466.

GaNnDHI RH, Ir1ZARRY E, CANTOR JO, KELLER S, NaAckMAN GB,
HALPERN V] et al. Analysis of elastin cross-linking and the

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

98

99

241

connective tissue matrix of abdominal aortic aneurysms.
Surgery 1994;115(5):617-620.

MenNasHI S, CaMPA ]S, GREENHALGH RM, PoweLL JT. Collagen
in abdominal aortic aneurysm: typing, content, and degra-
dation. | Vasc Surg 1987;6(6):578-582.

MinioN DJ, Davis VA, NejezcHLEB PA, WaANG Y, LyncH TG,
McManus BM. Elastin is increased in abdominal aortic
ancurysms. | Surg Res 1994;57:443-446.

McGee GS, Baxter BT, SHiveLy VP, CHISHOLM R,
McCartHY W], FLINN WR et al. Aneurysm or occlusive
disease—factors determining the clinical course of atherosclero-
sis of the infrarenal aorta. Surgery 1991;110(2):370-375.

WHiITE JV, Haas K, PaiLLips S, CoMEROTA AJ. Adventitial
elastolysis is a primary event in aneurysm formation. | Vasc Surg
1993;17(2):371-380.

Leunc DY, Gracov S, MataeEws MB. Cyclic stretching
stimulates synthesis of matrix components by arterial smooth
muscle cells in vitro. Science 1976;,191(4226):475-477.
McMiLLaN WD, TAMARINA NA, CIPOLLONE M, JoHNsON DA,
PARKER MA, PEARCE WH. Size matters: the relationship between
MMP-9 expression and aortic diameter. Circulation 1997;
96(7):2228-2232.

CLArk JM, Gracov S. Transmural organization of the arterial
media. The lamellar unit revisited. Arteriosclerosis 1985;5(1):19-34.
SAatTA J, JuvoNEN T, Haukipuro K, JuvoNEN M,
Kairaruoma ML Increased turnover of collagen in abdominal
aortic aneurysms, demonstrated by measuring the concen-
tration of the aminoterminal propeptide of type III procollagen
in peripheral and aortal blood samples. | Vasc Surg 1995;
22(2):155-160.

MacSweeNEY STR, YounG G, GREENHALG RM, PowerL JT.
Mechanical properties of the aneurysmal aorta. Br | Surg 1992;
79:1281-1284.

Harroran BG, Baxter BT. Pathogenesis of aneurysms. Semin
Vasc Surg 1995;8(2):85-92.

Bope MK, Soint Y, MELKKO ], SATTA J, RIsTELI L, RISTELI J.
Increased amount of type III pN-collagen in human abdominal
aortic aneurysms: evidence for impaired type III collagen
fibrillogenesis. | Vasc Surg 2000;32(6):1201-1207.

PoweLL ], GREENHALGH RM. Cellular, enzymatic, and genetic
factors in the pathogenesis of abdominal aortic aneurysms.
J Vasc Surg 1989;9(2):297-304.

Hurrman MD, Curct JA, Moore G, Kerns BD, STARCHER BC,
TnompsoN RW. Functional importance of connective tissue
repair during the development of experimental abdominal
aortic aneurysms. Surgery 2000;128:429-438.

TiLsoN MD, ELEFRIADES J, BRopHY CM. In: GREENHALGH RM,
ManNiIck JA, PoweLr JT, eds. The cause and management of
aneurysms. London: WB Saunders, 1990:97-104.

Dosrin PB, Baker WH, GLEY WC. Elastolytic and collagenolytic
studies of arteries. Implications for the mechanical properties of
aneurysms. Arch Surg 1984;119(4):405-409.

SiLENCE J, CorreN D, LyNeEN HR. Reduced atherosclerotic
plaque but enhanced aneurysm formation in mice with
inactivation of the tissue inhibitor of metalloproteinase-1
(TIMP-1) gene. Circ Res 2002;90(8):897-903.

LEMAITRE V, SoLoway PD, D’ARMIENTO ]. Increased medial
degradation with pseudo-aneurysm formation in apolipopro-
tein E-knockout mice deficient in tissue inhibitor of metallo-
proteinases-1. Circulation 2003;107(2):333-338.

ALLAIRE E, ForouGH R, CLOowES M, STARCHER B, CLowEs AW.
Local overexpression of TIMP-1 prevents aortic aneurysm
degeneration and rupture in a rat model. | Clin Invest 1998;
102(7):1413-1420.

FreesToNE T, TurneEr R]J, Coapy A, Hicmanx DJ,
GREENHALGH RM, PoweLL JT. Inflammation and matrix
metalloproteinases in the enlarging abdominal aortic aneurysm.
Arterioscler Thromb Vasc Biol 1995;15:1145-1151.

ANDERTON M, GoopalrL S, ParavasiLriou V, BerLr PR,
TromMpsoN MM. Serum matrix metalloproteinases are increased
in ruptured aortic aneurysms. Br | Surg 2002;89(Suppl 1):15.

Eur J Vasc Endovasc Surg Vol 30, September 2005



242

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Eur

E. Choke et al.

ANDERTON M, ParavassiLiou V, BELL PR, THomPsoN MM. The
role of matrix metalloproteinases in the natural history of
abdominal aneurysms. Br | Surg 2002;89(Suppl 1):33.

GrReGORY AK, YN NX, Carerra J, Xia S, NEwman KM,
TiLsoN MD. Features of autoimmunity in the abdominal aortic
aneurysm. Arch Surg 1996;131(1):85-88.

KocuH AE, Haines GK, Rizzo RJ, RaposevicH JA, Pore RM,
RoBinsON PG et al. Human abdominal aortic aneurysms.
Immunophenotypic analysis suggesting an immune-mediated
response. Am | Pathol 1990;137(5):1199-1213.

TamsiaH ], PoweLL JT. Chlamydia pneumoniae antigens facilitate
experimental aortic dilatation: prevention with azithromycin.
J Vasc Surg 2002;36(5):1011-1017.

Hance KA, Tataria M, ZrroriN SJ, Leg JK, THOMPsON RW.
Monocyte chemotactic activity in human abdominal aortic
aneurysms: role of elastin degradation peptides and the 67-kD
cell surface elastin receptor. | Vasc Surg 2002;35(2):254-261.
SteinMETZ EF, BuckLEy C, THomPsoN RW. Prospects for the
medical management of abdominal aortic aneurysms. Vasc
Endovascular Surg 2003;37(3):151-163.

CoronNELLO ]S, HanNce KA, SHaAmMeEs ML, WysBLe CW,
Z1roRIN S], LEIDENFROST JE et al. Transient exposure to elastase
induces mouse aortic wall smooth muscle cell production of
MCP-1 and RANTES during development of experimental
aortic aneurysm. | Vasc Surg 2003;38(1):138-146.

ANIDJAR S, DoBRIN PB, EicHORST M, GRAHAM GP, CHEJFEC G.
Correlation of inflammatory infiltrate with the enlargement of
experimental aortic aneurysms. | Vasc Surg 1992;16(2):139-147.
A1LAWADI G, EL1as0ON JL, UpcHURCH Jr GR. Current concepts in
the pathogenesis of abdominal aortic aneurysm. | Vasc Surg
2003,38(3):584-588.

FrRANKLIN IJ, WALTON L], GREENHALGH RM, PoweLL JT. The
influence of indomethacin on the metabolism and cytokine
secretion of human aneurysmal aorta. Eur | Vasc Endovasc Surg
1999;18(1):35-42.

Hormes DR, WEsTER W, THoMPsoN RW, RerLLy JM. Prosta-
glandin E2 synthesis and cyclooxygenase expression in abdomi-
nal aortic aneurysms. | Vasc Surg 1997;25(5):810-815.

JuvoNEN ], SurceL HM, Sarra ], TEpro AM, Broicu A,
SyrjaLA H et al. Elevated circulating levels of inflammatory
cytokines in patients with abdominal aortic aneurysm. Arter-
ioscler Thromb Vasc Biol 1997;17(11):2843-2847.

McMirtaNn WD, Pearce WH. Inflammation and cytokine
signaling in aneurysms. Ann Vasc Surg 1997;11(5):540-545.
Pearce WH, Swers I, Yao JS, McCartHY W], Kocu AE.
Interleukin-1 beta and tumor necrosis factor-alpha release in
normal and diseased human infrarenal aortas. | Vasc Surg 1992;
16(5):784-789.

Domanovits H, SCHILLINGER M, MULLNER M, HOLZENBEIN T,
Janara K, BavEGAN K et al. Acute phase reactants in patients
with abdominal aortic aneurysm. Atherosclerosis 2002;
163(2):297-302.

Davis VA, PersipskaiA RN, Baca-Recen LM, Fiortr N,
Harroran BG, Baxter BT. Cytokine pattern in aneurysmal
and occlusive disease of the aorta. | Surg Res 2001;101(2):152—
156.

ScHoNBECK U, SuknHova GK, Gerpes N, Lissy P. T(H)2
predominant immune responses prevail in human abdominal
aortic aneurysm. Am | Pathol 2002;161(2):499-506.

Lacraz S, Nicop L, GALVE-DE ROCHEMONTEIX B,
BAUMBERGER C, DAYER JM, WELGcus HG. Suppression of
metalloproteinase biosynthesis in human alveolar macrophages
by interleukin-4. | Clin Invest 1992;90(2):382-388.

Lacraz S, Nicop LP, CuicHEPORTICHE R, WELGUs HG,
Daver JM. IL-10 inhibits metalloproteinase and stimulates
TIMP-1 production in human mononuclear phagocytes. | Clin
Invest 1995;96(5):2304-2310.

ParLMm SJ, RusswurMm GP, CHANG D, RozensLiT AM, Onkr T,
VEITH H. Acute enlargement and subsequent rupture of an
abdominal aortic aneurysm in a patient receiving chemotherapy
for pancreatic carcinoma. | Vasc Surg 2000;32(1):197-200.

J Vasc Endovasc Surg Vol 30, September 2005

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Protrowskr JJ, McIntYrRe KE, HunTErR GC, SeETHI GK,
BERNHARD VM, CoPELAND JC. Abdominal aortic aneurysm in
the patient undergoing cardiac transplantation. | Vasc Surg 1991;
14(4):460-465.

ReiLry JM, Savace EB, Brorry CM, TiLson MD. Hydrocorti-
sone rapidly induces aortic rupture in a genetically susceptible
mouse. Arch Surg 1990;125(6):707-709.

DoBrRIN PB, BAUMGARTNER N, ANIDJAR S, CHEJFEC G,
MRkvIcka R. Inflammatory aspects of experimental aneurysms.
Effect of methylprednisolone and cyclosporine. Ann NY Acad Sci
1996;18:74-88.

HARTER LP, GrRoss BH, CALLEN PW, BarTH RA. Ultrasonic
evaluation of abdominal aortic thrombus. | Ultrasound Med 1982;
1(8):315-318.

STENBAEK ], KALIN B, SWEDENBORG J. Growth of thrombus may
be a better predictor of rupture than diameter in patients with
abdominal aortic aneurysms. Eur | Vasc Endovasc Surg 2000;
20(5):466—469.

AriTA T, MATSUNAGA N, TAKANO K, NAGAOKA S, NAKAMURA H,
Katavama S et al. Abdominal aortic aneurysm: rupture
associated with the high-attenuating crescent sign. Radiology
1997;204(3):765-768.

Vorr DA, Lee PC, WanG DH, MakarouN MS, NEmoto EM,
Ocawa S et al. Association of intraluminal thrombus in
abdominal aortic aneurysm with local hypoxia and wall
weakening. | Vasc Surg 2001;34(2):291-299.

Vorr DA, WanG DHJ, WeEssTER MW, FEDERsPIEL W]. Effect of
intraluminal thrombus thickness and bulge diameter on the
oxygen flow in abdominal aortic aneurysm. | Biomech Eng 1998;
120:579-583.

McMirLaN WD, PattersoN BK, KeeN RR, SHIVELY VP,
C1PoLLONE M, PEARCE W. In situ localization and quantification
of mRNA for 92-kD type IV collagenase and its inhibitor in
aneurysmal, occlusive and normal aorta. Arterioscler Thromb
Vasc Biol 1995;15:1139-1144.

McMiLLaN WD, PatTErRsoN BK, KEeN RR, PEARCE WH. In situ
localization and quantification of seventy-two-kilodalton type
IV collagenase in aneurysmal, occlusive, and normal aorta.
J Vasc Surg 1995;22:295-305.

NewMaN KM, Jean-Craupk J, L1 H, ScHorgs JV, OcgaTta Y,
Nacase H et al. Cellular localization of matrix metalloprotei-
nases in the abdominal aortic aneurysm wall. | Vasc Surg 1994;
20:814-820.

ALBINA JE, HENRY Jr WL, MASTROFRANCESCO B, MARTIN BA,
REICHNER JS. Macrophage activation by culture in an anoxic
environment. | Immunol 1995;155:4391-4396.

Comreau CG, Ma J, DECamros KN, WaDpDELL TK, Brisseau GF,
SLuTskyY AS et al. In situ ischemia and hypoxia enhance alveolar
macrophage tissue factor expression. Am | Respir Cell Mol Biol
1994;11:446-455.

MeriLo G, TayrLor LS, Brooks A, Cox GW, Varesio L.
Regulation of inducible nitric oxide synthase expression in
IFN-gamma-treated murine macrophages cultured under
hypoxic conditions. | Immunol 1996;157:2638-2644.

ScanNeLL G, WaxmaN K, KamL GJ, IorL1 G, GATANAGA T,
Yamamoto R et al. Hypoxia induces a human macrophage cell
line to release tumor necrosis factor-alpha and its soluble
receptors in vitro. | Surg Res 1993;54:281-285.

WEest MA, L1 MH, SeatTer SC, Busrick MP. Pre-exposure to
hypoxia or septic stimuli differentially regulates endotoxin
release of tumor necrosis factor, interleukin-6, interleukin-1,
prostaglandin E2, nitric oxide, and superoxide by macrophages.
] Trauma 1994,37:82-90.

CampBeLL EJ, WALD MS. Hypoxic injury to human alveolar
macrophages accelerates release of previously bound neutro-
phil elastase: implications for lung connective tissue injury
including pulmonary emphysema. Am Rev Respir Dis 1983;
127:631-635.

ApoLrprH R, Vorr DA, STEED DL, WEBSTER MW, KAMENEVA MV,
WarTkins SC. Cellular content and permeability of intraluminal



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

Abdominal Aortic Aneurysm Rupture

thrombus in abdominal aortic aneurysm. | Vasc Surg 1997;5:916—
926.

FonTAINE V, JacoB MP, Houarp X, RossigNoL P,
PLissONNIER D, ANGLES-CaNoO E et al. Involvement of the
mural thrombus as a site of protease release and activation in
human aortic aneurysms. Am | Pathol 2002;161(5):1701-1710.
JEaN-CLAUDE J, NEwMmaN KM, L1 H, GRecory AK, TiLson MD.
Possible key role for plasmin in the pathogenesis of abdominal
aortic aneurysms. Surgery 1994;116:472-478.

FoNTAINE V, TouAT Z, MTAIRAG EL M, VRANCKX R, LOUEDEC L,
Houarbp X et al. Role of leukocyte elastase in preventing cellular
re-colonization of the mural thrombus. Am | Pathol 2004;
164(6):2077-2087.

Berse B, HuNT JA, D1eGEL R], MORGANELLI P, YEO K, BROWN F
et al. Hypoxia augments cytokine (transforming growth factor-
beta (TGF-beta) and IL-1)-induced vascular endothelial growth
factor secretion by human synovial fibroblasts. Clin Exp
Immunol 1999;115:176-182.

Durmowicz AG, Babesca DB, Parks WC, MecHAM RP,
STeENMARK KR. Hypoxia-induced inhibition of tropoelastin
synthesis by neonatal calf pulmonary artery smooth muscle
cells. Am | Respir Cell Mol Biol 1991,5:464-469.

HEerrick SE, IReanDpD GW, SimonNn D, McCorrum CN,
FERGUSON MW. Venous ulcer fibroblasts compared with normal
fibroblasts show differences in collagen but not fibronectin
production under both normal and hypoxic conditions. | Invest
Dermatol 1996;106:187-193.

Hunt TK, Par MP. The effect of varying ambient oxygen
tensions on wound metabolism and collagen synthesis. Surg
Guynecol Obstet 1972;135:561-567.

LevenE CI, KaPoor R, HEALE G. The effect of hypoxia on the
synthesis of collagen and glycosaminoglycans by cultured pig
aortic endothelium. Atherosclerosis 1982;44:327-337.

PieriLa K, Jaakkora O. Effect of hypoxia on the synthesis of
glycosaminoglycans and collagen by rabbit aortic smooth
muscle cells in culture. Atherosclerosis 1984;50:183-190.
STEINBRECH DS, LONGAKER MT, MEHRARA BJ, SAADEH PB,
CHIN GS, GERRETS RP et al. Fibroblast response to hypoxia: the
relationship between angiogenesis and matrix regulation. | Surg
Res 1999;84:127-133.

Urrto J, Prockor DJ. Synthesis and secretion of under
hydroxylated procollagen at various temperatures by cells
subject to temporary anoxia. Biochem Biophys Res Commun 1974;
60:414-423.

StaveNow L, BERG AL. Effects of hypoxia and other injurious
stimuli on collagen secretion and intracellular growth stimulat-
ing activity of bovine aortic smooth muscle cells in culture.
Artery 1987;14:198-208.

Kaz1r M, THYBERG J, RELIGA P, Roy J, Eriksson P, HEpIN U et al.
Influence of intraluminal thrombus on structural and cellular
composition of abdominal aortic aneurysm wall. | Vasc Surg
2003;38(6):1283-1292.

Kusuraasar T, MuNeEcHIKA H, MaTsur S, MoRriTANI T,
Horicar Y, HisHipa T. CT of abdominal aortic aneurysms:
aneurysmal size and thickness of intra-aneurysmal thrombus as
risk factors of rupture. Nippon Igaku Hoshasen Gakkai Zasshi 1991;
51:219-227.

PiLLarr G, CHANG JB, Zito ], CoHEN JR, GERSTEN K, Rizzo A
et al. Computed tomography of abdominal aortic aneurysm: an
in vivo pathological report with a note on dynamic predictors.
Arch Surg 1988;123:727-732.

JEFFREY J]. In: PARks WC, MEcHAM RP, eds. Matrix metallopro-
teinases. San Diego: Academic Press, 1998:15-42.

Hasty KA, PourmoTaBBED TF, GOLDBERG GI, THOMPSON ]P,
SPINELLA DG, STEVENS RM et al. Human neutrophil collagenase.
A distinct gene product with homology to other matrix
metalloproteinases. | Biol Chem 1990;265(20):11421-11424.
Lazarus GS, BRowN RS, DanieLs JR, FuLLmMmer HM. Human
granulocyte collagenase. Science 1968;159(822):1483-1485.

CoLE AA, CHUBINSKAYA S, ScCHUMACHER B, HucH K, SzaBo G,
Yao J et al. Chondrocyte matrix metalloproteinase-8. Human

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

243

articular chondrocytes express neutrophil collagenase. | Biol
Chem 1996;271(18):11023-11026.

HANEMAATJER R, Sorsa T, KONTTINEN YT, DING Y, SUTINEN M,
VisseR H et al. Matrix metalloproteinase-8 is expressed in
rheumatoid synovial fibroblasts and endothelial cells. Regu-
lation by tumor necrosis factor-alpha and doxycycline. | Biol
Chem 1997;272(50):31504-31509.

Mao D, Lk JK, VANVICKLE S], THoMPsON RW. Expression of
collagenase-3 (MMP-13) in human abdominal aortic aneurysms
and vascular smooth muscle cells in culture. Biochem Biophys Res
Commun 1999;261(3):904-910.

Hormes DR, Liao S, Parks WC, THomPsoN RW. Medial
neovascularization in abdominal aortic aneurysms: a histo-
pathologic marker of aneurysmal degeneration with pathophy-
siologic implications. | Vasc Surg 1995;21:761-772.

THompPsoN MM, Jones L, Nasim A, Sayers RD, BeLrL PR.
Angiogenesis in abdominal aortic aneurysms. Eur | Vasc
Endovasc Surg 1996;11(4):464—469.

KoBavasHt M, MATSUBARA ], MATsUSHITA M, NisHIKIMI N,
Sakxurar T, Nimura Y. Expression of angiogenesis and
angiogenic factors in human aortic vascular disease. | Surg Res
2002;106(2):239-245.

FoLkmaN ], KLaGsBRUN M. Angiogenic factors. Science 1987;
235(4787):442-447.

KragsBrRUN M, D’AMORE PA. Vascular endothelial growth
factor and its receptors. Cytokine Growth Factor Rev 1996;
7(3):259-270.

Unemor1 EN, FERRARA N, BAuer EA, AMENTO EP. Vascular
endothelial growth factor induces interstitial collagenase
expression in human endothelial cells. | Cell Physiol 1992;
153(3):557-562.

VarpuLaki KA, Prevost TC, WALkErR NM, Day NE,
WILMINK AB, Quick CR et al. Growth rates and risk of rupture
of abdominal aortic aneurysms. Br | Surg 1998;85(12):1674-1680.
SziLagyi DE, SmitH RE, DERusso H, ELLioTT JP, SHERRIN FW.
Contribution of abdominal aortic aneurysmectomy to pro-
longation of life. Ann Surg 1966;164:678-699.

TaomprsoN RW, HoLMmEs DR, MERTENS RA, L1a0 S, BoTNEY MD,
MEecHAM RP et al. Production and localization of 92-kilodalton
gelatinase in abdominal aortic aneurysms. | Clin Invest 1995;
96:318-326.

TAMARINA NA, McMiLraNn WD, SHivery VP, PEARCE WH.
Expression of matrix metalloproteinases and their inhibitors in
aneurysms and normal aorta. Surgery 1997;122:264-271.
ELMORE JR, Ke1sTER BF, FRANKLIN DP, YOUKEY JR, CAREY DJ.
Expression of matrix metalloproteinases and TIMPs in human
abdominal aortic aneurysms. Ann Vasc Surg 1998;12:221-228.
Sarto S, ZEmpo N, YamasHITA A, TAKENAKA H, Fujoka K,
Esato K. Matrix metalloproteinase expressions in arteriosclero-
tic aneurysmal disease. Vasc Endovasc Surg 2002;36:1-7.

Tung WS, LEE JK, THOMPsoN RW. Simultaneous analysis of 1176
gene products in normal human aorta and abdominal aortic
aneurysms using a membrane-based complementary DNA
expression array. | Vasc Surg 2001;34:143-150.

YamasHiTA A, NomA T, Nakazawa A, Sarro S, Fujioka K,
Zemro N et al. Enhanced expression of matrix metalloprotei-
nases-9 in abdominal aortic aneurysms. World | Surg 2001;
25:259-265.

SAKALTIHASAN N, DELVENNE P, NusGenNs BV, LIMET R,
Lariere CM. Activated forms of MMP2 and MMP9 in
abdominal aortic aneurysms. | Vasc Surg 1996;24:127-133.
Katsupa S, Okapa Y, Ima1 K, NakanisHI I. Matrix metallopro-
teinase-9 (92-kd gelatinase) can degrade arterial elastin. Am
J Pathol 1994;145:1208-1218.

Pyo R, LeE JK, SurrLey JM, Curci JA, Mao D, Z1poRriN SJ ef al.
Targeted gene disruption of matrix metalloproteinase-9 (gela-
tine B) suppresses development of experimental abdominal
aortic aneurysms. | Clin Invest 2000;105:1641-1649.

Davis V, Baca-ReGen L, Iton Y, Nacase H, PERSIDSKY Y,
GHORPADE A et al. Matrix metalloproteinase-2 production and

Eur J Vasc Endovasc Surg Vol 30, September 2005



244

177

178

179

180

181

182

183

184

185

E. Choke et al.

its binding to the matrix are increased in abdominal aortic
aneurysms. Arterioscler Thromb Vasc Biol 1998;18:1625-1633.
Gooparr S, CrowTHER M, Hemingway D, BerLrL P,
TroMPsoN M. Ubiquitous elevation of matrix metalloprotei-
nase-2 expression in the vasculature of patients with abdominal
aneurysms. Circulation 2001;104:304-309.

Lonco GM, Xionc W, GrReiNEr TC, Zuao Y, Frortr N,
BaxTer BT. Matrix metalloproteinases 2 and 9 work in concert
to produce aortic aneurysms. | Clin Invest 2002;110(5):625-632.
CROWTHER M, GooDALL S, JoNEs JL, BELL PR, THOMPsON MM.
Increased matrix metalloproteinase-2 expression in vascular
smooth muscle cells cultured from abdominal aortic aneurysms.
J Vasc Surg 2000;32:575-583.

Kwnox JB, Sukaova GK, WHITTEMORE AD, LiBBY P. Evidence for
altered imbalance between matrix metalloproteinases and their
inhibitors in human aortic diseases. Circulation 1997;5:205-212.
Curci JA, Liao S, HurrmaN MD, Suariro SD, THoMPsON RW.
Expression and localization of macrophage elastase (matrix
metalloproteinae-12) in abdominal aortic aneurysm. | Clin Invest
1998;102:1900-1910.

LuttuN A, LUTGENS E, MANDERVELD A, MARIs K, CoLLEN D,
CARMELIET Pet al. Loss of matrix metalloproteinase-9 or matrix
metalloproteinase-12 protects apolipoprotein E-deficient mice
against atherosclerotic media destruction but differentially
affects plaque growth. Circulation 2004;,109(11):1408-1414.
NoLLENDORFS A, GREINER TC, NAGAse H, Baxter BT. The
expression and localization of membrane type-1 matrix metal-
loproteinase in human abdominal aortic aneurysms. | Vasc Surg
2001;34(2):316-322.

CROWTHER M, GoOoDALL S, JoNEs JL, BELL PR, THOMPsON MM.
Localization of matrix metalloproteinase 2 within the aneur-
ysmal and normal aortic wall. Br | Surg 2000;87(10):1391-1400.

186

187

188

189

190

191

192

human atherosclerotic plaques: evidence for activation by
proinflammatory mediators. Circulation 1999;99:3103-3109.
IrizarRrRY E, NEwman KM, GanpHi RH, Nackman GB,
HALPERN V, WISHNER S et al. Demonstration of interstitial
collagenase in abdominal aortic aneurysm disease. | Surg Res
1993;54(6):571-574.

ANNABI B, SHEDID D, GHOSN P, KENIGSBERG RL, DESROSIERS RR,
Bojanowskt MW et al. Differential regulation of matrix
metalloproteinase activities in abdominal aortic aneurysms.
J Vasc Surg 2002;35(3):539-546.

RirkiN DB, MoscaTeLLI D, Bizik J, Quarto N, BLEr F, DENNis P
et al. Growth factor control of extracellular proteolysis. Cell Differ
Dev 1990;32:313-318.

Evans CH, GeorGescu HI, Lin CW, MENDELOW D, STeeD DL,
WEBSTER MW. Inducible synthesis of collagenase and other
neutral metalloproteinases by cells of aortic origin. | Surg Res
1991;51(5):399-404.

Herron GS, Unemori E, WonGe M, Rarp JH, Hises MH,
StoNEY R]. Connective tissue proteinases and inhibitors in
abdominal aortic aneurysms. Involvement of the vasa vasorum
in the pathogenesis of aortic aneurysms. Arterioscler Thromb
1991;11(6):1667-1677.

BusutTiL RW, ABou-Zamzam AM, MacHLEDER HI. Collagen-
ase activity of the human aorta. A comparison of patients with
and without abdominal aortic aneurysms. Arch Surg 1980;
115:1373-1378.

WEBSTER MW, McAuLEY CE, STEED DL, MILLER DD, Evans CH.
Collagen stability and collagenolytic activity in the normal and
aneurysmal human abdominal aorta. Am | Surg 1991,;161(6):635—
638.

RajavasHisTH TB, Xu XP, JovINGE S, MEISEL S, Xu XO, CHATI NN
et al. Membrane type 1 matrix metalloproteinase expression in

Accepted 16 March 2005
Awailable online 11 May 2005

Eur ] Vasc Endovasc Surg Vol 30, September 2005



	A Review of Biological Factors Implicated in Abdominal Aortic Aneurysm Rupture
	Introduction
	Patient Variables Implicated in Aneurysm Rupture
	Diameter
	Expansion rates
	Other risk factors for aneurysm rupture

	Biomechanical Factors in Aneurysm Rupture
	Limitations of Biomechanical Approach
	Paradigm Shift in Concepts of AAA Rupture
	Role of Enzymes in the Pathophysiology of AAA
	Role of Enzymes in AAA Rupture
	Protein content of the aortic wall
	Experimental studies
	Clinical evidence

	Role of Inflammation and Immune Response in AAA Rupture
	Role of Intraluminal Thrombus in AAA Rupture
	Future Work
	Collagenases
	Angiogenesis

	Conclusions
	References


