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Foreword

The editors—Benjamin Starnes, Manish Mehta, and Frank Veith—are to be con-
gratulated on their contemporary manual on the management of ruptured abdominal
aortic aneurysms. This brand-new textbook is the first of its kind to address rupture
exclusively, and the result is a truly exceptional educational reference for aortic
surgeons.

Rupture remains a life-threatening complication of aortic disease. Aortic rupture
may occur in a previously unrepaired section from a de novo aneurysm or as a late
complication of prior repair in patients who are known to have aortic disease and are
participating in a surveillance protocol to monitor aortic dimensions. In patients
with undiagnosed aortic disease, aortic rupture is an unexpected complication—
delay related to the inability to establish diagnosis or for other reasons further
increases the risk of death. In consideration of the challenge that repair poses in
patients who present with aortic rupture, the editors of this manual have presented a
thorough review of operative strategies for the treatment of rupture, including the
entire range of open and endovascular approaches and the use of protective tech-
niques such as hypotensive hemostasis. Additionally, the editors have tackled the
equally critical aspects of clinical presentation and diagnostics, which are necessary
for reducing the misdiagnosis of ruptured abdominal aortic aneurysms.

I began my surgical career under the tutelage of the late E.S. Crawford at a time in
which rupture of an aortic aneurysm portended devastating consequences. Today,
despite the advent of itemized improvements in operative techniques and the use of
surgical adjuncts, mortality rates associated with acute rupture of the abdominal aorta
remain high. Collaborative efforts such as this text are critical if we wish to reduce
these rates, and the editors’ and authors’ devotion to this goal is made evident by their
inclusion of several chapters dedicated to tackling postoperative complications after
rupture, postoperative ICU management, and improved quality of life. The manual’s
focus on rupture is additionally beneficial because bringing more attention to this life-
threatening condition may improve patient adherence to surveillance imaging proto-
cols, thereby reducing the risk of rupture in future patient populations.

In conclusion, this manual provides a comprehensive overview of the clinical
presentation and management of rupture, providing aortic surgeons a convenient



vi Foreword

resource to consult. Drs. Starnes, Mehta, and Veith are to be applauded for their
efforts in compiling this exhaustive body of work. This guide represents a substan-
tial step forward in our collective understanding of ruptured abdominal aortic
aneurysms.

Joseph S. Coselli, MD

Cullen Foundation Endowed Chair

Chief, Division of Cardiothoracic Surgery
Michael E. DeBakey Department of Surgery
Baylor College of Medicine

Chief, Adult Cardiac Surgery

Texas Heart Institute
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Chapter 1
Historical Perspective on the Treatment
of Ruptured Abdominal Aortic Aneurysms

Frank J. Veith

When an abdominal aortic aneurysm (AAA) ruptures and is not repaired or excluded
from the circulation, the patient almost always dies — although the time course of his
or her demise may vary considerably. Because of the lethal nature of ruptured
AAAs, surgeons have attempted to repair them as soon as the diagnosis of rupture
is made or even suspected. The first successful open surgical repairs of a ruptured
RAAA were reported in 1954 using transperitoneal approaches [1-3]. These early
reports by pioneering giants in the field make for fascinating reading.

Thereafter open surgical repair was widely accepted as the treatment of choice
for this lethal condition [4]. However, intraoperative and postoperative mortality
remained high, in the 55-41 % range, even in the hands of experienced vascular
surgeons [5]. The reasons for this were many. Patients with ruptured AAAs were
often profoundly hypotensive by the time the diagnosis of rupture was made. Often
this delay was exacerbated by the tendency of ruptured abdominal aneurysms to
masquerade as other diagnoses, particularly a ureteral stone, diverticulitis, myocar-
dial infarction, or other conditions causing acute abdominal or back pain [6, 7]. In
addition, patients with ruptured aneurysms are usually elderly with many comor-
bidities that can complicate a major intra- or retroperitoneal procedure in an already
hypovolemic patient. The possibility of major organ or other vascular injuries, espe-
cially of large adjacent veins, during a hasty open repair in a surgical field obscured
by hemorrhage further adds to the excessive risk of morbidity and mortality from
open repair of ruptured AAAs. These risks are further enhanced by the chances that
these emergent procedures must often be undertaken by surgeons less experienced
in major vascular procedures and by the frequent development of hypothermia in
this setting. For all these reasons, the mortality of open repair of ruptured AAAs has

FEJ. Veith, MD
New York University — Langone Medical Center, New York, NY, USA

Cleveland Clinic, Cleveland, OH, USA
e-mail: fjvmd@msn.com

© Springer International Publishing Switzerland 2017 1
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DOI 10.1007/978-3-319-23844-9 1
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Fig. 1.1 A surgeon-made aortic stent
graft consisting of a large Palmaz stent
which was sutured to a tulip-shaped
PTFE graft. The superior proximal half of
the stent was bare and the inferior distal
half was covered with the graft. Grafts
like this aorto-uni-femoral (AUF) graft
were used to treat many ruptured AAAs
in our early experience

remained high despite strategic and technical attempts to improve outcomes with
earlier operation, supraceliac aortic clamping, minimizing dissection by working
within the opened AAA sac as soon as proximal aortic control was obtained [4-8].

The introduction of endovascular aneurysm repair or EVAR in 1991 [9] pre-
sented an opportunity to overcome many of these problems by using an intraluminal
approach to excluding the ruptured AAA by introducing an endograft from a remote
site in the femoral artery and guiding it into position fluoroscopically using local or
much lighter anesthesia than that required by an intra-abdominal procedure.
However, the feasibility of using EVAR to treat ruptured AAAs was limited by the
emergent nature of these procedures and the fact that time would be required to
make the measurements and obtain the grafts that would be required.

Our group was fortunate to have an available surgeon-made endovascular graft
consisting of a large proximal balloon expandable Palmaz stent sutured to a tulip-
shaped PTFE graft which could be prepared, sterilized, and stocked in the operating
room (Fig. 1.1) [10]. This aorto-uni-femoral (AUF) graft could be used to treat
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Fig. 1.2 This shows diagrammatically
how this stent graft was positioned just
below the renal arteries and extending to
the ipsilateral (right) common femoral
artery where an endovascular anastomosis
was performed. The procedure was
completed by placing an occluder in the
contralateral (left) common iliac artery
and performing a femoro-femoral
(fem-fem) bypass. If an ipsilateral
common iliac aneurysm was present, the AUF
hypogastric artery was occluded by Stent Graft
placement of coils

Fem-Fem Bypass

)

AAAs with proximal necks from 20 to 27 mm because the balloon on which the
graft was mounted was partly distensible. Moreover the graft’s excessive length
could be trimmed to just end within the femoral artery at the device’s insertion site
so an endovascular graft-to-host artery anastomosis could be performed. The AAA
exclusion was then completed by insertion of an occluder in the contralateral com-
mon iliac artery and performance of a femoro-femoral crossover graft (Fig. 1.2).
Subsequently as modular aortic stent grafts became available for use in EVAR and
stocks of components could be kept in the operating room for use in emergency
situations like ruptured AAAs, these grafts were used preferentially by our and
other groups.

Because we had this graft available for emergent use, we were able to perform
the first EVAR for a ruptured AAA on April 21, 1994, on a patient who was hypo-
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tensive and categorically unsuitable for an open repair for anatomical and systemic
reasons [10]. The rupture was sealed and the patient survived for more than 3 years
after which he died from his medical comorbidities. Another ruptured AAA patient,
successfully treated by EVAR at a later date than our patient, was reported in 1994
by Yusuf, Hopkinson, and their colleagues [11].

Thereafter in 1994 and 1995, we performed EVAR treatment on 11 other rup-
tured AAA patients who were prohibitive risks for an open repair. The leaking AAA
was excluded in all 12 patients, and ten survived over 2 months despite serious
comorbidities. This prompted us to hypothesize that EVAR would be the preferen-
tial treatment for all ruptured AAA patients with suitable anatomy [12, 13]. This
hypothesis was also supported by the intuitive superiority of EVAR over open repair.
EVAR would minimize dissection and the need for deep anesthesia; it would also
reduce blood loss and avoid hypothermia, coagulopathy, and large vein injury. On
the other hand, EVAR would require special equipment and skills and had the poten-
tial to delay aortic control and repair of the AAA. However, it turned out that this
latter potential problem could be offset in most (~75 %) cases by strictly restricting
fluid resuscitation and inducing the patient’s arterial blood pressure to fall (hypoten-
sive hemostasis) until endograft exclusion of the rupture site was obtained [7, 12—
15]. Adequate circulation for short periods was deemed acceptable if the patient was
moving and talking even if he or she was profoundly hypotensive. In addition, when
hypotensive hemostasis failed and circulatory collapse occurred (arterial pressure
<50 mm Hg), supraceliac aortic control could be achieved with appropriate rapid
placement, over a previously placed guidewire, of a large hemostatic sheath and a
large compliant balloon. The technique of balloon placement and use is complex,
but is well described in a recent article [16] and in other chapters in this text.

Between 1994 and 2009, our group treated 57 consecutive patients with ruptured
AAAs using EVAR whenever the anatomy was suitable even if the patient was in
profound shock [14]. The determination of anatomic suitability was often made on
the basis of an intraoperative catheter arteriogram if the patient was unstable or
severely hypotensive, but was sometimes made on the basis of a contrast computer-
ized tomographic scan if one could be obtained rapidly. EVAR was performed on 45
of the 57 patients, while open repair was required in 12 patients. Only seven of these
57 patients died within 30 days of their procedure, giving a surprisingly low
periprocedural mortality of 12 %. Only 13 or 23 % of these 57 patients required bal-
loon aortic control for circulatory collapse, and several required open abdomen
treatment for abdominal compartment syndrome [14, 15].

We concluded from this and other similar collected experience from 12 other
centers which also performed EVAR to treat ruptured AAAs, whenever it was fea-
sible, that EVAR was a better way to treat these patients than open repair. This
conclusion was based on superior 30-day mortality rates from these 13 preferential
EVAR centers of 19.7 % after EVAR and 36.3 % after open repair. This conclusion
was reinforced by the ~12 % of ruptured AAA patients who were prohibitive risks
for open repair but who could be treated successfully by EVAR [14].

However, there were several groups who disagreed with this conclusion mostly
on the basis of single-center or registry controlled trials showing no mortality ben-
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efit from EVAR compared to open repair for ruptured AAA treatment. These groups
believed that the good results reported for EVAR were based on case selection rather
than EVAR superiority, while we believed that the good EVAR results were based
on the strategies, techniques, and adjuncts for performing EVAR [14, 15].

Nevertheless it is fair to say that EVAR remains controversial in this setting, and
randomized controlled trials (RCTs) have been demanded by many. Three such
RCTs have recently been completed and their results published [17—-19]. All three
of these RCTs concluded that there was no mortality benefit from EVAR when
compared to open repair for ruptured AAAs. As discussed in Chapter XX and a
recent article [20], it is our belief that all three of these trials were flawed in various
ways and that these RCTs were either inconclusive or reached a conclusion that was
misleading.

Two other recent studies support the superiority of EVAR for ruptured AAA
treatment. In one study from two institutions, one in Zurich Switzerland and one
in Orebro Sweden, of 70 ruptured AAAs seen in a 2-year period, only three
patients were turned down for reparative treatment, and all the rest were treated by
EVAR - although 24 % required a chimney graft or other adjunct. The 30-day
mortality for these 70 patients was only 24 % [21]. In the other study, surgeon-
modified fenestrated grafts were used to treat RAAAs on an emergent basis with
excellent results [22].

It therefore appears likely that EVAR will gain increasing acceptance for the
treatment of ruptured AAAs. In addition, as skills, equipment and technology
improve. It is also likely that an increasing proportion of ruptured AAAs will be
amenable to endovascular treatment. Improved patient outcomes will be the likely
result.
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Chapter 2
Background Scope of the Problem

Nam T. Tran

Aneurysm of the abdominal aorta is very often diagnosed when not
present, and when present, the symptoms may be so obscure that
the nature of the trouble is overlooked.

Sir William Osler, 1905

Abdominal aortic aneurysm (AAA) is a commonly found disease affecting
approximately 7-9 % of the population over the age of 65 years with higher preva-
lence in those that are smokers [1]. It is a lethal disease with those presenting with
ruptured AAAs having an overall mortality of over 90 %. Annually, ruptured AAA
accounts for approximately 15,000 deaths in the United States, and it is the 15th
leading cause of death. Unfortunately, the first clinical presentation of an AAA is
when it ruptured [2]. The classic triad of abdominal pain, pulsatile abdominal mass,
and hypotension is presented in only 25-50 % of patients, and many patients with
ruptured AAA are misdiagnosed [3, 4]. In recent years, endovascular therapy has
advanced and is now the first-line treatment of ruptured AAA. Endovascular aneu-
rysm repair for ruptured AAA has led to reduce mortality with centers of excellence
reporting 30-day mortality as low as 25 % with an endovascular first approach and
formalized treatment protocols [5, 6]. As such, the rapid recognition and diagnose
of a ruptured AAA is critical so that the patient can be appropriately triaged and
offered definitive lifesaving therapy.

Epidemiology

Overall, the incidence of AAA has been increasing in the last two decades, likely
secondary to improvement in diagnostic imaging, the aging population, better
screening program, and the number of male smokers [7]. The Aneurysm Detection
and Management (ADAM) Trial examined a defined demographics classified as
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“high risk,” namely, those adult male patients over the age of 65 years at various
VA medical centers across the United States. In this study, the overall prevalence
of those with aortic diameter of 3.0 cm or more was 4.6 % with AAAs greater than
4.0 cm detected in 1.4% of study subject. Furthermore, smoking was most
strongly associated with large AAAs with odd ratio of 5.57. In particular, 78 % of
those AAAs that are 4.0 cm or larger were associated with smoking. On the other
hand, female sex, diabetes, and African Americans were negatively associated
with AAA [1].

As stated, ruptured AAA was the 15th leading cause of death accounting for
approximately 15,000 deaths annually in the United States [8]. Most recently,
advances in surgical management, namely, endovascular ruptured AAA repair, have
reduced this mortality to just under 10,000 deaths per year in 2013 [9]. Ruptured
AAA patients have the highest chance of survival if prompt treatment is delivered
by a specialized team with high caseload of AAA surgery [10-12]. Consequently, if
a patient with a ruptured AAA is not diagnosed promptly at the initial clinical
encounter, appropriate triage and transfer to centers of excellence can be delayed
and can adversely affect clinical outcome thus resulting in higher mortality. Moving
forward, surgical mortality of ruptured AAA can be lowered further with central-
ized care at regional vascular centers where higher volume has been shown to
improve overall survival [13].

Clearly, the rapid diagnose of a patient who presents with a ruptured AAA is
critical to ensure access to the best possible surgical care. Screening guidelines
proposed in 2005 by the US Preventive Services Task Force have not lead to signifi-
cant reduction in annual incidence of ruptured AAA [14]. Even with advances in
medical imaging, the rate of misdiagnosis of a ruptured AAA has been reported as
high as 42 %. The classic triad of ruptured AAA of abdominal pain, hypotension,
and pulsatile abdominal mass is usually present in only 42-61 % of cases. Rate of
misdiagnosis is as equally high. There is no “typical” presenting symptom that the
clinician can count on when it comes to the presentation of ruptured AAA. A recent
meta-analysis of over 700 patients showed that other commonly presenting symp-
toms consist of back/flank pain, syncope, and nausea or vomiting [15] (Fig. 2.1).
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Thus, accurate and timely diagnosis can be elusive and the initial diagnosis of
these patients varied greatly. In a pooled series of over 900 patients with ruptured
AAA, the initial diagnosis was listed as renal colic in 6 %, myocardial infarction in
6 %, colonic inflammation in 3 %, gastrointestinal pathologies such as perforation/
obstruction in 3 %, and unknown diagnosis in 12 % [4].

Clinical Presentations and Sites of Ruptured AAA

In order to better understand and diagnose ruptured AAA, one needs to understand
the pathophysiology of ruptured AAA, specifically the sites of ruptured. Commonly,
the AAA will rupture and bleed into either the retroperitoneal space posteriorly or
into the peritoneal cavity anteriorly. In rare instances, the AAA can erode or rupture
into adjacent structures such as abdominal veins (inferior vena cava or left renal) or
gastrointestinal track such as the duodenum. These different scenarios offer distinct
clinical presentations that a clinician must astutely recognize in order to rapidly
arrive at the correct initial diagnosis of a ruptured AAA.

Anterior Intraperitoneal Rupture

It is estimated that an AAA will ruptured freely anteriorly into the intraperitoneal
cavity in about 20 % of cases. Usually, this will manifest as sudden severe abdomi-
nal or back pain with cardiovascular collapse. Often, the clinical picture is that of a
patient found down with hypotension and a distended abdomen. Intraperitoneal rup-
ture will result in rapid exsanguination into the peritoneal cavity as it is a large space
without the potential of localized tamponade. In the majority of cases, the patient
expired prior to reaching medical care [3]. For those that are fortunate enough to
reach medical care, rapid and effective aortic control is the patient’s only chance of
survival. The use of aortic occlusion balloon has shown great promises as a method
of aortic control, even in the emergency department resuscitation bay so that the
patient can undergo definitive surgical treatment [16].

Posterior Retroperitoneal Rupture

In the remaining 80 % of cases, the ruptured AAA is directed toward the retroperi-
toneal space, usually in the lateral posterior direction. In this classic presentation,
the patient often experienced transient hypotension due to bleeding into the retro-
peritoneal space. Subsequent to the initial bleed, the localized effect of the retroperi-
toneal hematoma will temporarily tamponade and halt the hemorrhage. Typically,
back/flank pain, transient hypotension, and syncope are the presenting symptoms.
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In the thin patient, the clinician can often palpate a pulsatile abdominal mass. The
presence of blood in the retroperitoneal space can also lead to other uncommon
clinical presentations such as groin pain, testicular pain, testicular or flank ecchy-
mosis, iliofemoral DVT, or nephrolithiasis [3].

Chronic Contained Rupture AAA

Despite the acute nature of ruptured AAA often leading to death within hours of
presentation, a small subset of patients (4 %) can present with a chronic contained
ruptured AAA. These patients typically have chronic back pain with radiation to the
groin region. Other reporting symptoms can include lower limb weakness/neuropa-
thy, lumbar vertebral erosion, and even obstructive jaundice [17]. In these patients,
a high level of vigilance is required to make the correct diagnosis and offer the
patient the appropriate surgical therapy.

Aortocaval Fistula

In rare instances, the abdominal aorta can erode/rupture into the inferior vena cava
with overall prevalence reported as 3—6 % of all ruptured aneurysms [18]. Clinically,
the patient can present with the classic triad of abdominal pain, hypotension, and
pulsatile abdominal mass with the addition of an abdominal bruit. These symptoms
can be presented from as low as 17 % to as high as 90 % of patients based on the
reported clinical series [18-20]. Other presenting symptoms can include high-
output heart failure, angina, oliguria, fever, hematuria, and diminished lower limb
pulses. Usually, the diagnosis is made at the time of surgery. If suspected, a contrast-
enhanced CT scan is the imaging modality of choice. Loss of fat plane, effacement
of the IVC, and direct contrast flow into the cava are typical findings. Endovascular
repair is preferred over open surgical as open aneurysm repair can result in massive
blood loss from the cava upon entering the aneurysm sac [20].

Aorto-left Renal Vein and Aortoduodenal Fistulae

Rare cases of aorta to the left renal vein and aorta to the duodenal erosion/rupture
have been reported in the literature [7]. In the case of erosion into the left renal vein,
hydronephrosis, hematuria, and previous history of aortic surgery should alert the
clinician to the diagnosis. Erosion into the bowel usually occurs in those individuals
with prior aortic replacement surgery rather than as the initial presentation of a rup-
tured AAA. In the case of an aortoduodenal fistula, the patient will often present
with a “herald bleed” of either upper or lower GI in nature. The presence of GI
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bleeding in any individual with a history of prior aortic surgery should prompt the
clinician to rapidly workup the patient with an abdominal CT scan looking for
obliteration of the fat plane between the aorta and the third portion of the duodenum.
Upper GI endoscopy can also be helpful as it is specific but not sensitive.
A high index of suspicion and prompt surgical intervention are critical to salvage
these patients.

Diagnostic Tests

Traditionally, abdominal palpation during a physical examination was touted as an
important diagnostic test to detect AAA. However, many factors can affect the sen-
sitivity, specificity, and overall accuracy of AAA detection by physical exam. In a
study where internists were solely tasked with using the physical abdominal exam
to detect AAA, overall sensitivity was 68 % and increased, as the diameter of the
AAA gets larger with 82 % sensitivity for AAAs of 5.0 cm or larger. Abdominal
girth has an important contribution to the accuracy rate of AAA detection with sen-
sitivity of over 90 % in those having abdominal girths of < 100 cm versus sensitivity
of just 53 % for those with abdominal girths of>100 cm [21]. With increasing obe-
sity rate in the United States, the use of abdominal palpation for the detection of
AAA should not be relied upon to diagnose the presence or absence of AAA in
patients presenting to the emergency department.

As mentioned, a high index of suspicion for ruptured AAA is required especially
for those who fit the demographics of an elderly male over the age of 65 years,
smokers, and with a history of hypertension. If a patient presents with any of the
previously mentioned symptoms, the clinician should be aggressive in ruling out a
ruptured AAA before pursuing other less acute differential diagnoses. The most
expedient and sensitive diagnostic study that a clinician should order is a contrast-
enhanced CT scan of the abdomen. Traditionally, ultrasound was suggested as the
initial screening imaging study. While it can detect the present of an AAA, ultra-
sound likely will not be able to visualize a rupture or the retroperitoneal hematoma
[22]. In cases of renal insufficiency, a non-contrast CT is sufficient to make the
diagnosis and can be used as preliminary planning for endovascular repair. With the
median interval between admission and death of over 10 h, one has ample times to
stabilize the patient and obtained a CT scan [23].

Conclusions

A ruptured AAA can be a lethal event and often is the first clinical sign of an
abdominal aneurysm in an elderly patient. The classic “triad” of symptoms can be
misleading and often not present in a patient with a ruptured AAA. High vigilance,
awareness of the risk factors associated with AAA, and rapid recognition of
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possible clinical signs are critical to ensure that the clinician can make the correct
initial diagnosis of ruptured AAA. With timely diagnosis, the patient with this
potentially lethal disease can receive the appropriate surgical treatment and likely
will survive, especially in the era endovascular first approach to ruptured AAA
management.
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Chapter 3
The Epidemiology of Ruptured Abdominal
Aortic Aneurysm (rAAA)

Peter A. Soden and Marc L. Schermerhorn

Key Points

There is a decreasing incidence of mortality attributed to rAAA, but it is
still a highly lethal condition.

It is important to report turndown rates for rAAA, which vary by country,
in future analyses. As rEVAR utilization increases, there is already evi-
dence that turndown rates are decreasing.

Use of EVAR for rAAA has lagged behind elective AAA repair, but popu-
larity is growing and perioperative mortality from rAAA is decreasing as a
result.

Broad use of EVAR has increased elective repair in the older population,
which correlates with a consistent downward trend in rAAA incidence and
mortality.

Pre-hospital mortality from rAAA is hard to estimate given the low clinical
autopsy rates in current times.

Risk factors for rupture of AAA with strong evidence include female gen-
der, current smoking, aneurysm diameter, rapid aneurysm expansion, high
aortic wall stress, symptom status, mycotic aneurysm, and high blood
pressure.

Females have a lower prevalence of AAA but are four times more likely to
rupture, and current screening guidelines don’t account for this increased
risk in females.
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Introduction

Ruptured abdominal aortic aneurysm (rAAA) has a high mortality both in the field
and for those who arrive at the hospital [1-3]. It has been difficult to estimate the
exact incidence of this highly lethal condition because of problems estimating pre-
hospital mortality as a result of low autopsy rates. The studies that address total
incidence of rAAA, through high autopsy rates, are outdated and located in isolated
geographic areas making it difficult to generalize their results. Furthermore, as will
be discussed in this chapter, there have been dramatic changes over time and by
geographic region, in the in-hospital incidence and reported mortality for rAAA,
further compounding this problem with generalizability [1, 4, 5]. Management of
AAA disease has also evolved over this time, with the disruptive technology of
endovascular abdominal aortic aneurysm repair (EVAR) also potentially changing
the perioperative mortality and number receiving intervention for rAAA [4-8].
Before the introduction of EVAR, open surgery was the only option for operative
management of rAAA, with minimal improvement in survival over decades [9—11].
Since wide acceptance of EVAR for both intact and increasing rAAA, there have
been significant improvements in mortality from rAAA (Fig. 3.1). There has also
been a decline in the incidence of rAAA, as judged from hospital admission statis-
tics [4]. Increased detection of incidental AAAs secondary to imaging; increased

Age Adjusted Rate of Mortality from rAAA by Year
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Fig. 3.1 Age-adjusted rate of mortality from rAAA by year in the US population over 44 years old
(From Centers for Disease Control and Prevention, National Center for Health Statistics:
Compressed Mortality File 1999-2013. CDC WONDER Online Database, compiled from
Compressed Mortality File 1999-2013 Series 20 No. 2S, 2014, as compiled from data provided by
the 57 vital statistics jurisdictions through the Vital Statistics Cooperative Program. Accessed at
http://wonder.cdc.gov/cmf-icd10.html on May 29, 2015 12:44:04 PM)
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elective repair, especially in high-rupture risk patients such as the elderly; lower
perioperative mortality; and decreasing overall incidence of AAA have all likely led
to the reduction in incidence and mortality of rAAA.

History

The first reported operation for ruptured abdominal aneurysm repair was in 1817
by Astley Cooper, who ligated the aortic bifurcation in a 38-year-old man for a
ruptured left external iliac artery [12]. However, the first successful aortic ligation
for ruptured aneurysm did not occur until 1928, when Rudolph Matas ligated a
ruptured syphilitic aortic aneurysm in a 28-year-old [13]. Definitive surgical recon-
struction did not come about until 1951, when Charles Dubost performed the first
successful homograft reconstruction of the aorta [14]. By 1954 Cooley and
DeBakey had treated six patients with a 50 % survival, and soon after open repair
was widely accepted as a viable option for AAA [15]. During this same time,
Arthur Voorhees developed and used the first synthetic aortic graft, using Vinyon-N
cloth, on arAAA in 1952 and by 1954 had reported on 17 synthetic implants in the
abdominal aorta [16].

The first use of EVAR was reported in 1991 by Juan Parodi, in Argentina [17].
The first case of EVAR use for rAAA was reported in Nottingham, England, in
1994, 4 years after Parodi described its use in elective aneurysm repair [18].
However, it was not until 2000 that a code was developed for the procedure in the
International Classification of Diseases, 9th Revision, Clinical Modification (ICD-
9-CM) after FDA approval in the USA in 1999.

Incidence of rAAA

Many rAAA patients die before reaching the hospital, and since autopsies are no
longer commonly performed routinely, the more recent estimates of rAAA inci-
dence are likely underestimating the true incidence. Keeping this in mind, from the
1950s to early 2000s, multiple studies reported an increasing incidence of rAAA. In
a Swedish population followed from 1952 to 1988, the incidence of rAAA rose
from 0.9 to 6.9 per 100,000 persons [19]. Initially, some did not believe this trend
as another study from Malmo, Sweden, reported a steady rate of incidence for
rAAA at 5.6 per 100,000 persons [20]. This study had an impressive 85 % autopsy
rate; however, it was also over a shorter time period, from 1971 to 1986, which was
likely the reason for the lack of change. Later, this same population from Malmo
was compared with the data from 2000 to 2004 [21]. Migration to and from the
region was accounted for, and this time an increased rate of rAAA incidence was
found, of 10.6 per 100,000 (Fig. 3.2). The later period in this study only had a 25 %
autopsy rate, and so the more contemporary estimate may even be low. Other
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studies have supported such an increase in incidence of rAAA over the same time
period [22, 23].

However, this increasing trend has not persisted, and, in fact, there has been a
distinct decrease in the incidence of rAAA over the past one to two decades if one
uses mortality rates as a surrogate for incidence, see Fig. 3.1, which is reasonable
given that mortality from rAAA has been reported to be as high as 80-90% [1]. In
2013 the mortality rate of rAAA in the US population over 44 years old was 2.5 per
100,000 and in the Medicare-eligible population was 5.2 per 100,000, both down
from prior years [24]. Additional studies found similar trends. For example, our
group using Medicare data in the USA reported a decrease from 33.4 to 16.8 per
100,000 persons presenting with a diagnosis of rAAA, from 1995 to 2008 (Fig. 3.3)
[4]. A second study in the USA, again using Medicare data, supported this same
downtrend in hospital admissions for rAAA [25]. Australia had similar trends, as
did England, Scotland, and Wales over the same time period (Fig. 3.4) [5, 22]. In
England, Scotland, and Wales, the rate of hospital admissions for ruptured AAA
over this time period decreased from 18.6 to 13.5 per 100,000; this downward trend
was seen across all age groups but was greatest in those under 75 years old.

Incidence of rAAA in the Context of AAA

This decline in TAAA incidence caused much debate and is now thought to be a
result of multiple factors. In discussing the trend for rAAA, it is useful to talk about
the similar trends seen in AAA disease overall. Historically, there was an increase
in AAA incidence similar to that for rAAA [26]. In a countrywide analysis of all
admissions in Denmark, from 1977 to 1990, a fourfold increase in diagnosis of
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Fig. 3.4 Age-standardized mortality from AAA in England, Wales, and Scotland 1979-2009
(Anjum and Powell [22])

AAA was found [27]. Scotland showed similar results with a large administrative
study showing a threefold increase in hospital admission for AAA, both elective and
emergent, from 1981 to 2000, with no change in their elective repair rate of approxi-
mately 80% [28]. This same finding was seen in the USA, where from 1951 to
1980, there was a sevenfold increase in AAA diagnosis in a Minnesota population
studied [29]. Multiple reasons for this have been cited, including increased inci-
dence, likely related to smoking trends, increased survival of high-risk populations,
increased utilization of advanced imaging, and changing diagnostic criteria, but no
one reason has been widely accepted. It is logical that the incidence of rAAA should
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follow that of AAA, unless dramatic changes in screening occurred over the same
time interval. Increasing the number of elective operations for AAA as a prophylac-
tic measure against rupture can also be another confounder to such an assumption.
AAA and rAAA are now both decreasing in the twenty-first century [30, 31].
Reduction in risk factors, especially smoking, is likely a major reason for both
decreases in AAA prevalence and subsequent rAAA incidence, but as important for
rAAA is the increasing elective repair of high-risk patients with the wide accep-
tance of EVAR, to be discussed further below. This downward trend has been seen
in much of the developed world. The data are so consistent that most accept the
decrease in hospital admissions and mortality reported for rAAA as acceptable
measures of a decrease in overall rupture rates of AAA, even without autopsy stud-
ies to confirm that the pre-hospital mortality rate is also declining or at least staying
the same.

A Note on Pre-hospital Incidence of rAAA

In order to accurately measure pre-hospital rates of TAAA, it is necessary to have
autopsy studies, but few areas have the systems set up to study such events retro-
spectively. There has been a dramatic decline in the rate of clinical autopsy, making
replication of more complete historical studies difficult [32]. Population-based stud-
ies have attempted to develop surrogates for the clinical autopsy, but these efforts
have not been satisfactory in giving an accurate incidence rate of pre-hospital
rAAA. This leaves us with only historical data when trying to determine incidence
of current pre-hospital rAAA rates. Such a dependence on outdated estimates is
problematic, given the changing prevalence of AAA and incidence of rAAA that
present to the hospital. Nevertheless, it is still important to understand the findings
of these studies. Caution should be used when comparing studies that report on
trends of incidence or total mortality for rAAA as the definition for what is included
in these measures may differ.

rAAA Repair in the Era of EVAR

After introduction of EVAR, multiple RCTs showed an early morbidity and mortal-
ity benefit with EVAR in elective repair, leading to the wide-scale acceptance of
EVAR in this setting. This benefit did not persist over the long term, where open
repair and EVAR were shown to be more equivalent [33—35]. Nonetheless, EVAR is
now performed for a majority of elective AAA cases in the USA [36]. EVAR for
rAAA (rEVAR) was slower to gain acceptance, as there were concerns over the abil-
ity to expedite repair, the need for imaging, the comfort level with the technology,
and the incomplete data on its efficacy in the emergent setting. There was interest,
however, and by 2006-2007 a number of large retrospective studies looking at the
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use of rTEVAR emerged. Our study, using the National Inpatient Sample from 1993
to 2005, showed a decrease in the diagnosis of rAAA by 30 % and reported a stable
intervention rate for rAAA presenting to the hospital of 65 %, using either open
repair or rEVAR, and notably found that by 2005 17 % of rAAA repairs were done
by rEVAR [36]. These findings were further supported by our Medicare study from
1995 to 2008, which showed that 31 % of rAAA repairs in this population were by
EVAR in 2008 [4]. During this same time period, the incidence of rAAA presenting
to the hospital was decreasing as elective repair in the older population was increas-
ing. Increasing use of rEVAR was bolstered by the mortality benefit shown in early
prospective feasibility studies that employed protocols to encourage a rEVAR first
approach when feasible in the management of rAAA, from both Albany Medical
Center and the University of Washington [37, 38].

In Europe there was also acceptance of EVAR for rAAA, with certain centers
adopting an EVAR-whenever-possible strategy [39]. However, wide variation per-
sisted across European centers and between countries in the utilization of rEVAR. A
comparative study using national administrative datasets from 2005 to 2010 found
utilization of rEVAR in the USA to be 21 % compared to only 9 % in England [40].

Variation is also evident in the proportion of rAAA repairs out of total aneu-
rysm repairs across countries, as Mani et al. demonstrated from 2005 to 2009,
where the percent of rAAA repairs to total AAA repairs ranged from 9.8 to 30.9 %
across Australia and eight European countries [41]. This difference could partially
be explained by screening practices and criteria for elective AAA repair but could
also be influenced by the difference in populations and presence of risk factors for
rupture within these populations. As a comparison, the proportion of rAAA repairs
compared to total repairs in the Medicare population in the USA ranged from 8 to
9 % from 2005 to 2008 [4]. Such variation highlights the need for caution when
generalizing incidence numbers from a distinct geographic region to other
populations.

Retrospective and prospective studies have shown that rEVAR is associated with
lower mortality and perioperative morbidity compared to open repair [8, 36, 37, 39,
40, 42, 43]. However, the RCTs have not shown this difference; whether that is from
problems with implementing an RCT in this acute population or a selection bias that
confounds the nonrandomized studies is not clear at this point [44—46]. In addition,
centers within these RCTs likely have a benefit in their open rAAA repairs as well,
due to the systems put in place to triage such patients for purposes of the RCT.

The Incidence of Rupture After Prior Repair

A multicenter prospective registry analysis in the USA studied rupture after AAA
repair by EVAR and found 20 out of 1736 EVARs (1.2 %) presented after initial
EVAR with rupture [47]. Of these 20 ruptures, two had presented as ruptured and
four as symptomatic for their initial EVAR. The 30-day and 1-year mortality for
those receiving repair for subsequent rupture were 42.9 % and 64.3 %, respectively.
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Data from the UK EVAR trials 1 and 2, which studied only initial elective AAA
repair, reported no rupture in those treated with open aortic repair but a 3.2 % rup-
ture rate in the EVAR group (total of 27 ruptures) over a mean of 4.8 years follow-
up, and a 67 % 30-day mortality rate, for those treated by rEVAR [48]. Five of the
27 ruptures (18.5 %) occurred within 30 days of the index operation, with a 60 %
30-day mortality in this subset. Our group found a subsequent rupture rate of 5.4 %
after initial elective EVAR compared to 1.4 % after elective open repair at 8 years of
follow-up in the Medicare population [35]. Furthermore, Mehta et al. followed 1768
patients after elective EVAR and emergent EVAR for rupture from 2002 to 2009 and
found a higher incidence of rupture after [EVAR compared to elective EVAR, 2.8 %
versus 1.4 %, respectively [49]. Multiple studies have identified technical risk fac-
tors for rupture after EVAR, which include endoleaks (most notably Type I), stent-
graft migration, sac enlargement, stent-graft tears and fractures, and infection [50,
51]. Whether the rate of such risk factors are higher for rEVAR is unclear at this
point, but the urgent nature of the repair could presumably increase the frequency of
endograft size mismatch and therefore endoleak. However, many clinicians who
favor rEVAR believe that the mortality and morbidity benefits of rEVAR outweigh
this risk of subsequent ruptures.

Risk Factors for rAAA

Algorithms for risk of rupture remain imprecise, and improving upon them has been
confounded by the decreasing incidence of rAAA and lack of data on the most
unstable patients who die before presentation to the hospital. Even if high autopsy
rates were possible, certain important anatomic details would likely be inaccurate
from autopsy, such as aneurysm diameter, which is underestimated postmortem as
the vessel is depressurized, making morphology difficult to assess. Given such limi-
tations to identifying clear risk factors, this section will address what is known and
suspected to increase the chance of rupture. Identified below are numerous ana-
tomic, demographic, and other risk factors for AAA rupture.

Aneurysm Diameter

Starting in 1966, Szilagyi et al. showed larger aneurysms (>6 cm) were more likely
to rupture than smaller aneurysms (<6 cm) (Fig. 3.5) [52]. This size relationship
with risk of rupture was further supported by autopsy studies [53, 54]. The UK
Small Aneurysm Trial (UKSAT) gave a comprehensive estimate of AAA rupture
risk for small aneurysms, size 4.0-5.5 cm, and found no difference in survival for
early operation versus surveillance [55]. Brown et al. used the randomized UKSAT
population prior to any surgery and added in the 1167 patients ineligible for ran-
domization in this study, and who were also followed, and did find a difference in
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Fig. 3.5 Observed cumulative 13-year-survival experience for small (<6 cm) and large (>6 cm)
nonsurgical abdominal aortic aneurysms standardized for age, cardiac status, blood pressure, and
renal function (Szilagyi et al. [52])

rupture risk for smaller aneurysms; rupture risks per 100 patient-years were 0.3 %
for AAA <4.0 cm, 1.5 % for AAA 4.0-4.9 cm, and 6.5 % for AAAs 5.0-5.9 cm [56].
A population-based study from Minnesota followed 176 patients selected for non-
operative management and found an annual rupture risk of 0% for AAAs <4 cm,
1% for AAAs 4.0-4.9 cm, and 11 % for AAAs 5.0-5.9 cm [57].

For larger aneurysms, Parkinson et al. performed a meta-analysis of 11 studies,
including 1514 patients who were deemed unfit for elective operation but had aneu-
rysms larger than 5.5 cm [58]. Within this study, the rate of rupture was found to be
3.5% per year (95% CI 1.6-8.7%) for aneurysm size 5.5-6.0 cm, 4.1% (0.7—
9.0 %) for 6.1-7.0 cm, and 6.3 % (1.8—14.3 %) for aneurysms >7.0 cm. However,
although initially deemed unfit, some patients in these series underwent elective
repair. Thus these rates likely underestimate the true rupture risk. Another consid-
eration is that this populations’ increased risk is not entirely related to diameter as
patients deemed unfit for elective repair have additional risk factors for rupture,
such as gender, smoking status, additional wall stress factors, and comorbidities
(e.g., COPD and hypertension), which will be discussed below. As a result, caution
should be used when generalizing these rupture risks to the general population,
who presumably have fewer comorbidities than those deemed unfit for repair. All-
cause mortality in this unfit for repair group is known to be high, with a 2-year
survival rate as low as 35 % [59].
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Aneurysm Shape and Wall Stress

Laminar flow is easily disturbed in the blood vessels, especially with aneurysmal
degeneration, and over time forces from this disturbance can lead to adverse effects
on the vessel wall. Laplace’s law states that the wall tension of a symmetric shape is
directly proportional to the radius and intraluminal pressure and inversely propor-
tional to wall thickness. Aneurysms are not symmetric shapes, and logic would tell
us that eccentric or saccular aneurysms present a greater risk for rupture than more
diffuse and fusiform ones. This has been difficult to quantify, but computer model-
ing, such as that by Vorp et al., has shown that aneurysm shape is almost as important
for wall stress, and likely rupture risk, as is diameter [60]. Furthermore, commonly
seen intraoperatively and on preoperative CT scans, small blebs on aneurysm sacs
are postulated to pose an added risk for rupture and occur in equal frequency on
small and large aneurysms. Histologically, these blebs often show an imbalance of
matrix degradation and repair, leaving them especially vulnerable to wall stress [61].

Work is underway to improve our assessment of risk for rupture using models
that factor in shape and asymmetry, as well as diameter, to determine overall wall
stress. Initial studies have suggested using finite element analysis of wall stress,
aided by advances in CT imaging, to advise patients on risk of rupture [62, 63]. This
finite element model is basically a stress analysis model for AAA and includes the
geometry of the AAA, the mechanical behavior of the AAA tissue, and the bound-
ary conditions (e.g., blood pressure) [64]. As this idea gains momentum, the clinical
applicability of such a complex algorithm has been called into question, and studies
to simplify it by identifying the essential components of this stress analysis are in
progress. Fillinger et al. attempted to show important anatomic details for risk of
rupture after matching a group of 259 elective and rAAA by age, gender, and diam-
eter [65]. They found that ruptured AAAs tend to be less tortuous but have more
diameter asymmetry than their size matched intact counterparts. What is becoming
clear is that to use AAA diameter as the only anatomic measure for risk of rupture
and indication for elective repair is likely too simplistic. Fillinger et al. showed a
model using wall stress to be superior to aneurysm diameter in predicting rupture
and that wall stress was predictive in small aneurysms that rupture as well (Fig. 3.6)
[62]. Newer models of wall stress are not ready for general use as of yet but are
predicted to become part of common practice as methods improve.

Aneurysm Expansion Rate

It makes sense that more rapid expansion would cause a higher risk for rupture, but
it has been hard to distinguish this risk from that of increased aneurysm size alone.
In 2011 Powell et al. published a meta-analysis evaluating expansion rates and
showed that larger aneurysms tend to increase in size at a faster rate; specifically a
10-mm increase in diameter size was associated with a mean of 1.62 (SEM 0.20)
mm/year increase in growth rate (Fig. 3.7) [66]. In addition to diameter cutoffs, rapid
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Fig. 3.6 Life tables for Freedom from
Rupture or Emergency Surgery because
of acute symptoms. Top Larger
diameter significant predictor for
rupture; Middle High wall stress
significant predictor of rupture;
Bottom Subgroups were analyzed for
combinations of small and large
diameter and low and high wall stress,
with the same thresholds as used in
other life tables. Low-stress aneurysm
had a low rupture rate, whether they
were small or large, and high-stress
aneurysms had a high rupture rate
regardless of size (Fillinger et al. [62])
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AAA expansion is often used as an indication for elective repair, with expansion rate
of >1 cm/year being the most commonly used rate for repair. In addition to diameter,
another factor that increases the growth rate of aneurysms is presence of thrombus
[67]. Thrombus is thought to induce hypoxia-driven inflammation that weakens the
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Fig. 3.7 Meta-regression of
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wall of the aneurysm [68]. Please see Chaps. 4 and 5 for more specific details on the
role of the thrombus. Rate of expansion is a marker of aneurysm instability and should
continue to be used in the identification of high-risk patients who warrant repair.

Current Smoking

One of the most modifiable risk factors that could continue to have a large impact
on reduction of ruptures from AAA is smoking cessation. Many credit smoking to
part of the decline already seen in the incidence of rAAA. Early studies established
a clear link between cigarette smoking and aneurysm development, dating back to
1958 [69]. This link with aneurysm development and mortality from AAA has been
supported by multiple subsequent studies from both Europe and the USA [5, 30,
31]. A large screening study of US veterans attributed >70 % of all AAAs in the
veteran population to smoking [70]. Sweeting et al. performed a meta-analysis
using individual patient data from 18 studies analyzing factors that affected growth
and rupture of small AAAs [71]. After adjusting for aneurysm diameter, there was a
strong association between smoking and both growth rate and rupture, growth mean
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was 0.33 mm/year (SEM .07) faster, and risk of rupture was twofold higher in cur-
rent smokers compared to ex- and never smokers (Fig. 3.8). Despite limitations
relevant to any meta-analysis, such as heterogeneity of definitions and self-reporting
reliability, these results are convincing.

Anjum et al. analyzed health statistics for England and Wales from 1979 to 2009
and estimated that the decrease in prevalence of smoking in England and Wales led
to an avoidance of 8-11 deaths from rAAA per 100,000 persons [23]. This study
also suggested treatment of hyperlipidemia, and coronary artery disease played a
role in the decline rAAA deaths (Fig. 3.9). There are multiple reasons that seem
plausible for the reduction in rAAA mortality, but it seems likely that smoking ces-
sation has contributed greatly.

Age

It has been clearly established that the incidence of AAA increases with age
[26, 72].

The UKSAT did not find age to be associated with rupture after adjusting for
known risk factors, including diameter; however multiple other studies found age
strongly predictive [56, 71, 73, 74]. A possible explanation for the lack of predictive
ability found in the UKSAT data is the collinear (overlapping) effects of covariates
included in the model, such as aneurysm diameter and declining FEV 1, which are
closely related to increasing age.
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Studies are now showing that the decline in the incidence of rAAA is also being
felt across most age groups, although at variable rates. In England and Wales, from
1997 to 2009, there was a decrease in aneurysm rupture across all age ranges, signifi-
cant in all except the >85-year-old group [23]. This oldest group was also found to
have the highest incidence of hospitalization for rAAA at 94.7 per 100,000 people.

In general, older patients with rAAA have a higher in-hospital mortality rate, but a
large part of this may be explained by disproportionate intervention rates favoring
younger patients [23]. These in-hospital-mortality and rAAA-intervention-rate differ-
ences by age are consistent across countries, as highlighted by Karthikesalingam et al.
who compared mortality from rAAA between England and the USA from 2005 to
2010 (Fig. 3.10) [40]. However, this difference between age groups may be closing
thanks to the incorporation of rEVAR and presumably a lower turndown rate for those
older patients getting rEVAR who would have been less likely to get open repair com-
pared to their younger counterparts. Using National Inpatient Sample data from 2000
to 2005, our group showed the mortality benefit of rEVAR compared to open repair in
those over 70 years old: in-hospital mortality rate of 36.3 % after rEVAR compared to
47 % after open repair (p<.001) for this age group [73]. Using Medicare data from
1995 to 2008, our group also showed that all ages had a decline in short-term AAA-
related death, but this was most evident in the >80-year-old age group, and most of
this mortality benefit was related to a steep decline in rupture deaths (Fig. 3.11) [4].
This age group had the largest increase in elective AAA repairs over the same time
period suggesting that more aggressive management of intact AAAs in this high-risk
group was preventing subsequent ruptures and related deaths.

Symptom Status

Symptoms of abdominal, back, groin, or buttock pain related to an AAA have long
been considered an indicator of impending rupture. Tenderness to palpation is a par-
ticularly ominous sign when associated with symptoms, and many clinicians have
anecdotally used tenderness to palpation in the absence of pain symptoms as an indi-
cation for semi-urgent repair given the suspected rupture risk [56]. In the pre-EVAR
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era, multiple studies consistently showed worse 30-day and in-hospital mortality rates
for repair of the symptomatic but non-ruptured AAA, from 5 to 26 %, compared to
elective repair [75-77]. While there is general agreement on the need for urgent repair
in this population, Cambria et al. helped clarify the value in a delay of surgery to
medically optimize and have a full operating team available for repair of symptomatic
patients who can wait [75]. More recent data have suggested that the gap between
mortality in the elective versus symptomatic patients may be closing, perhaps due to
increasing EVAR use and optimization of comorbid conditions (Table 3.1) [78].

Gender

Multiple clinical trials and epidemiologic studies have identified a lower prevalence
of AAA in females, with the male to female ratio of 5—1 [79-81]. Despite having a
lower prevalence of AAA disease, women with AAA had a fourfold increased risk
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Fig. 3.11 (a) Changes in intact AAA repair rates subsequent to 1995 by age and year (sex
adjusted). All short-term AAA-related deaths in Medicare population stratified by (b) age and (c¢)
indication for AAA repair (age and sex adjusted) per 100,000 US Medicare beneficiaries
(Schermerhorn et al. [4])
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Table 3.1 Mortality and method of repair for prior series reporting symptomatic abdominal aortic
aneurysms

First author | Year |Sx-AAA No. |Reported open % | Reported EVAR % | Mortality %
Johnson 1980 |84 100 0 16
McCabe 1981 |56 100 0 14.3
Sullivan 1990 |19 100 0 26
Olsen 1991 | 151 100 0 17.2
Cambria 1994 |36 100 0 11.1
Aune 1995 |52 100 0 17
Darling 1996 | 103 100 0 12.6
Sayers 1997 |80 100 0 16
Kantonen 1997 | 156 100 0 13.5
Bradbury 1998 | 156 100 0 14.1
Leo 2005 |42 100 0 9.5
Antonello 2006 |42 100 0 11.9
Franks 2006 |20 45 55 5
Oranen 2006 |22 0 100 5
Nevala 2008 |14 0 100 0
Current 2009 | 156 62 38 1.3

De Martino et al. [78]
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for rupture in the UKSAT trial, after adjustment for age, AAA diameter, smoking
status, and mean blood pressure compared to men [56]. In this study the mean diam-
eter at time of rupture was 5 cm for women and 6 cm for men. Further meta-analysis
has supported an increased rupture risk in females (Fig. 3.12) [71]. A possible
explanation is that female aortas are smaller and more compliant than males;
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therefore a smaller aneurysm is of greater risk in the female population [82].
Another possible reason for worse outcomes in females is that they undergo elective
repair at relatively larger aneurysm sizes compared to males. By indexing aortic size
to body surface area, the Aortic Size Index (ASI), our group showed that women in
New England are undergoing repair at larger ASI measurements compared to males
for elective AAA repair [83]. ASI has already been shown to be more reliable than
aneurysm diameter in predicting rupture, death, and dissection in patients with tho-
racic aortic aneurysms and has been incorporated into a nomogram used for predic-
tion of rupture risk by both the Society for Thoracic Surgeons and the American
College of Cardiology [85].

Currently the US Preventive Services Task Force recommends AAA screening
for men aged 65-75 years with a history of smoking but recommends against
screening for women who have never smoked and also states there is insufficient
evidence to support screening for women who have smoked [86]. A recent
Markov model, which considered the higher rupture rate in women, higher preva-
lence in the over-75-year-old female population, and increased lifespan of
females versus males, found screening for AAA in females older than 75 years
old to be cost effective [87]. Furthermore, a Medicare analysis from 1994 to 2003
found that 30-34 % of ruptured AAAs that result in death in the USA occur in
women, while only 26 % of elective AAA repairs are performed in women [81].
The in-hospital mortality associated with rupture in this same analysis was 52.8 %
for women and 44.2 % for men (p<.001). Given these disproportionate age-
adjusted mortality figures, a reevaluation of current screening guidelines and
incorporation of an adjustment for female patients, such as ASI, should be
considered.

For those women who receive intervention for rAAA, further administrative
studies have shown that rEVAR is less likely to be offered to females, accounting for
28-32.4 % of all repairs for females versus 44.3—46.7 % for men [81, 88]. The aortic
anatomy of women that adds difficulty to performing EVAR, such as shorter aortic
neck and smaller iliac vessels, may contribute to this difference [89]. As a result of
these sex differences, female sex has been found to be an independent predictor of
mortality during repair of both elective AAA and rAAA repair when not adjusting
for ASI [81, 84]. This highlights the challenge that lies ahead in ensuring equal
access and benefit from the gains that have been made with regard to the treatment
of AAA disease and subsequent rupture rates.

Blood Pressure

In 1985 Cronenwett et al. was first to note the impact of blood pressure on increased
rupture risk [90]. Later, the UKSAT identified higher mean blood pressure as a risk
factor for rupture with a HR (95% CI) of 1.04 (1.02-1.07) for each 1 mmHg
increase in mean blood pressure [56]. Now it is accepted that the higher the pres-
sure in the aorta the higher the wall stress and thus increased risk of rupture. The
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shape of the aorta also plays an important role in determining the vector of force
from blood flow on the aortic wall and the surface area this energy is spread over.
Interestingly, in a large meta-analysis, mean arterial pressure was found to have no
effect on rate of aneurysm growth but did increase the risk of rupture for small
aneurysms, HR (95 % CI) for each 10 mmHg increase was 1.32 (1.11-1.56), sug-
gesting the mechanism is not through growth [71]. The association between a
decrease in rAAA mortality and blood pressure control has been supported in popu-
lation studies as well (see Fig. 3.9) [23].

Family History

A family history of AAA disease increases the chance of a first-degree relative hav-
ing an AAA. In a study evaluating the family pedigree of 542 consecutive patients
with AAA, 86 individuals were found to have a first-degree relative with AAA, and
40.7 % of the 86 had a history of aneurysm rupture in their family [91]. This was
higher than the general population rupture rate at the time. This study also showed
that the frequency of rupture increased with the number of first-degree relatives one
had with AAA: 15 % with two first-degree relatives, 29 % with three, and 36 % with
four or more. Another pedigree study published 6 years later found rupture rates
again higher in the familial AAAs compared to sporadic, 32 % vs. 9%, respec-
tively, and that these ruptures tend to happen 10 years earlier in the familial group
[92]. A population-based cross-sectional study from Denmark in 2008 to 2011
found similar results with a higher prevalence of AAA in individuals with a family
history of AAA (6.7 % vs. 3.0 %) [93]. In addition, this study found a larger mean
maximum aortic diameter in those with positive family history versus those with no
family history, 20.50-19.07 mm (p <.0001). This diameter difference brings up a
noteworthy limitation regarding possible confounding not adjusted for in pedigree
analysis, such as diameter. That said, it is likely that family history plays an impor-
tant role, but further research is needed to elucidate the reason, whether it be genetic
(e.g., collagen maintenance or alpha l-antitrypsin), lifestyle, or environment
related. The reader should continue to take a thorough family history and pay atten-
tion to mention of sudden death or aneurysmal disease for any patient being evalu-
ated for vascular disease.

Other Risk Factors

Large meta-analysis and population studies have assessed other potential risk factors
for both aneurysm growth and risk of rupture, including statins, antiplatelet agents,
individual blood pressure medications, COPD, and FEV 1 levels. A brief discussion of
notable risk factors follows: in the UK Small Aneurysm Trial, FEV1 levels were strat-
ified into tertiles, and an inverse relationship was found between FEV1 and rate of
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rupture [56]. The study reported that increasing FEV1 was protective against rupture
with a HR (95 % CI) of 0.62 (0.45-0.86) per liter increase, after adjusting for age, sex,
and initial AAA diameter. The collinear effect of FEV1 and smoking confounds the
results of this analysis given that smokers are more likely to have alow FEV1 and vice
versa. Nevertheless, pulmonary reserve and COPD status have been found to be pos-
sible risk factors for rupture and remain a point of investigation [90].

The effect of lipid control on the development of AAA has been conflicting.
From two prospective studies, one found a 2.3-fold relative risk increase for those
in the fourth quartile of serum cholesterol (>240 mg/dl) compared to those in the
first (<193 mg/dl) and no association with triglyceride levels, while the other found
no association between the level of cholesterol and risk of death from abdominal
aneurysm [94, 95]. The ADAM trial found a significant association in both cohorts
between high cholesterol level and presence of AAA, combined OR (95 % CI) 1.44
(1.27-1.63) [70]. UKSAT, however, did not show an association between serum
cholesterol and risk of rupture from AAA [56]. Improved medical management of
hypercholesterolemia is at least temporally related to the reduction in rupture-
related mortality (see Fig. 3.9), and so it seems plausible that lipid control may have
a small effect that is intermittently noted [23].

Connective tissue disorders, such as Ehlers-Danlos and Marfan syndromes, lead to
a number of medical conditions including aneurysmal disease that includes the
abdominal aorta. These pathologies offer insight into what is important for the integ-
rity of the aortic wall. The underlying pathophysiology in collagen disorders is a
genetic alteration in sequences that affect the synthesis and processing of different
forms of collagen. Ehlers-Danlos has a vascular form with a prevalence of 1 in 100,000
and that makes up 4% of all Ehlers-Danlos cases. Arterial rupture occurs in iliac,
splenic, renal vessels, or the aorta, and is usually not preceded by detection of an
aneurysm given that most are psuedoaneurysms [96]. Eighty percent of patients expe-
rience a vascular event or rupture by age 40. In Marfan the aortic root is the major
problem that develops aneurysmal dilatation, aortic regurgitation, and dissection.

Finally, mycotic AAAs, which in a single institution study were found to make
up as much as 1 % of all AAAs treated, increase risk of rupture [97]. Mycotic aneu-
rysm refers to any infected aneurysm, whether from bacteremia, septic emboli, or
colonization through the vasa vasorum. The overall mortality in this group has been
reported to be as high as 30 % and the risk of rupture to be 50-80 %, with a rupture
mortality rate of 70% [26, 97, 98]. Common organisms found in this condition
include Staphylococcus spp., Salmonella spp., and Streptococcus spp. Additionally,
Campylobacter spp. has been reported [99].

Protective Effect of Diabetes

Diabetes mellitus is thought to be protective against the development of AAA, aneu-
rysm growth, and rAAA. Historical screening studies have shown a low prevalence
of diabetes among persons with abdominal aneurysms [100-102]. In every one of
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Age Adjusted Rate of Mortality from rAAA by Race, Gender, and Year
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Fig. 3.13 Age-adjusted mortality rate from rAAA by race, gender, and year from 1999 to 2013 in
the over-44-year-old population (From Centers for Disease Control and Prevention, National
Center for Health Statistics: Compressed Mortality File 1999-2013. CDC WONDER Online
Database, compiled from Compressed Mortality File 1999-2013 Series 20 No. 2S, 2014, as com-
piled from data provided by the 57 vital statistics jurisdictions through the Vital Statistics
Cooperative Program. Accessed at http://wonder.cdc.gov/cmf-icd10.html on May 29, 2015
12:44:04 PM)

the 18 studies used in the meta-analysis by Sweeting et al., which included 15,475
people, an overall reduced growth rate was seen in diabetics with aneurysms [71].
Unfortunately, no distinction between Type I and Type II diabetes could be made
from the included studies. This consistent trend in diabetics suggests there is change
to the aortic wall, possibly through glycosylation or calcification, which stiffens the
aorta and protects it against expansion and subsequent rupture.

Race and rAAA

Multiple population-based studies have shown a reduced prevalence of AAA in
African Americans [102—104]. Kent et al. performed a screening study in over 3
million individuals and found nonwhite race to be protective for diagnosis of an
AAA on multivariable analysis: African American (OR 0.72, 95 % CI 0.66-0.78)
and Asian (OR 0.72, 95 % CI 0.59-0.75) [104]. In 1990 the age-adjusted AAA
death rate for African American males was 1.6 per 100,000 compared to whites,
3.6 per 100,000, for the >44-year-old population in the USA [103]. Data from the
CDC support these findings reporting a decreased mortality from rAAA in
African Americans compared to whites over the last 15 years (Fig. 3.13).
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Mortality of rAAA

To get a full picture of mortality from rAAA, in addition to in-hospital and periop-
erative mortality, one must also analyze pre-hospital mortality and the turndown
rate (no-intervention rate).

Pre-hospital Mortality

Reimerink et al. attempted to give a complete picture of mortality in a meta-analysis
of 24 retrospective studies from 1977 to 2012 [1]. To be included, studies needed to
report both mortality of patients admitted to the hospital with rAAA and also report
the community/pre-hospital mortality rate from rAAA. This study showed a pooled
total mortality of 81 % from rAAA (95 % CI 78-83 %) and a reduction in total mor-
tality over time (Fig. 3.14). Pre-hospital mortality for rAAA was relatively stable
throughout the study period: 37 % (95 % CI 28-47 %) before 1990 and 32 % (17—
49 %) after 1990, although the autopsy rate over all the studies was poorly and
inconsistently defined, so this percentage is likely underestimating the true propor-
tion who die outside of the hospital.

Historically studies from the 1970s and 1980s have a pre-hospital rAAA
mortality rate, as percentage of total mortality, of approximately 40-57 % with
autopsy rates of 61-85 % [20, 105]. Bengtsson et al. found that of the 215 per-
sons with ruptured AAA in Malmo, Sweden, from 1971 to 1986, 124 were alive
on arrival to the hospital, 61 of which were considered operative candidates, and
26 of those operated on survived. It is possible that over time the pre-hospital
mortality for rAAA has decreased similar to the in-hospital and total rupture
death rates, but the current clinical autopsy rates make this difficult to prove
with a robust epidemiologic study [32, 106]. We can say that it is unlikely to
have increased given current awareness and improvement in emergency medical
services for out of hospital care.
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Table 3.2 Baseline characteristics of patients with an RAAA in the Amsterdam ambulance region
undergoing surgical intervention versus patients not undergoing surgical intervention

Surgical
No surgical intervention
intervention (n=467)
All patients Subgroup 1 | Subgroup 2
Patient characteristics (n=57) (n=26) (n=24)
Age in years 83 (75-88) 88 (81-90) 78 (71-82) |76 (69-80)
Male: female 74 %:26 % 19%:81 % 25%:75 % 81%:19%
(42:15) (21:5) (18:6) (378:89)
Previous history of cardiac 52% (25/48) | 60% (15/25) |44 % (7/16) | 41% (193/452)
disease
Previous history of 15% (7/48) 16% (4/25) | 19% (3/16) | 15% (69/451)
cerebrovascular disease
Previously diagnosed with 16 % (8/49) 19% (5/26) | 13% (2/16) | NA

AAA

Referred from other hospital 11 % (6/57) 19% (5/26) |0 30 % (140/467)
Systolic blood pressure in the | 90 (50-120) | 115 (90-140) | 50 (0-64) 106 (80-132)
ER in mmHg

Cardiopulmonary resuscitation | 40% (23/57) |0 96 % (23/24) | 10% (48/447)
Haemoglobin in the ER in 6.9 (5.6-7.6) |7.2(6.2-7.9) 6.6 (4.9-7.5) | 7 (5.9-8.0)
mmol/L

Creatinine in the ER in pmol/L

130 (90-188)

125 (93-187)

131 (95-183)

107 (87-134)

CTA made

49 % (28/57)

77 % (20/26)

13 % (3/24)

82 % (385/467)

van Beek et al. [107]

Continuous data are presented as median (interquartile range) and categorical data as percentage
(number). Subgroup 1 included patients not treated because of patient decision, comorbidity, age,
or aortic anatomical considerations, and subgroup 2 included patients with cardiopulmonary resus-
citation (CPR) and patients with shock as reason for not intervening

CTA computed tomographic Angiography, NA not available

Turndown Rate for rAAA

It is also important to know the turndown rate, for those who make it to the hospital
with arAAA but do not get an operation, especially when comparing in-hospital mor-
tality rates between studies. In the Reimerink et al. meta-analysis, the pooled turn-
down rate for rAAA was 40 % although this reduced over time from 46 % before 1990
to 26 % after 1990 [1]. What cannot be deduced from this study is why someone did
not get an intervention. Possible reasons include patient/family choice, some may be
considered too hemodynamically or medically compromised on arrival such that
operation was thought futile by the surgeon, or inadequate infrastructure/staff on-site
to expeditiously triage and treat the rAAA. Van Beek et al. attempted to answer this
question by describing characteristics of patients who did not receive intervention,
stratified into no intervention by patient choice, age, or comorbidity burden versus too
clinically unfit, defined as needing CPR or in shock [107]. Table 3.2 shows these
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Fig. 3.15 Trends in the (a) hospitalizations with diagnosis (black circles) and repairs (white cir-
cles) of rAAA and (b) ratio of repairs to hospitalizations with rAAA diagnosis among Medicare
beneficiaries from 1995 through 2006 (Mureebe et al. [25])

groups compared to a surgical intervention group; notably only a small percentage of
both rupture subgroups actually had known aneurysms. Only half of those turned
down were hemodynamically unstable, while the mean age was 88 for those turned
down who did not have hemodynamic compromise on admission. A subset of hemo-
dynamically stable patients with a 98 % (95 % CI 89-100%) 2-h survival were also
identified, highlighting the point that not all rAAAs are the same. This is important
when evaluating the safety of referral for rAAA patients to tertiary centers and also for
the development of systems and protocols for managing rAAA.

The turndown rate in the USA has been relatively stable. Our analysis of
Medicare data from 1995 to 2008 demonstrated a relatively steady intervention rate
of 68 % for those admitted with rAAA, in the setting of a decreasing incidence of
rAAA [4, 25]. This steady turndown rate has been shown in other national datasets
in the USA, although none have data beyond 2008, as rTEVAR was starting to gain
acceptance, and it is our suspicion that this turndown rate may now be lower
(Fig. 3.15) [25, 36]. Reasons for this include more centers becoming facile and hav-
ing around-the-clock facilities to use rEVAR and subsequently becoming more
aggressive in their attempts to save the patient with a rAAA. Studies have demon-
strated that a more aggressive intervention practice improves mortality from rAAA
[39, 108]. Amsterdam, in the setting of an ongoing RCT for intervention on rAAA,
has a contemporary turndown rate of 12% [107]. There is variation in turndown
rates across geographic regions. Karthikesalingam reported that the difference in
in-hospital mortality from rAAA between the USA and England from 2005 to 2010
was entirely due to a difference in turndown rates [40].

The optimal intervention rate is unknown and is subjective. Such a topic requires
cost-effectiveness analysis and input from all stakeholders, which is not the focus of
this chapter, but needs to be considered from a policy and hospital standpoint as we
move forward. What is important to remember is that the intervention rate will have
a big impact on the mortality for a given study, and so care should be taken when
comparing results across studies, especially if the turndown rate is not given.



3 The Epidemiology of Ruptured Abdominal Aortic Aneurysm (rAAA) 39
In-Hospital and Perioperative Mortality for rAAA

The Reimerink et al. meta-analysis gives one of the most complete and contempo-
rary insights into overall mortality trends for rAAA [1]. The pooled total mortality
was shown to decrease over time in high-quality studies, from 86% (95% CI
83—-89 %) before 1990 to 74 % (7277 %) after 1990, with the trend line demon-
strated in Fig. 3.14. Pooled perioperative mortality also decreased from 57 % (52—
63 %) to 49% (45-55%) over this same time period, despite the fact that the
intervention rate for rAAA had increased.

The Vascunet report from 2005 to 2009, which included nine countries, eight
European and Australia, identified 40,848 primary AAA repairs, 18.3 % of which
were performed for rupture (range 9-30.9 % by country) [41]. No overall rAAA
mortality rate was quoted, as this study was not set up to do so, but the periopera-
tive mortality for rAAA was 31.6 % (range 27-39 % by country) and decreased
over time.

In the USA a similar decline in mortality from rAAA has been seen. Estimates
from our analysis of the National Inpatient Sample (NIS), which compared aggre-
gate rates between 1993-1999 and 2000-2005, showed that the diagnosis of rAAA
decreased by 30 %, the intervention rate remained constant at 63 %, and the periop-
erative mortality decreased from 44.3 to 40.8 % [36]. Interestingly, the in-hospital
mortality of the no-intervention group was 68 %, which is lower than expected with
rAAA and could represent coding inaccuracy or patients being transferred to ter-
tiary care centers or to hospice. NIS is only able to give in-hospital mortality, and so
to analyze additional patient variables and 30-day mortality, we performed a follow-
up study using the Medicare population from 1995 to 2008 [4]. In this study we
found that hospital admissions for rAAA decreased from 33.4 to 16.8 per 100,000
Medicare beneficiaries, 30-day mortality decreased from 20.2 to 9.1 per 100,000,
and the 30-day mortality rate fell from 44.1 to 36.3 %. The reduction seen in overall
and in-hospital rAAA mortality, further illustrated with data from the CDC, is likely
multifactorial (Fig. 3.16). First, our group showed that the greatest reduction in
rAAA mortality occurred in the >80-year-old population, which coincided with a
similar increase in elective EVAR for the same age group. Despite this temporal
relationship, some argue that increasing elective EVAR repair was unlikely to rep-
resent a major reason for this reduction as the downtrend in rAAA mortality was
noted before EVAR’s FDA approval. However, prior to FDA approval, patients unfit
for open repair, the majority of whom would be at high risk for rupture, were being
enrolled in clinical trials with EVAR and likely were the reason for this pre-FDA
approval decrease in mortality. Another important contributing factor to the decrease
in incidence of rAAA is the reduction in risk factors, smoking in particular [22].
However, a more gradual rather than sudden change in all short-term AAA and
rAAA-related deaths after 1997, as seen in Fig. 3.13, would be expected if smoking
were the only major reason.

The decline in perioperative mortality for rAAA points to the added benefit of
rEVAR. Contributing to this is the maturation of rEVAR technology and clinician
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Age Adjusted Rate of Mortality from rAAA by Year
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Fig. 3.16 Age-adjusted mortality rates for the over-44-year-old population in the USA from 1999
to 2013 (From Centers for Disease Control and Prevention, National Center for Health Statistics:
Compressed Mortality File 1999-2013. CDC WONDER Online Database, compiled from
Compressed Mortality File 1999-2013 Series 20 No. 2S, 2014, as compiled from data provided by
the 57 vital statistics jurisdictions through the Vital Statistics Cooperative Program. Accessed at
http://wonder.cdc.gov/cmf-icd10.html on May 29, 2015 12:44:04 PM)

skills, and more recently systems preparedness programs to expedite care for these
patients [24, 38, 109, 110]. Such system improvements can also improve the mortal-
ity of open rAAA by expediting multidisciplinary care and resuscitation.
Furthermore, perioperative mortality has declined in the setting of at least stable if
not higher intervention rates, which is opposite of what one would expect if more
aggressive care is being pursued in a highly lethal condition, further endorsing
rEVAR use. Our group has shown the clear reduction in mortality from ruptured
AAA in the era of EVAR; see Fig. 3.11.

rEVARs Role in rAAA Mortality

The Food and Drug Administration-approved EVAR in 1999 in the USA after pivotal
studies from Aneurx and Ancure showed lower mortality than open repair [111,
112]. Multiple randomized controlled trials from Europe confirmed the perioperative
benefit followed by our nonrandomized Medicare study, which showed these results
were generalizable broadly in the USA, and then the OVER RCT was published
from the USA [113-116]. Subsequent to this, long-term results from each of these
studies were published showing more equivocal long-term outcomes between EVAR
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Fig. 3.17 Operative mortality for EVAR, open repair, and total AAA repairs for US Medicare
beneficiaries, 1995-2008. (a) Intact AAA and (b) ruptured AAA (Schermerhorn et al. [4])

and open surgery for elective AAA repair [33-35, 117]. The use of EVAR for rAAA
lagged behind elective repair, but by 2008 it was being performed in 31 % of rAAA
in the Medicare population [4]. From this Medicare study, we showed that for the
first time in decades total operative mortality for rAAA declined as EVAR utilization
rose (Fig. 3.17). It is important to note that open operative mortality did not rise dur-
ing the same time period, thus disputing claims that the more stable and healthy
patients were simply being selected for rEVAR. Early retrospective analysis of
rEVAR versus open repair further supported this reduction in 30-day mortality [39,
42, 118]. Multiple studies suggested that rTEVAR had fewer adverse effects on the
cardiac, respiratory, and renal systems and therefore should be better for rAAA than
open repair [119-121]. This led to the initiation of RCTs, which have shown less
convincing results, but there have also been a number of criticisms of the methods in
these studies. Please see Chaps. 4 and 5 for a full discussion of these trials [46, 122].
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Long-term outcomes are also important when comparing rEVAR to open repair, as
comparison in the elective setting has shown. Our group, using a propensity score-
matched cohort of Medicare patients from 2001 to 2008, showed that rEVAR had a
survival benefit out to 4 years compared to open repair of rAAA [42]. In addition, a
meta-analysis of three RCTs comparing rEVAR to open surgical repair showed a non-
significant trend for lower mortality with rEVAR at 1 year and suggested a wider adop-
tion of rEVAR [123]. For many, including the authors, data are strongly suggestive of a
benefit to tEVAR, and we will continue to aggressively try to place EVAR for most
rAAA. We will also continue to use femoral sheath placement in the awake patient for
fluoroscopy-guided balloon control of the aorta, for open repair patients, to avoid hemo-
dynamic instability that often occurs with induction of anesthesia and laparotomy.

Turndown Rates for Elective Repair and Its Effects on rAAA

Patients turned down for elective AAA repair are at higher risk for rupture. It is esti-
mated that in the USA up to 13 % of patients presenting with an AAA will fall into the
category of aneurysm >5.5 cm and considered unfit for elective repair [59, 124]. This
turndown number is higher in other parts of the world [40]. In the EVAR 2 RCT, which
compared EVAR versus nonoperative management for patients unfit for open repair
with aneurysms of 5.5 cm or larger, two of the total 172 patients ruptured in the nonop-
erative group [125]. Even in those randomized to EVAR, 3 of 166 patients had rupture
prior to repair (see Chaps. 4 and 5 for detailed discussion). A subsequent meta-analysis
further analyzed the fate of patients unfit for elective repair and reported a rupture rate
of 5.3% (95 % CI 3.1-7.5 %) per year [58]. Out of those who did rupture, 32 % received
an operation with an overall 58 % perioperative mortality. Rupture rate was likely
underestimated as this meta-analysis did not exclude 173 of the 228 patients who
crossed over to repair after becoming symptomatic or eligible for repair. It is also lower
than reported previously from the 1970s to 1990s, which ranged from 9.4 to 40 % per
year for aneurysms >6.0 cm [126, 127]. The definition of medically unfit is not stan-
dardized, and so interpretation of these data should be made with caution.

The above meta-analysis stratified risk of rupture by aneurysm size, and so it is
possible that a treating clinician could move someone from medically unfit to fit if
the benefits of repair begin to outweigh the risks of operation based on aneurysm
diameter changes [58]. This size stratification may also help patients and families in
their decision-making and goals of care. Careful consideration should be made
about what an acceptable elective turndown rate should be, knowing that this popu-
lation is more likely to return to the hospital with a rAAA.

Conclusion

rAAA is still a highly lethal entity, but over the past one to two decades, we have
made significant improvements in rAAA mortality. There has been a decrease in the
incidence of rAAA, related to decreases in the prevalence of AAA disease secondary
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to reduction of risk factors, primarily smoking, as well as an increase in elective treat-
ment of the elderly patients with EVAR who in the past would not have been good
candidates for open repair. Along with this, there has been a steady increase in the use
of advanced abdominal imaging and more recently the institution of screening pro-
grams. As a result, there has been a decline in the overall mortality from rAAA. Our
current numbers for total mortality cannot accurately estimate pre-hospital mortality
from rAAA, secondary to low autopsy rates, but estimates have been relatively pre-
cise from population-based studies, so it is reasonable to extrapolate from hospital
admission data the overall mortality rate. Also, alongside the reduction in overall
mortality from rAAA, there has been a reduction in perioperative mortality despite
steady to possibly decreasing turndown rates. This coincides with heavier adoption
of rEVAR and, more recently, systems to expedite the care of those with rAAA, both
of which have shown improvements in perioperative mortality.
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Chapter 4
Pathogenesis of AAA Rupture

Naoki Fujimura and Ronald L. Dalman

Introduction

Mechanisms of abdominal aortic aneurysm degeneration have been the subject of
intense investigation over the last 20 years. As noted in Fig. 4.1, the pathogenesis of
abdominal aortic aneurysm disease involves a symphony of interactions between
genetic risk, environmental exposures, and interplay between aortic mural inflam-
mation, angiogenesis, smooth muscle cell and elastin depletion, wall strain, and
dysfunctional and insufficient regenerative responses of the extracellular matrix
[1-10] (Table 4.1).

Epidemiologic studies provide an accurate accounting for demographic and envi-
ronmental risks. Male gender, age, family history, high cholesterol, hypertension and
other cardiovascular diseases, increasing years of smoking and number of cigarettes
smoked, and excess weight all carried increased risk for abdominal aortic aneurysm
(AAA) disease. The presence of diabetes, smoking cessation, modest levels of regu-
lar exercise, consumption of nuts, vegetables, and fruits, as well as African American,
Hispanic, or Asians descent are all negatively associated with AAA risk [11].

Much less is known, however, regarding the process(es) that promote aneurys-
mal progression or rupture in existing “atherosclerotic” aneurysms. As noted in
Fig. 4.2, 25-year follow-up data from the Chichester screening study in the UK
demonstrates that AAA identified at screening followed a bimodal distribution in
terms of aortic diameter enlargement in the years following the baseline imaging
study. At both the 5—10-year time intervals, a significant percentage of AAA was
noted to either enlarge or remain stable over time. The cellular and molecular mech-
anisms accounting for these different natural histories, subjects of intense investiga-
tion over the last few decades, remain obscure.
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Fig. 4.1 In the setting of specific at-risk haplotypes (such as variability at chromosome 9, p21)
and demographic and environmental risks, the interplay of unfavorable hemodynamic influences
on expression of reactive oxygen species, proteolytic enzymes, pro-inflammatory immune
responses, and mediator production creates conditions for aneurysmal degeneration of the infrare-
nal aorta, over the course of years to decades (Reproduced from Tedesco and Dalman [91], with
permission from Elsevier)

Table 4.1 Results of multivariable regression analysis for predictors of abdominal aortic aneurysm

Variable Odds ratio | 95 % confidence interval P values
Male (vs. female) 5.71 5.57-5.85 <.0001
Age (vs. <55)

55-59 2.76 2.55-3 <.0001
60-64 5.35 4.97-5.76 <.0001
65-69 9.41 8.76-10.12 <.0001
70-74 14.46 13.45-15.55 <.0001
75-79 20.43 18.99-21.99 <.0001
80-84 28.37 26.31-30.59 <.0001
Race/ethnicity (vs. Caucasian)

Hispanic 0.69 0.62-0.77 <.0001
African American 0.72 0.66-0.78 <.0001
Asian 0.72 0.59-0.75 <.0001
High blood pressure 1.25 1.21-1.28 <.0001
Coronary artery disease 1.72 1.69-1.76 <.0001
Family history of AAA 3.8 3.66-3.95 <.0001
High cholesterol 1.34 1.31-1.37 <.0001
Diabetes 0.75 0.73-0.77 <.0001
Peripheral arterial disease 1.59 1.54-1.65 <.0001
Carotid disease 1.51 1.46-1.56 <.0001
Cerebrovascular history 1.18 1.14-1.21 <.0001
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Table 4.1 (continued)

Variable Odds ratio | 95 % confidence interval P values
Smoking, packs/day

<10 years

<0.5 2.61 2.47-2.74 <.0001
0.5-1 3.19 2.93-3.46 <.0001
>1 32 2.88-3.56 <.0001
11-20 years

<0.5 4.87 4.63-5.12 <.0001
0.5-1 5.79 5.48-6.12 <.0001
>1 6 5.66-6.35 <.0001
21-35 years

<0.5 7.29 6.97-7.64 <.0001
0.5-1 7.99 7.62-8.38 <.0001
>1 8.41 8.57-9.36 <.0001
>35 years

<0.5 8.96 8.57-9.36 <.0001
0.5-1 11.19 10.76-11.64 <.0001
>1 12.13 11.66-12.61 <.0001
Quit smoking

<5 years ago 0.87 0.84-0.912 <.0001
5-10 years ago 0.68 0.65-0.71 <.0001
>10 years ago 0.42 0.41-0.43 <.0001
Fruit and veg. >3 times/week 0.91 0.88-0.92 <.0001
Nuts >3 times/week 0.9 0.89-0.93 <.0001
Exercise >1 time/week 0.86 0.85-0.88 <.0001
BMI>25 kg/m2 1.2 1.17-1.22 <.0001

Reproduced from Kent et al. [11]
BMI body mass index, CI confidence interval, OR odds ratio, Veg vegetable

The term “atherosclerotic” aneurysm is used to distinguish these AAAs from
those associated with syndromic (Marfan, Ehlers-Danlos, etc.) or mycotic aortic
conditions and recognizes the common risk factors that predispose patients to
occlusive or aneurysmal aortic diseases. Despite this shorthand nomenclature, how-
ever, the preponderance of available evidence distinguishes aneurysmal and occlu-
sive aortic diseases as distinct entities, each with their own characteristic pathogenic
features and natural histories.

Although diameter is the anatomic feature most closely correlated with AAA rupture
risk [12], the incidence of rupture varies among series reporting the natural history of
large aneurysms not treated due to various circumstances [12—14]. As highlighted by
the current Society for Vascular Surgery guidelines regarding AAA disease manage-
ment, additional circumstances are known or suspected to increase the risk for AAA
rupture including saccular vs. fusiform mural contour female gender or rapid
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Fig. 4.2 Distribution of initial abdominal aortic aneurysm (AAA) diameters and final diameters at
(a) 3.5 years and (b) 5 years after identification at screening in the Chichester registry. Data shown
for the entire cohort and for subjects grouped according to outcome. At both timepoints, only a
subset of identified AAAs continue to progress (Reproduced from Thompson et al. [16], with per-
mission from British Journal of Surgery Society)

enlargement at any given diameter, underscoring the reality that additional, still poorly
defined, circumstances actually initiate the process of rupture [15]. Female gender, large
initial aneurysm diameter, low forced expiratory volume in one second, current smok-
ing history, and elevated mean blood pressure were all identified as specific covariates
predicting risk of AAA rupture in the United Kingdom Small Aneurysm trial [16].

The following sections summarize current hypotheses regarding AAA pathogen-
esis, with particular emphasis on features associated with rupture. Limitations on
the latter necessarily stem from the emergent and unpredictable nature of clinical
aneurysm progression, limiting access to human AAA tissue immediately preceding
the moment of rupture, and the lack of biomarkers or validated animal models to
guide mechanistic investigations [17].

Proteolysis and Disease Progression FElastin and collagen type I and III are key
structural components of the aortic wall, both extensively investigated in the patho-
genesis of AAA disease [6-9, 18-23]. A true pioneer in the field, Phil Dobrin, with
colleagues reported that elastin degradation leads to vessel dilation and decreased
distensibility, whereas collagen degradation produces greater dilation and ultimate
vessel rupture [6, 7]. The accelerated elastin degradation in AAA pathogenesis leads
to the phenomenon of collagen loading, where progressively attenuated aortic
medial collagen fibers bear a greater share of superimposed hemodynamic strain.
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Classification Trivial Name Substrates

MMP-1 Collagenase-1 Collagen types I, II, II, VII, VIII, X, gelatin, aggrecan, casein, nidogen, serpins, versican, perlecan,
proteoglycan link protein, and tenascin-C

MMP-2 Gelatinase A Collagen types I, IV, V, VII, X, XI, XIV, gelatin, aggrecan, elastin, fibronectin, laminin, nidogen,
proteoglycan link protein, and versican

MMP-3 Stromelysin-1 Collagen types II, IV, IX, X, and gelatin, aggrecan, casein, decorin, elastin, fibronectin, laminin,
nidogen, perlecan, proteoglycan, proteoglycan link protein, and versican

MMP-7 Matrillysin-1 Collagen types I, II, I, V, IV, and X, aggrecan, casein, elastin, entactin, laminin, and proteoglycan
link protein

MMP-8 Collagenase-2,neutrophil Collagen types I, II, lI, V, VII, VIII, X, and gelatin, aggrecan, laminin, and nidogen

collagenase

MMP-9 Gelatinase-B Collagen types IV, V, VII, X, and X1V, fibronectin, laminin, nidogen, proteoglycan link protein, and
versican

MMP-10 Stromelysin-2 Collagen types IlI, IV, V, and gelatin, fibronectin, laminin, and nidogen

MMP-11 Stromelysin-3 Laminin

MMP-12 Macrophage metalloelastase Collagen types 1V, fibronectin, and elastin; activates pro-MMP-2 and pro-MMP-3

MMP-13 Collagenase-3 Collagen types I, II, I, IV, V, IX, X, XI, and gelatin, aggrecan, fibronectin, laminin, perlecan and
tenascin

MMP-14 MT1-MMP Collagen types I, I, I, and gelatin, aggrecan, dermatan sulphate proteoglycan, fibrin, fibronectin,
laminin, nidogen, perlecan, tenascin, and vitronectin; activates pro-MMP-2 and pro-MMP-3

MMP-15 MT2-MMP Collagen types I, I, I, and gelatin, aggrecan, fibronectin, laminin, nidogen, perlecan, tenascin, and
vitronectin; activates pro-MMP-2

MMP-16 MT3-MMP Collagen types |, lll, and gelatin, aggrecan, casein, fibronectin, laminin, perlecan, and vitronectin;
activates pro-MMP-2

MMP-17 MT4-MMP Gelatin, fibrin, fibronectin; activates pro-MMP-2

MMP-24 MT5-MMP Activates pro-MMP-2

MMP-25 MT6-MMP Gelatin

Fig. 4.3 Matrix metalloproteinases and their substrates. MMP matrix metalloproteinases,
MT membrane type (Reproduced from Chistiakov et al. [24], with permission from Lippincott
Williams & Wilkins)

Degradation of elastin and collagen is primary mediated by proteases expressed
by constitutive and infiltrative aortic cells, including matrix metalloproteinases
(MMPs), serine proteases, cathepsins, and related enzymes [8, 9]. MMPs are classi-
fied according to their substrate specificity [24] (Fig. 4.3). Of the relevant MMPs,
many prior studies have suggested a strong relationship between MMP-9 and AAA
rupture [18-23]. MMP-9 is primarily expressed from infiltrating macrophages,
highlighting the importance of inflammatory rupture pathogenesis [20]. Expression
and activity of MMP-2 are also characteristically elevated in both ruptured and non-
ruptured AAA tissue [19, 20, 25]; however, MMP-2 may be related more to expan-
sion rather than rupture [21]. Additional MMPs are also elevated in the setting of
rupture but with less frequency than MMP-2 and MMP-9 [22, 23].

Tissue inhibitors of metalloproteinases, or TIMPs, are regulatory molecules inti-
mately related to ECM homeostasis and renewal. The role of TIMP activity, or the
lack of it, in AAA progression remains uncertain. TIMP-1 binds to MMP-9; this
interaction is proposed to be central to the pathological processes of AAA progres-
sion [26, 27]. Allaire et al. reported that local overexpression of TIMP-1 prevented
AAA rupture in a rat model [18]. Other studies have demonstrated significant
endogenous upregulation and expression of TIMP-1 in rat AAA rupture models
[28], and no difference was observed in TIMP expression in tissues harvested from
ruptured and intact human AAAs [21-23].

Tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activa-
tor (uPA) are serine proteases that activate plasminogen and have central roles in
blood coagulation and fibrinolysis. In terms of AAA development, Reilly et al.
reported that tPA is diffusely present both in the intima and media, and uPA is pres-
ent only in the infiltrative monocellular cells in the adventitia of the AAA wall [29].
Since plasmin is a potential activator of pro-MMPs [28] and both uPA and tPA can
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upregulate MMP-2 and MMP-9 [30], uPA and tPA have been reported to contribute
to AAA progression [31]. Also, uPA and tPA seem to contribute to the AAA
progression through induction of cytokines like IFN-y, TNF-a, and inflammatory
chemokines like monocyte chemoattractant protein-1 (MCP-1) and macrophage
inflammatory protein-2 (MIP-2), which lead to monocytes recruitment [30].

There seems to be positive relationship between serine proteases and other
related plasminogen activators/inhibitors like plasminogen activator inhibitor-1
(PAI-1) with AAA progression [31], but the effect of serine proteases on AAA rup-
ture has not been investigated thoroughly especially using human AAA tissues [32,
33]. Results from aneurysm models have been mixed [18, 28, 34, 35]. For example,
Uchida and associates reported augmented AAA rupture in the angiotensin II infu-
sion in apolipoprotein E-deficient mouse model (Ang II/Apo E -/-) by inhibition of
uPA activator in bone-marrow-derived cells [35]. Thus further research is
warranted.

Cathepsins are class of lysosomal proteases with high proteolytic activity, also
recognized as potential effectors of AAA pathogenesis. Human cathepsins can be
classified to B, C, D, F, G, H, K, L, O, S, V, W, and X subtypes, most are either
cysteine or aspartic proteases [36]. Expressions of cathepsins in AAA wall and
serum are significantly increased compared to control samples [37, 38], and known
AAA risk factors such as cigarette smoking, hypertension, and atherosclerosis are
all known to induce cathepsin secretion through injury of vascular endothelial cells
[36]. Furthermore, pharmacologic cathepsin inhibition inhibits AAA formation in
experimental AAA models, reinforcing the potential link to AAA disease [39, 40].
Unfortunately, the role of cathepsins in AAA rupture remains uncertain, however,
limited by circumstances similar to those previously discussed.

The concept of progressive aortic mural proteolysis as a modifiable pathogenic
mechanism in AAA pathogenesis has been questioned recently on the basis of the
Dutch PHAST trial. In this controversial multicenter trial, doxycycline was found to
be ineffective in preventing progression of early AAA disease. Rupture, however,
was not evaluated as a primary end point [41]. A recent multicenter study (AORTA
trial) trialing mast cell inhibitor, which inhibits both MMP-9 and cathepsin G, was
also unsuccessful [42]. The work of Shen et al. underscored a potential dual role for
MMP-2 in extracellular homeostasis in aneurysm pathogenesis, demonstrating a
differential effect of MMP-2 ablation in the progression of thoracic and abdominal
disease [43].

Together with the recently reported clinical trial data, these data underscore the
complexity of aortic mural homeostasis, and the interplay by which concurrent pro-
cesses of matrix deposition and degradation occurs. Similar to the concept of
autophagy, it is likely that constitutive aortic cells maintain matrix integrity by con-
tinuous and concurrent processes of both creation and destruction, and the paucity
of medial smooth muscle cell cellularity present in advanced aneurysmal disease
leads to progressive deterioration and degeneration of the extracellular matrix
(ECM) on the basis of cellular neglect rather than disproportionate proteolysis.
Regardless, a larger randomized controlled trial is reexamining the ability of doxy-
cycline, an MMP inhibitor, in limiting progression of early AAA disease (NTA3CT
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trial, clinicaltrials.gov #NCTO01756833). This trial will likely settle the “doxycy-
cline” question once and for all, at least for early (<5 cm in diameter) AAA disease.
Remaining to be determined will be the role of proteolysis as a distinct pathogenetic
process in AAA disease and whether inhibition with doxycycline can prevent rup-
ture of advanced aneurysms, as the latter are specifically excluded from the study.

Inflammatory Mediators The role of pro-inflammatory chemokines and cytokines
expressed by infiltrative inflammatory cells has been extensively investigated in AAA
pathogenesis using both human surgical specimens and animal models [1, 2, 4, 44].
For example, the pro-inflammatory cytokine interleukin (IL)-1 is significantly over-
expressed in human AAA tissue [45]. Johnston and associates were able to inhibit
experimental AAA formation and progression by genetic and pharmacologic inhibi-
tion of IL-1f expression [46]. As was the case with MMPs, however, the influence of
IL-1p or any specific chemokine/cytokine on AAA rupture remains unknown.

IL-6 is a pro-inflammatory cytokine also known to be overexpressed in explanted
human AAA tissue [47]. The importance of IL-6 is underscored by its broad recog-
nition as a systemic marker of increased cardiovascular mortality [48]. Circulating
IL-6 levels are increased in ruptured AAA patients compared to patients undergoing
elective AAA repair [49, 50]. Similar results have been observed in experimental
models of AAA rupture model [28]. Cheuk and associates suggested that since no
significant relationship has been recognized between AAA diameter and circulating
IL-6 levels, IL-6 may be uniquely related to rupture independent of size [51]. Plasma
levels of IL-10, generally recognized as an anti-inflammatory cytokine, have also
been demonstrated to be elevated in ruptured AAA patients [50] and are also ele-
vated in animal modeling experiments [28]. Like the MMP-TIMP dyadic, the role
of IL- 6 and IL-10 in promoting or preventing aneurysm rupture remains to be
defined in higher-fidelity modeling systems yet to be developed.

As to the significance of specific cytokines or chemokines on aneurysm rupture,
it remains highly controversial. Wilson and associates reported that tissue (rather
than circulating) expression of inflammatory mediators did not differ between intact
AAAs and non-ruptured segments of ruptured AAAs, also underscoring the concept
that the stimulus for rupture itself, in the advanced but still intact aneurysm, is
highly dependent on local (potentially physical) factors. For the record, Wilson
et al. also identified lower levels of IL-1f3 and reduced lymphocyte density at the site
of rupture itself vs. intact segments of ruptured AAA. On the basis of their results,
these investigators concluded that the biological events leading to AAA rupture may
not be dependent on upregulation of the inflammatory process [52]. This observa-
tion underscores the growing recognition that processes of aneurysm progression
and rupture (as well as initiation) are likely distinct and relatively unique to each
respective phase of the disease, and that agents or interventions effective in limiting
early or mid-disease progression may not prevent rupture of advanced AAA.
A related question remains as to whether the advanced aortic inflammatory response
present at the site of rupture precedes the event, or whether inflammation is focally
stimulated by the process of rupture itself remains an important area of future
investigation.
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Fig. 4.4 Example of positive '*F-FDG PET/CT representing dense infiltration of leukocytes in the
adventitia. (a) Transaxial PET (b) CT (c) fused PET/CT images. Red arrow, focus of increased
activity; white arrow, absence of uptake by thrombus; arrowhead, mild uptake by intra-aortic
blood pool; red circle, intraoperative tissue sampling for positive area; white circle, intraoperative
tissue sampling for negative area (Reproduced from Courtois et al. [57], with permission from the
Society of Nuclear Medicine and Molecular Imaging)

Infiltration of Inflammatory Cells Aortic mural inflammatory cell infiltration,
especially the localization of macrophages within the adventitia, is a central patho-
logic feature of AAA development [2]. Adventitial macrophage density is increased
at sites of aortic rupture compared to intact AAA tissue in both clinical [53] and
experimental [18, 28] specimens. As previously mentioned, infiltrative inflamma-
tory macrophages (M1 phenotype in the classical characterization) are the predomi-
nant source for aortic MMP-9 [20, 54]. These activated macrophages are believed to
be strongly related with the pathogenesis of rupture. On the other hand, M2 pheno-
type macrophages, thought to limit the inflammatory response and promote tissue
repair through transforming growth factor-p2 (TGF-p2), may inhibit AAA disease
progression [55, 56]. Sakalihasan and associates have demonstrated that inflamma-
tory macrophage localization (as determined by "F-FDG uptake during positive
emission tomography) is characteristic of symptomatic aneurysms and have sug-
gested that this modality may hold promise in predicting impending rupture [57]
(Fig. 4.4). Other investigators have failed to identify differences in CD-68- and
CD-15-positive cell densities between the site of the rupture and intact AAA wall,
however, questioning the broad applicability of macrophage-based molecular imag-
ing strategies in predicting rupture. The recognition that CD-45 cells were less
prevalent at the site of rupture again raised the possibility that inflammation itself
may be less related to rupture than it is to the process of gradual aneurysm enlarge-
ment prior to rupture [23], as previously noted above.

Even less evidence is available for the role of inflammatory cells other than mac-
rophages in AAA rupture. Granulocytes, or neutrophils, are the first cell type to infil-
trate thrombus [58], store and release uPA from granules [59], and express MMP-9 in
the experimental models of aortic dissection [60]. Increased mural neutrophil infiltra-
tion has been observed in experimental models of AAA rupture as well [28]. In
human-ruptured AAA tissue, however, a paucity of neutrophils has been identified,
highlighting the challenges previously noted in experimental investigations of aneu-
rysm rupture [23, 61]. In summary, although inflammation is unquestionably related
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to AAA pathogenesis and progression, aortic mural inflammation may be less rele-
vant to the process of aortic tensile failure and rupture in the setting of end-stage
disease. Significantly, accelerated AAA progression and rupture have been previ-
ously noted in solid organ transplant recipients on massive anti-inflammatory/antire-
jection medical regimens [62]. Unquestionably, the specific role that inflammatory
cells play in precipitating aortic rupture, if any, remains to be determined.

Intraluminal Thrombus The role of intraluminal thrombus (ILT) in promoting or
preventing aneurysm rupture has been extensively debated for years [63—65].
Although ILT may reduce AAA wall strain [63], paradoxically advanced ILT has
also been associated with accelerated aneurysm enlargement [66]. Empirically,
laminar ILT has been shown to induce relative hypoxia in adjacent aortic segments,
in turn promoting inflammation [64], MMP-9 activation [26, 67], and downregula-
tion of mural protein synthesis [68]. Many investigators have attempted to draw
correlations between ILT burden and deposition pattern and aneurysm size and
clinical outcomes based on cross-sectional imaging datasets [65, 69]. However,
despite demonstrating a positive correlation between AAA diameter and ILT vol-
ume, this ratio was not useful in distinguishing ruptured from intact AAAs, either in
clinical series [70] or experimental modeling [28]. Also, Golledge and colleagues
recently reported that ILT volume was similar between ruptured and intact AAA
[71], making the role of ILT in rupture process even more obscure.

Prediction of Rupture Site Investigators have long recognized that aneurysm rup-
ture occurs most commonly at the retroperitoneum [17, 72], and as originally noted
by Darling and associates, ruptures occur more common on the left side of the aorta
[17]. ILT, which may contribute to the enlargement of AAA and subsequent rupture
[66, 69], accumulates mainly on the anterior aortic wall in mostly asymmetrical
patterns, suggesting further influences on rupture risk [70, 73]. Aneurysm morphol-
ogy, in addition to size, thus likely plays a role as well. Wall strain, related to local
hemodynamic factors, may accelerate degradation or precipitate tensile failure of
the weakened but still intact aortic wall and seems to correlate in several series to
the subsequent risk for aortic rupture [74-76].

Attempts to predict site and likelihood of rupture based on calculated peak wall
stress have shown some promises in their early iterations [75-77] (Fig. 4.5).
However, efforts to translate these methodologies into clinical practice have proven
difficult, since finite element structural analysis used to calculate wall stress is
inherently limited by estimations of biological and biomechanical factors, such as
elastic properties of the aorta, hemodynamic factors, and patient-specific morpho-
logic features. Recently, Boyd and associates used computational fluid dynamic
approach to correlate hemodynamic stress and resulting wall strain, with the site of
rupture, and found that rupture occurred not at the sites of high pressure and wall
shear stress but at the locations with low wall shear stress and predominant throm-
bus disposition [78] (Fig. 4.6). Rupture at the low stress region was also reported by
Koncar and associates [79]. These reports underscore the importance of incorporating
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Fig. 4.5 Example of three-dimensional stress distribution mapped by color (red, highest; blue,
lowest) for maximum wall stress at peak systolic blood pressure (Reproduced from Fillinger et al.
[75], with permission from the Society for Vascular Surgery)
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Fig. 4.6 CTA images contrasted with normalized velocity profiles (high, red; low, blue) showing
the nature of flow at the site of rupture (white and black arrow). Velocity data corresponds with wall
shear stress indicating most of the rupture occurring at the site of low wall shear stress (Reproduced
from Boyd et al. [78], with permission from Society for Vascular Surgery)
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biological and biomechanical factors into consideration for the prediction of rupture
risk and localization [80-83].

As the surgical risk for AAA repair has decreased significantly in the endovascu-
lar era [84], the clinical utility of predicting rupture, or even elucidating the mecha-
nisms that predispose to rupture, has been substantially reduced. If all or most
aneurysms can be safely repaired at earlier stages of the disease, even in patients
with substantial comorbidities, what is the relative clinical utility in predicting rup-
ture of advanced disease? As previously emphasized, medical therapies directed at
preventing aneurysm progression may not translate to preventing rupture in
advanced disease. Given the increasingly prevailing perception that aneurysm rup-
ture may represent the ultimate tensile failure of the atretic and acellular advanced
aneurysm, it may be true that no medical intervention short of repopulating medial
smooth muscle cells may reduce rupture risk in advanced disease, in essence regen-
erating the aortic wall. Although rupture-specific clinical trials are underway, regen-
eration therapy specifically remains an elusive and theoretic possibility [85].

Animal Model of AAA Rupture As we have previously shown throughout this
chapter, mechanisms behind pathogenesis of AAA rupture remains poorly under-
stood even compared to the development and progression of AAA. One of the con-
tributing factors to this problem is the lack of established animal model for ruptured
AAA. When ease for gene manipulation and handling is considered, rodents, espe-
cially mice, are very useful as an experimental animal model. Angiotensin II infu-
sion/Apo E knockout (Ang II) model does acquire rupture in some cases, but they
are aneurysms caused by the aortic dissection and also primarily occur at the supra-
renal level which is different from the human AAA rupture. The model reported by
Allaire et al. had 100 % rate of rupture; however, they used rat as an experimental
animal and also a technique of xenograft transplantation coupled with immunization
to achieve rupture, which is very different from typical human AAA rupture [18].
On the other hand, English and associates created an AAA rupture in rats by com-
bining the well-established porcine pancreatic elastase (PPE) technique with admin-
istration of P-aminopropionitrile (BAPN) [18]. Without question, however, there
remains a compelling need for developing high-fidelity animal modeling systems to
gain additional insight into the pathogenesis of AAA rupture.

Current Status of AAA Rupture Management Mortality from AAA rupture in
the US has been declining for decades [86], most likely related to progressive and
continuing reductions in the prevalence of adult cigarette consumption [87, 88]
(Fig. 4.7). Worldwide, aneurysm-related mortality has been more variable, with
some regions still experiencing relatively high death rates [89, 90] (Fig. 4.8). Thus
prevention of aneurysm rupture remains a key priority for public health policy
worldwide. Despite ongoing medical therapy trials for early disease management
(NTACT, clinicaltrials.gov #NCT01756833) (AARDVARK, clinicaltrials.gov
#NCTO01118520), (TEDY, clinicaltrials.gov #NCT01683084), little success has
been achieved in predicting or limiting rupture risk outside of surgical exclusion. As
personalized therapies evolve in the era of precision medicine, additional genetic,
biomarker, and biomechanical modeling technologies will almost certainly provide
more clarity to the task of predicting and preventing AAA-related mortality.
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Fig. 4.7 Relationship between US annual adult per capita cigarette consumption and US age-
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between cigarette consumption and AAA-related mortality in the second half of the twentieth
century (Reproduced from Lederle [87], with permission from American Heart Association)
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Fig. 4.8 Trends in age-standardized AAA mortality classified by gender showing regional differ-
ences around the globe with some regions experiencing higher mortality. (a) Male (b) Female. Aus
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with permission from American Heart Association)
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Chapter 5
Wall Stress

Derek P. Nathan and Benjamin M. Jackson

Introduction

The repair of abdominal aortic aneurysms (AAA) in order to prevent aneurysm
rupture and patient death represents one of the central tenets of vascular and endo-
vascular surgery. The ability to predict AAA rupture is therefore of paramount
importance. While maximum aortic diameter is an empirically proven metric in the
prediction of AAA rupture, it is far from ideal.

Biomechanical analysis has been demonstrated to improve the understanding
and prediction of AAA rupture. In particular, wall stress has been shown to predict
more accurately the rupture and growth of AAA than maximum diameter. Finite
element analysis represents the most commonly employed biomechanical technique
to analyze AAA rupture risk, although other methods, including computational fluid
dynamics and fluid—structure interaction analysis, have emerged as an important
and nuanced means of predicting AAA behavior.

The review of the literature herein highlights the limitations of maximum aneu-
rysm diameter as a predictor of AAA rupture; the use of biomechanical analyses,
such as wall stress, to predict AAA rupture; and the evidence in support of wall stress
in elucidating the natural history of AAA. While maximum aneurysm diameter
remains one of the most important tools available to vascular surgeons in the evalu-
ation and management of AAA, aneurysm diameter is not rigorously predictive of
aneurysm rupture, and wall stress represents an important complement and adjuvant
in understanding and predicting the behavior of abdominal aortic aneurysms.
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Maximum Diameter Is a Less than Ideal Predictor of AAA
Rupture

Several studies have demonstrated that a not insignificant number of AAAs rup-
ture at a size less than the maximum diameter of 5.5 cm at which repair is typically
recommended. One large, single-center study reported that 16 of 161 (9.9 %)
ruptured AAAs that presented over a 10-year period were 5 cm or smaller in
maximum diameter [1]. This finding led the authors to suggest that in appropri-
ately selected patients, a lower size threshold might be used to recommend repair.
The UK Small Aneurysm Trial followed a cohort of over 2000 patients prospec-
tively over time. In that trial, 24 patients with AAAs between 4 and 5 cm ruptured.
Patients with AAAs between 4 and 5.5 cm had a crude rupture rate of 2.7 per 100
person-years [2]. It is important to note that in both of the above studies, ultra-
sound was the primary imaging modality for determining maximum aortic diam-
eter, and ultrasound has been shown to underestimate AAA size compared to
computed tomography-based measurements by between 1 and 5 mm depending on
the method utilized [3]. Nonetheless, it appears that a number of AAAs rupture
prior to reaching the maximum diameter threshold at which repair is recom-
mended. One might ask whether some larger aneurysms are stable over long-term
follow-up, which might further impugn the predictive value of aneurysm diameter,
but the same UK Small Aneurysm Trial found that very few patients with aneu-
rysms greater than 6 cm survived more than 3 years without rupture. That small
aneurysms sometimes rupture highlights the fact that current criteria for aneurysm
repair that rely exclusively on maximum diameter are far from ideal in predicting
AAA behavior.

Computational Biomechanics in the Prediction of AAA
Rupture

Biomechanical analysis utilizing wall stress represents an additional manner of
predicting AAA rupture. The Law of Laplace states that wall tension is proportional
to pressure times radius for thin-walled spheres or cylinders. Wall stress is wall
tension divided by wall thickness. This axiom forms much of the basis for the use
of maximum diameter to predict AAA rupture, which, as described above, is the
default — but less than ideal — method of predicting AAA rupture. The axiom that
an AAA ruptures when the stress on the aortic wall exceeds its strength may offer
a more sophisticated and reliable means of predicting the natural history of AAAs.
Biomechanical analyses that yield calculations of wall stress and wall strength, as
a result, may improve the ability to prognosticate the behavior of aortic
aneurysms.
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Role of Wall Strength

There are several means of assessing the wall strength of aneurysms of the
abdominal aorta. One method is noninvasive and predicated on imaging modali-
ties, such as ultrasound, computed tomography, and magnetic resonance, with
cardiac cycle tracking to evaluate the compliance of the aortic wall. Wilson and
colleagues employed ultrasound with electrocardiogram gating to measure the
aortic wall stiffness at the point of maximum aneurysm diameter in 210 patients
over a median follow-up of 19 months [4]. It was found that decreased stiffness,
or increased distensibility, conferred a significant increase in rupture risk. Patients
with decreased stiffness had almost as great an increased risk of rupture as patients
with a 10% increase in maximum aortic diameter (28 % versus 36 %). While
illustrative of the biomechanics of the aortic wall, ultrasound with cardiac cycle
tracking has several limitations, including a significant learning curve to master
the technique, and moderate interobserver and intraobserver variation [5].
Electrocardiogram-gated computed tomography has been used to quantify cir-
cumferential and longitudinal cyclical strain in the aorta; however, this technique
remains more of a research-oriented than a practical clinical application at this
time [6].

Another manner of calculating AAA wall strength is through the ex vivo analy-
sis of the aortic wall tissue excised from an aneurysm during surgical repair. In
this manner, Di Martino and colleagues compared the wall strength of the ruptured
and non-ruptured AAA [7]. Aortic wall thickness was measured using a laser
micrometer, and wall strength was determined in a uniaxial tensile testing system.
The thickness of the ruptured AAA was significantly greater than the non-ruptured
AAA; of note, the former were not any greater in maximum diameter than the lat-
ter. Moreover, consistent with the findings of the previous study from Wilson and
colleagues, decreased stiffness was associated with decreased wall strength.
Therefore, both ex vivo and in vivo studies are able to assess the biomechanical
properties of the aortic wall and thus aid in the description of AAA behavior.
Unfortunately, the most reliable way to determine aortic wall strength is by
stretching the surgically excised aortic wall tissue until it ruptures or breaks,
which may explain why studies of aortic wall strength have lagged behind those
of aortic wall stress.

Finally, Vorp and Vande Geest and colleagues at the University of
Pittsburgh, developed circa 2006, a statistical model capable of predicting
regional aortic wall strength based on the inputs: age, gender, family history
of AAA, smoking status, AAA diameter, normalized regional aortic diameter,
and regional intraluminal thrombus (ILT) thickness. The statistical model was
validated against ex vivo specimens [8]. This has been implemented in a “rup-
ture potential index,” or RPI, elucidated by the same group and described
below.
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Role of Wall Stress

Calculation of AAA wall stress with finite element analysis (FEA) remains the most
widely employed method of investigating in vivo aortic biomechanics. Wall stress
determinations with FEA represent a noninvasive, computational method of investi-
gating the biomechanics of aortic aneurysms. Although the specific details of the FEA
technique may vary across studies, in general, there are several fundamental steps to
the process. First, finite element analysis requires the creation of a precise and robust
three-dimensional (3D) reconstruction of the abdominal aorta. This 3D reconstruction
is most commonly abstracted from computed tomography imaging [9]. In the case of
computed tomography-based methodology, the construction of a 3D model suitable
for wall stress analysis requires multi-slice spiral computed tomography scanning
with collimation and rotation time that is sufficiently narrow and fast, respectively.
The 3D model can be reconstructed and segmented by automatic or manual means. A
semiautomatic segmentation method with automated reconstruction based on differ-
ent material density followed by manual review to confirm that the automatic con-
struction is correct is commonly used. Indeed, this technique is favored by the authors
of this chapter and other investigators with extensive experience with FEA and the
study of aneurysm wall stress [9, 10].

Early studies of FEA of AAA wall stress only included the wall of the abdominal
aorta, while the remainder of the abdominal aorta in the 3D reconstruction was
assumed to be the flow lumen. However, as CTA imaging has increased in resolu-
tion and availability, and image analysis techniques have become more sophisti-
cated; mural thrombus and atherosclerotic calcifications have been included in
models as well. Several studies have demonstrated that the inclusion of mural
thrombus and calcifications has important ramifications for AAA wall stress calcu-
lations [11, 12]. An additional advancement in FEA technique has been the ability
to measure the thickness of the aortic wall. Whereas prior 3D AAA reconstructions
were assumed to have uniform wall thickness and improvements in computed
tomography imaging provided the spatial resolution necessary to enable patient and
region-specific aortic wall thickness measurements; these locally resolved aortic
wall thickness measurements have been shown to improve the ability of wall stress
to predict AAA behavior [10, 11].

From the 3D reconstruction of the CTA, a mesh is generated, which is composed
of thousands of individual nodes and elements representing the abdominal aorta,
including the aortic wall, mural thrombus, and calcifications. Computerized algo-
rithms “smooth” the mesh in order to yield a precise 3D model that is suitable for
FEA. Boundary conditions and material properties of the model are specified.
Boundary conditions include the blood pressure applied to the inside of the modeled
aorta, while material properties refer to the mechanical characteristics of the com-
ponents of the model. The aortic wall, mural thrombus, and calcification are gener-
ally given unique material properties, and may behave in an isotropic or anisotropic
manner. Elastic or hyperelastic material properties are typically specified. While
assigning anisotropic and hyperelastic properties to the various materials may be
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Fig. 5.1 (a) Calculated wall thickness map overlaid onto aortic geometry. (b) Stress contour map
derived from uniform wall thickness aortic geometry. (¢) Stress contour map derived from variable
wall thickness aortic geometry. Note the colocalization of areas with low wall thickness and high
peak wall stress, especially in the aneurysm neck (From Shang et al. [10])

more accurate or realistic, these specifications will risk rendering the FEA model
computationally unwieldy and time-consuming. In the clinical milieu, time-
consuming imaging, image analysis and segmentation, and computational modeling
are currently not tenable. Finally, the computational algorithms solve the linked
partial differential equations to determine the predicted locally resolved wall
stresses. These can easily be depicted visually, as in Fig. 5.1.

Wall Stress as a Predictor of AAA Rupture and Dilatation

In 2002, Fillinger and colleagues at Dartmouth Hitchcock Medical Center employed
FEA to assess the association between wall stress and AAA behavior. Patients who
underwent elective repair of asymptomatic AAAs, urgent repair of symptomatic
AAAs, and emergent repair of ruptured AAAs were included in the study. The peak
wall stress of the symptomatic and ruptured AAAs undergoing nonelective repair was
significantly greater than that of the asymptomatic AAAs undergoing elective repair
[9]. Moreover, even when accounting for differences in maximum aneurysm diameter,
the symptomatic and ruptured AAAs still had a significantly greater peak wall stress
than the asymptomatic AAAs. Indeed, the smallest ruptured AAA at 4.8 cm had a peak
wall stress equivalent to that of an asymptomatic 6.3 cm abdominal aortic aneurysm.
The authors also reported that the location of peak wall stress was not at the point of
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maximum diameter, but in the posterolateral aspect of the AAA. This location of peak
wall stress coincided with the area of rupture in the six patients for whom the location
of rupture was known. This seminal study from Fillinger and colleagues highlighted
that a noninvasive computational biomechanical analysis of 3D AAA geometry might
be superior to maximum diameter alone in predicting an aneurysm rupture risk.

Expanding on their work, Fillinger and colleagues analyzed the ability of maxi-
mum diameter versus peak wall stress to predict rupture risk over time in a cohort of
patients with AAAs under prospective longitudinal observation [13]. One hundred and
three patients with AAAs were assessed in an elective setting: 42 underwent observa-
tion without intervention within 1 year of their assessment, 39 underwent elective
repair within 1 year, and 22 underwent emergent repair for rupture (n=8) or symptoms
(n=14). Both index maximum diameter and peak wall stress differed between the
groups; however, the latter appeared to better differentiate the AAAs that required
emergent repair by receiver operating characteristic curve analysis. Multivariate anal-
ysis confirmed that peak wall stress, and not maximum aneurysm diameter, was an
independent predictor of rupture risk over time. In addition to these results, the authors
reported that almost one-quarter of the patients with ruptured and symptomatic AAAs
who underwent emergent repair had maximum aneurysm diameters of 5 cm or less.
Approximately three-quarters of the patients who underwent observation without
intervention had peak wall stresses lower than the lowest recorded peak wall stress for
AAAs that required emergent repair. The findings of this later study by Fillinger and
colleagues confirmed those of the previous investigation, suggesting that differences
in wall stress could be identified early in the evaluation and treatment of patients with
AAA, and thus that FEA might be useful in clinical decision-making.

Additional evidence in support of the role of wall stress in predicting AAA natural
history comes from Li and colleagues [14]. Utilizing the rate of AAA expansion as a
metric of the risk of aneurysm rupture, these authors sought to analyze the association
between wall stress and aneurysm growth. Patients with AAA were included in a lon-
gitudinal study with serial computed tomography imaging. Patients with AAA that
expanded rapidly (>4 mm/year) had higher baseline wall stress than slowly expanding
AAA (<4 mm/year). There was no difference in baseline maximum aortic diameter
between the two groups. This investigation suggested that AAA with higher wall stress
have a greater rate of expansion and consequently a greater risk of rupture. The authors
concluded that while the decision to repair AAA remains multifaceted, wall stress
could play a role in the management of AAA with diameters in the range of 4-5.5 cm.

As indicated in the prior section, investigators at the University of Pittsburgh
have also examined the computationally predicted aortic wall stress in AAAs.
However, they have concentrated their efforts on a locally and regionally resolved
RPI, instead of peak wall stress alone. They defined the RPI as the ratio between
local wall stress and local wall strength, and found that RPI was higher — though the
difference was not statistically different — in ruptured than intact AAA [15].
Interestingly, the wall strength was significantly lower in the ruptured group than
the intact group, casting some doubt on the clinical utility of wall stress calculations
in isolation. Other groups have implemented analyses bases on the RPI formulation:
among these is the Munchén group who did find statistically significant increased
RPI in symptomatic and ruptured AAA [16].
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Our laboratory at the University of Pennsylvania has recently demonstrated the
ability to detect the regional aortic wall thickness of the abdominal aorta, including in
areas with mural thrombus present [17]. Furthermore, Shang and colleagues in the
same lab have shown that the inclusion of locally resolved aortic wall thickness sig-
nificantly impacts FEA estimates of peak wall stress and that variable wall thickness
computational models are more correlated with expansion of AAAs (a putative
marker of rupture risk) than are models assuming a uniform aortic wall thickness [10].

Role of Wall Stress in Other Pathologies

Thoracic Aortic Rupture Risk Prediction

While indications for repair of infrarenal AAA are well established, and patients
with 6 cm AAA have a high 3-year mortality, similar straightforward and rational
indications for the treatment of thoracic aortic pathologies are not uniformly
accepted. Historically, an elective repair of descending thoracic aortic aneurysms
(DTAA) and thoracoabdominal aortic aneurysms was not universally recommended
until maximal diameter exceeded 6.5 cm [18]. But elective repair of even 6.5 cm
DTAA is much less compelling than the repair of 5 cm AAA’s: only 30 % of 6.5 cm
DTAA are expected to be ruptured in 5 years [19]. Surgeons cannot simply ignore
relatively small thoracic aneurysms either: the annual risk of rupture, dissection, or
death at a diameter of 6.0 cm is 16 % [12]. Therefore, computational stress model-
ing or other biomechanical indices might play in guiding therapeutic decisions in
patients with thoracic aortic aneurysms.

Our laboratory has investigated this possibility and demonstrated that computa-
tional peak wall stress was strongly correlated with aneurysm expansion rate, a
proxy for rupture risk (Fig. 5.2) [20]. In addition, Shang and colleagues showed that
more sophisticated FEA models (Fig. 5.3), incorporating variable aortic wall thick-
ness, intraluminal thrombus, and aortic calcification, predicted very different peak
wall stresses, highlighting the importance of choosing an appropriately refined and
validated computational model for aneurysm rupture risk prediction [21].

Summary

While computational wall stress modeling of AAAs can better predict rupture than
diameter-based risk assessment alone, FEA, RPI, and similar computationally based
models have not been implemented clinically to any significant degree. Nevertheless,
the clinical insights derived from biomechanical analyses currently can influence
our understanding of AAA rupture risk, and future work formally incorporating
computational stress modeling into clinical decision-making should be emphasized.
Meanwhile, our management of other pathologies, including thoracic aortic aneu-
rysms, should be influenced by predictive biomechanical analyses.
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Fig. 5.2 Correlations between thoracic aortic expansion rate and initial diameter (leff) and
between thoracic aortic expansion rate and peak wall stress (right), demonstrating that peak wall
stress is a better predictor of aneurysm expansion rate (From Shang et al. [13])
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Chapter 6
Clinical Presentation of RAAA

Dieter Mayer

Despite the widespread belief that a ruptured abdominal aortic aneurysm (RAAA)
presents with the classical triad of back pain with or without abdominal pain, hypoten-
sion, and a pulsatile abdominal mass [1], this triad is only present in one fourth to half
of all RAAA patients [2, 3]. Depending on the site of rupture, the comorbidities of the
patient, and conditions of the institution or rescue team, RAAA may be misdiagnosed
in up to 30 % of patients [2]: myocardial infarction, ureteral stone, peptic ulcer, perfo-
ration of the stomach or duodenum, gallstones, or even diverticulitis are often sus-
pected, and their respective diagnostic pathway may considerably delay the diagnosis
and treatment of life-threatening RAAA. In contrast, vascular surgeons must be aware
that those diseases may mimic RAAA and that these misdiagnoses can be quite trou-
blesome when RAAA is only detected after emergency laparotomy. In chronic con-
tained rupture (CCR) of abdominal aortic aneurysms (AAA) [4, 5], clinical presentation
and signs may be even more subtle and misleading. Patients may present with full-
blown abdominal compartment syndrome (ACS) [6], which may be missed when the
focus is put on the rupture of the aorta and its rapid sealing.

Acute Presentation of RAAA

Individual persons suffering from RAAA may present in many ways. The most typi-
cal manifestation of rupture is abdominal and/or back pain with (transient) hypoten-
sion or syncope. However, symptoms may be vague and an abdominal pulsating mass
may or may not be present. Depending on the localization of rupture (Fig. 6.1), the
diagnosis may be confused with acute coronary syndrome, myocardial infarction,
congestive heart failure, gastric perforation, renal or ureteral calculus, diverticulitis,
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Fig. 6.1 (continued)

4
N

Fig. 6.1 Illustration of various types of ruptures. (a) Retroperitoneal rupture. Dorsal or dorsolat-
eral rupture usually leads to a leak into the retroperitoneum, often causing asymmetric displace-
ment and squeezing of the abdominal content. As a consequence, asymmetric bulging of the
abdominal wall may be encountered. Due to the restricted retroperitoneal space and the consis-
tency of the retroperitoneal tissues, retroperitoneal leaks often temporarily seal, before definite —
sometimes free — rupture. “Contained” rupture is therefore used synonymously to retroperitoneal
rupture in the literature. (b) Intraperitoneal rupture. More anterior rupture may immediately com-
municate with the peritoneal cavity, and due to the low resistance in this space and the good
compliance of the abdominal wall, massive amounts of blood may flow into this cavity. “Free”
rupture is therefore regularly used as a synonym. Bulging of the abdomen usually is symmetric.
(¢) Aortocaval fistula. Right lateral rupture into the vena cava causes a communication of a high-
pressure to a low-pressure system. This left to right shunt leads to massive increase in cardiac
output and eventually to high-output congestive heart failure. The abdomen is usually unremark-
able, although an abdominal thrill may be palpated or auscultated. (d) Aorto-left renal vein fis-
tula. Dorsal rupture into a retroaortic left renal vein accounts for 90 % of this type of rupture. In
addition to the signs and symptoms of aortocaval fistula, hematuria or varicocele may frequently
develop. (e) Aortoenteric fistula. Rupture into the bowel creates a communication between usu-
ally the third or fourth part of the duodenum and the aorta. However, all parts of the gastrointes-
tinal systems may be involved. Due to the leak into a low-pressure system, blood may immediately
ascend to the stomach and pretend an upper GI bleeding. Less frequently, a lower GI bleeding
may reveal as an aortoenteric fistula, e.g., the jejunum. (f) Arterio-ureteral fistula. Rupture into
the ureter most often occurs in the region of the iliac bifurcation either between the native aneu-
rysmatic iliac artery or a previously placed graft for aortoiliac replacement. Hematuria and hydro-
nephrosis are the most common signs of AUF. (g) Chronic contained rupture. Retroperitoneal
rupture may lead to a slow progressive bleeding that is contained by the resistance of the periaor-
tic tissues and may exert chronic stone mill-like pressure to the adjacent structures such as the
vertebral column. Erosion of vertebral bodies has been documented radiologically and surgically.
Correspondingly, chronic back pain with or without irradiation to the groin is the most presenting
symptom in this type of rupture
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incarcerated hernia, or lumbar spine disease, to name only a few. On the other hand,
patients with RAAA may present in frank shock, as evidenced by cyanosis, mottling,
unconsciousness, tachycardia, and severe hypotension.

Physicians should — independent of their specialties — be aware of the early signs
of potential abdominal aortic aneurysm rupture: syncope, transient hypotension,
and/or loss of consciousness. Rapid diagnosis due to early suspicion of RAAA may
be lifesaving as hemodynamic instability may suddenly ensue due to continuous
blood loss, “secondary” rupture, and/or ACS.

Usual Presentation of RAAA
Retroperitoneal Rupture

Rupture of the posterior or lateral aneurysm wall into the retroperitoneal cavity
(Fig. 6.1a), generally called retroperitoneal or also “contained” rupture, is the most
common site of rupture found in RAAA patients. Due to the posterolateral localiza-
tion of the tear, the blood will rapidly expand into the retroperitoneal space. However,
bleeding will often be temporarily sealed, because of the anatomy and consistency of
the retroperitoneal space and tissues that will “contain” bleeding by tamponade due
to increased retroperitoneal pressure. Clinically, this manifests as back or flank pain
with or without abdominal pain and (temporary) hypotension. The pain is usually
severe, constant, and unaffected by position and can radiate to the chest, scrotum,
inguinal region, or the thigh. On inspection, patients are pale and sweaty, sometimes
restless, and often report feeling cold. Physical examination may show a pulsatile
mass in the upper abdomen. The latter is often missing, however, especially in obese
patients and/or those with severe hypotension caused by hemorrhagic hypovolemia.

This period of self-tamponade provides the window of opportunity for the treat-
ment of patients with this type of rupture. They remain relatively stable, sometimes
even for a few hours, during which patients may rapidly be transferred to an institu-
tion familiar with the management of RAAA. Patients are, however, at great risk for
“secondary” rupture, especially when reanimation includes aggressive blood pres-
sure and fluid resuscitation as taught for many years. Therefore, these patients
should be followed by the principles of hypotensive hemostasis described in the
literature: fluid restriction and keeping the systolic blood pressure low [7-9].

If not suspected right away, contained RAAA may develop a variety of mislead-
ing symptoms and clinical as well as radiological signs because of the growing
intra-abdominal pressure and compression of abdominal organs such as the intes-
tines or the ureters because of the growing hematoma. Even angina-like symptoms
may occur, especially when ACS develops leading to low cardiac and coronary fill-
ing pressures [6]. Not infrequently, however, true angina pectoris develops due to
severe hypotension and hypovolemia caused by the RAAA. The author has experi-
enced situations where patients were kept in the medical emergency department for
many hours before RAAA has been detected “incidentally” while performing a
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(contrast-enhanced) computed tomographic scan for an entire different reason. This
kind of diagnostic delay significantly worsens the outcome; the mortality rate
increases from 45 to 55 % when diagnosis is delayed for up to 10 h or as high as
100 % when missed even longer [10]. It is strongly suggested, therefore, that in any
patient with sudden abdominal and/or back and/or flank pain, RAAA must always
be considered in the differential diagnosis. Algorithms and emergency checklists
should be updated accordingly. However, retroperitoneal rupture may present in a
quite unusual fashion such as painless or painful testicular ecchymosis also called
the “blue scrotum sign of Bryant” [11, 12].

Intraperitoneal Rupture

As many as 65 % of patients with ruptured abdominal aortic aneurysms die of sudden
cardiovascular collapse before arriving at a hospital. Most of these patients suffer
from anterior rupture, also called “free” rupture, with massive bleeding into the peri-
toneal cavity (Fig. 6.1b). In contrast to the posterior retroperitoneal rupture, there is no
resistance that would allow temporary sealing and containment of the rupture. The
blood may fill up the intraperitoneal space until the patient’s exsanguination. Clinically,
sudden severe abdominal and/or back pain is usually followed by collapse because of
uncontrolled bleeding. Patients usually remain hemodynamically unstable and do not
temporarily recover like the patients suffering from retroperitoneal contained rupture.
The abdomen may appear balloon-like due to rapid expansion of the abdominal wall,
while in patients with retroperitoneal rupture, an asymmetric bulging may be detected.
Some patients may be found dead minutes after free intraperitoneal rupture and there-
fore mistakenly be diagnosed as cardiac sudden death patients.

Unusual Presentation of RAAA

Rarely, abdominal aortic aneurysms rupture into abdominal veins, small bowel seg-
ments, or even the ureter, producing fistulae of the respective hollow structures. The
patient’s presentation varies depending on the localization of the rupture and the
organs involved.

Aortocaval Fistula

Rupture into the inferior vena cava (Fig. 6.1c) will produce an aortocaval fistula
(ACF) of varying diameter. Depending on the size of the communication between
the aorta and vena cava, variable clinical manifestations may be detected. The
classic presentation of patients with ACF is a triad of abdominal and/or back
pain, a pulsatile abdominal mass, and a continuous bruit on abdominal ausculta-
tion (sometimes accompanied by a palpable thrill) [13—15]. However, the
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prevalence of this classic triad varies significantly between studies and may be as
low as 17 % [14, 15]. High-output congestive heart failure may be the leading
manifestation with patients showing dyspnea, pulmonary edema, tachycardia,
wide pulse pressure, cyanosis, dilated superficial veins on the abdominal wall or
the legs, and lower limb edema [13, 14, 16, 17]. A variety of other symptoms
may mislead the clinicians in making the correct diagnosis of RAAA in the form
of aortocaval fistula: angina pectoris [13], palpitations [18], fever [19], and rectal
bleeding [20] due to rupture of distended veins. Oliguria [15, 19] and renal insuf-
ficiency [21-24] caused by decreased renal perfusion and hematuria caused by
kidney malperfusion and/or superficial renal or bladder vein rupture [25] may
trigger the wrong diagnosis of kidney or bladder disease. Acute hepatorenal fail-
ure has been described as a first manifestation at presentation [26]. In fact, prob-
ably half of all aortocaval fistulae are missed [19], and ACF is frequently
incidentally detected during elective AAA surgery [14]. Hypotension, pulsatile
peripheral veins [13], and diminished lower limb pulses [13, 19] may eventually
lead to the correct diagnosis when detected. Although rupture of AAA is the
main cause of ACF, other causes exist such as trauma and surgery of the lumbar
spine [13, 14].

It is important that clinicians and emergency staff be trained in detecting
ACF. The outcome of accidentally discovered ACF during surgery is significantly
worse because of major blood loss or pulmonary embolism from aortic thrombus
caused by the inadequate operative strategy due to ignorance [14]. Preoperative
detection of ACF is important and nowadays should be accomplished by contrast-
enhanced computed tomographic angiography (CTA) [13, 14, 19, 27].

Aorto-left Renal Vein Fistula

Rupture into the left renal vein (Fig. 6.1d) might be regarded as equivalent to
aortocaval fistula with special considerations. Pathophysiologically, this type of
arteriovenous fistula behaves similarly to the aortocaval fistula with possible
high-output congestive heart failure and all the clinical manifestations as
described above. However, due to its site of rupture into the left renal vein, signs
and symptoms regarding the kidney and bladder are accentuated. This is best
represented by the “abdominal pain, hematuria, silent left kidney” syndrome
described in the early 1990s by Mansour et al. [28]. Pain is usually felt in the left
flank and radiates to the groin. It is accompanied by hematuria in 85 % of patients
[29], and ureteral colic is often suspected rather than an AAA that has ruptured
into the left renal vein [30]. Despite the fact that this kind of RAAA is very rare,
diagnosis should be promptly made when these symptoms are present [29]. The
outcome is similarly worsened because of ignorance of the underlying pathology
and the discovery of the condition during surgery. It is important to note that in
more than 90 % of the cases, the rupture occurs dorsally into a retroaortic left
renal vein, a rare anomaly affecting 1-2.4 % of people [28, 29]. Finally, two
patients who presented with a large left-sided varicocele, presumably due to left
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renal vein hypertension and impaired venous return from the left testicle, have
been described [29, 31]. Furthermore, recently, a female patient with a retroaor-
tic left renal vein fistula masquerading as pelvic congestion syndrome has been
described by Fassiadis et al. [32]. Of the 32 cases described up to 2013, all but
two were male [32—-34]. Very recently, Wu et al., in a letter to the editor, describe
the case of a 30-year-old man who was brought to the hospital following trauma
involving an abdominal stab wound [35]. The postoperative CT scan following
emergency abdominal surgery revealed an aorto-left renal vein fistula that was
secondarily treated by endovascular repair.

Aortoenteric Fistula

Rupture into the bowel (Fig. 6.1e) creates a communication between a non-ster-
ile compartment, the bowel, and a sterile compartment, the aorta. Anatomically,
the third or fourth parts of the duodenum are most commonly involved due to
their topographic relationship to the anterior aortic wall and their fixation to the
retroperitoneum by the ligament of Treitz [36], but other parts may be involved.
Two types of aortoenteric fistulas (AEFs) are recognized: primary and secondary
[37]. Primary fistulas occur de novo between the aorta and the bowel, the more
common secondary fistulas between an aortic graft and a segment of bowel.
Accordingly, clinical presentations vary depending on the size and localization
of the communication with the bowel, the dynamic of perforation, and the pres-
ence or not of previous open vascular or endovascular interventions. Patients
with aortoenteric fistula (AEF) may present with few symptoms beyond abdomi-
nal discomfort [38] with or without an elevated CRP and white blood cell count,
if perforation is impending or temporarily sealed. In fact, symptoms may be
attributed to peptic ulceration, and the proton pump inhibitors prescribed may
temporarily relieve the pain [38]. On the other end of the spectrum, AEF patients
may present as an emergency, either with massive gastrointestinal (GI) bleeding,
with frank sepsis, or both. Patients with significant GI bleeding induced by AEF
present with hematemesis, melena, and anemia, sometimes accompanied by syn-
cope or shock [39—-41]. Massive hemorrhage is commonly preceded by an epi-
sode of small brisk bleeding which stops spontaneously. This so-called herald
bleed is characteristic of an AEF [36]. Diagnosis of AEF is often delayed for
days or even weeks, and patients sometimes receive multiple blood transfusions
before the diagnosis of AEF is established [39]. However, patients may just pres-
ent with abdominal pain and melena or recurrent rectal bleeding [38]. Melena as
the first manifestation of AEF may mislead clinicians to look for peptic ulcer
disease, gastritis, esophageal varices, Meckel’s diverticulum, or Mallory-Weiss
syndrome. Presentation with rectal bleeding and flank pain for 2 weeks before
establishing the diagnosis of primary AEF has been described [42]. Unexplained
fever may occur in patients with primary [43, 44] or secondary [45] AEF, and
missing the diagnosis may end fatally. Some patients present with (recurrent
episodes of) sepsis caused by primary [46] or secondary [47] AEF. Diagnosis
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may be delayed for months, as reported in a 78-year-old female treated for recur-
rent episodes of Enterobacter cloacae sepsis with antibiotics before finally
detecting a secondary AEF [47].

In summary, establishing the diagnosis of primary or secondary AEF is very
challenging, and a high index of suspicion is required because of the variability
of clinical presentation. The classical clinical triad consisting of upper gastroin-
testinal bleeding, abdominal pain, and a pulsatile abdominal mass is present in
only 10 % of patients suffering from primary AEF [48, 49]. Presentation of sec-
ondary AEF is even more complex, and the clinical manifestations are often
crucial to the diagnosis of AEF, because no single imaging modality is capable
of depicting this condition with high sensitivity and specificity. However, if
clinically suspected, upper GI endoscopy (to include the entire duodenum),
contrast-enhanced computed tomographic angiography, and, sometimes, plain
angiography or ultrasound may be required to confirm the diagnosis.
Unfortunately, preoperative diagnosis of AEF is reached in only 50% of the
patients [36], exposing half of the patients to a high risk for intraoperative mas-
sive bleeding and complications as with aortocaval and aorto-left renal vein
fistulas.

Arterio-ureteral Fistula

Rupture into the ureter (Fig. 6.1f) will create a communication between the
aorta and the iliac arteries and anastomotic aneurysms or vascular graft material
in the aortoiliac position and the ureter [50, 51]. The left and right ureter seems
to be involved almost alike, whereas bilateral involvement is only 1% [51].
Arterio-ureteral fistula (AUF) is an uncommon diagnosis that is often missed
due to its misleading presentation. In a recent systematic review of 139 cases
from 1899 to 2008 by van den Bergh et al., all patients presented with hematuria
[51]. Some patients required acute intervention for massive hematuria, while in
most patients hematuria was less intense, and they presented after having expe-
rienced multiple intermittent episodes of bleeding. In 74 % of AUF patients,
hematuria was the only manifestation, 17 % had accompanying flank or back
pain, 7 % showed signs of infection, and 1 % had urinary retention at first pre-
sentation. Three quarters of the patients suffered from urologic symptoms for a
longer period before initial presentation such as hydronephrosis, ureteral steno-
sis, a previously damaged ureter, or signs of chronic urinary tract infection. AUF
is a life-threatening condition, and the outcome is strongly inversely associated
with the length of diagnostic delay [52, 53]. Therefore, all clinicians, especially
urologists, and emergency staff should be trained to have a high level of suspi-
cion for the presence of AUF in patients with a background of pelvic oncologic
or vascular pathologic features or surgery, abdominal or pelvic radiotherapy,
urinary diversion surgery, and ureteral stenting. Further specific diagnostic
investigations should be performed immediately, when an AUF is suspected
[54]. Often, repeated studies and provocative testing are required to confirm the
diagnosis of AUF [55].
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Chronic Presentation of RAAA

Chronic Contained Rupture

Retroperitoneal rupture may lead to slow progressive bleeding, eventually forming
a large hematoma that is contained by the resistance of the periaortic tissues
(Fig. 6.1g) [56, 57]. Clinical presentation is like a colorful bouquet of flowers: most
patients suffering from chronic contained rupture (CCR) present with chronic back
pain with or without irradiation to the groin [58—61]; other pain-related manifesta-
tions reported are lumbar spondylitis-like symptoms [61-63], left lower extremity
weakness or neuropathy [64—66], or even crural neuropathy [56]; and vertebral ero-
sion [67-69], left psoas hematoma [60], or even obstructive jaundice [70] are fur-
ther clinical manifestations. Not surprisingly, RAAA is mostly missed in these
patients, and they may be treated, for example, for back pain or neurological symp-
toms instead. Chronic back pain of unknown origin should raise the clinicians’ sus-
picion for CCR, and further diagnostic investigations (contrast-enhanced CT
angiography and/or magnetic resonance imaging) should be performed. Although
CCR patients are generally hemodynamically stable, missing the diagnosis, and
hence rapid treatment, could lead to fatal free rupture and death [61, 65, 69, 71].

Presentation with Abdominal Compartment Syndrome

The presence of intra-abdominal hypertension (IAH) and abdominal compartment
syndrome (ACS) may further confuse the presentation of patients suffering from
RAAA. ACS as a consequence of IAH leads to (multiple) organ dysfunction at the
early stage, and patients therefore may be investigated for diseases of almost every
organ system [6, 72]. If not treated rapidly and appropriately, eventually full-blown
multiple organ failure (MOF) will develop. Although ACS usually occurs periopera-
tively [73], probably as part of the reperfusion injury to the abdominal organs, patients
with an RAAA may present with mild to full-blown ACS already on admission.
Clinically, renal dysfunction, respiratory insufficiency due to increased airway pres-
sures and decreased pulmonary compliance, cerebral dysfunction due to increased
intracranial pressure, decreased cardiac output, signs of right heart failure, an