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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 
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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

Foreword
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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 

F.J. Veith, MD 
New York University – Langone Medical Center, New York, NY, USA 

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

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

F.J. Veith
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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-

AUF
Stent Graft

Fem-Fem Bypass

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 
hypogastric artery was occluded by 
placement of coils

1 Historical Perspective on the Treatment of Ruptured Abdominal Aortic Aneurysms
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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-

F.J. Veith
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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

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).

Abdominal
pain

0.1

0.2

0.3

0.4

In
ci

de
nc

e 
of

 s
ym

pt
om

s

0.5

0.6

0.7

Shock Pulsatile
mass

Back or
flank pain

Syncope Nausea or
Vomiting

Fig. 2.1 Common 
presenting clinical 
symptoms of ruptured AAA 
(From Azhar et al. [15])

N.T. Tran



9

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. 

2 Background Scope of the Problem
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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 
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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 a rAAA 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 Malmö, 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 Malmö 
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 rAAA 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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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 rAAA, 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 rEVAR 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 rEVAR 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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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])

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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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 FEV1, which are 
closely related to increasing age.
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Fig. 3.8 Individual studies and meta-analysis of smoking on (a) the effect on growth rate and (b) 
on aneurysm rupture rates using hazard ratios, with 95 % confidence intervals, adjusted for aneu-
rysm diameter. MASS Multicentre Aneurysm Screening Study, UKSAT UK Small Aneurysm 
Screening Trial (Sweeting et al. [71])
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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 

1981N
o.

 o
f d

ea
th

s 
pe

r 
10

0 
00

0 
po

pu
la

tio
n

S
m

ok
in

g 
pr

ev
al

en
ce

 (
%

)

198419871990

Rupture deaths
Smoking
Antihypertensive drugs
Lipid-lowering drugs

199319961999200220052008
00

5

10

15

20

25

30

35

40

10 000

20 000

N
o. of prescriptions

30 000

40 000

50 000

60 000

70 000

Fig. 3.9 Changes in deaths 
from rAAA, prevalence of 
smoking for total population 
over 65 years, and prescrip-
tion of blood pressure and 
lipid-lowering medications  
in England and Wales from 
1981 to 2008 (Anjum  
et al. [23])

P.A. Soden and M.L. Schermerhorn



29

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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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; 

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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Fig. 3.12 Effect of female 
sex on AAA rupture states 
in individual studies and 
meta-analysis. Hazard 
ratios, adjusted for 
aneurysm diameter, are 
shown with 95 % 
confidence intervals. MASS 
Multicentre Aneurysm 
Screening Study, UKSAT 
UK Small Aneurysm 
Screening Trial (Sweeting 
et al. [71])
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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 1-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 FEV1 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 a low 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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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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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)
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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 Malmö, 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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 Turndown Rate for rAAA

It is also important to know the turndown rate, for those who make it to the hospital 
with a rAAA 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 

Table 3.2 Baseline characteristics of patients with an RAAA in the Amsterdam ambulance region 
undergoing surgical intervention versus patients not undergoing surgical intervention

Patient characteristics

No surgical 
intervention

Surgical 
intervention 
(n = 467)

All patients 
(n = 57)

Subgroup 1 
(n = 26)

Subgroup 2 
(n = 24)

Age in years 83 (75–88) 88 (81–90) 78 (71–82) 76 (69–80)
Male: female 74 %:26 % 

(42:15)
19 %:81 % 
(21:5)

25 %:75 % 
(18:6)

81 %:19 % 
(378:89)

Previous history of cardiac 
disease

52 % (25/48) 60 % (15/25) 44 % (7/16) 41 % (193/452)

Previous history of 
cerebrovascular disease

15 % (7/48) 16 % (4/25) 19 % (3/16) 15 % (69/451)

Previously diagnosed with 
AAA

16 % (8/49) 19 % (5/26) 13 % (2/16) NA

Referred from other hospital 11 % (6/57) 19 % (5/26) 0 30 % (140/467)
Systolic blood pressure in the 
ER in mmHg

90 (50–120) 115 (90–140) 50 (0–64) 106 (80–132)

Cardiopulmonary resuscitation 40 % (23/57) 0 96 % (23/24) 10 % (48/447)
Haemoglobin in the ER in 
mmol/L

6.9 (5.6–7.6) 7.2 (6.2–7.9) 6.6 (4.9–7.5) 7 (5.9–8.0)

Creatinine in the ER in μmol/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
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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 rEVAR 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.

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])
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 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 % (72–77 %) 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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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. 3.16 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: 
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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 rEVAR 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 rEVAR, 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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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 

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 3.2 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
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 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 Elastin 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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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)
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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 

Classification

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

Collagen types I, II, III, IV, V, IX, X, XI, and gelatin, aggrecan, fibronectin, laminin, perlecan and
    tenascin

Collagen types I, II, III, V, VII, VIII, X, and gelatin, aggrecan, laminin, and nidogen

Collagen types I, II, III, V, IV, and X, aggrecan, casein, elastin, entactin, laminin, and proteoglycan
    link protein

Collagen types I, IV, V, VII, X, XI, XIV, gelatin, aggrecan, elastin, fibronectin, laminin, nidogen,
    proteoglycan link protein, and versican
Collagen types II, IV, IX, X, and gelatin, aggrecan, casein, decorin, elastin, fibronectin, laminin,
    nidogen, perlecan, proteoglycan, proteoglycan link protein, and versican

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

Gelatin
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Collagen types IV, V, VII, X, and XIV, fibronectin, laminin, nidogen, proteoglycan link protein, and
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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)
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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-γ, TNF-α, 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 #NCT01756833). 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)-1β 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-1β expression [46]. As was the case with MMPs, however, the influence of 
IL-1β 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-1β 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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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-β2 (TGF-β2), may inhibit AAA disease 
progression [55, 56]. Sakalihasan and associates have demonstrated that inflamma-
tory macrophage localization (as determined by 18F-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 

Fig. 4.4 Example of positive 18F-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)
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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)

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 β-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 
#NCT01118520), (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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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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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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Fig. 5.1 (a) Calculated wall thickness map overlaid onto aortic geometry. (b) Stress contour map 
derived from uniform wall thickness aortic geometry. (c) Stress contour map derived from variable 
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peak wall stress, especially in the aneurysm neck (From Shang et al. [10])

5 Wall Stress



72

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 Munchën group who did find statistically significant increased 
RPI in symptomatic and ruptured AAA [16].

D.P. Nathan and B.M. Jackson



73

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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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 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. 
(c) 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

gFig. 6.1 (continued)
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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, angina 
pectoris-like symptoms, and loss of bowel function due to poor intestinal perfusion 
may be encountered [72]. Contrary to popular opinion, clinical examination appears 
to be inaccurate to diagnose IAH/ACS [74–76]. The only reliable diagnostic tool to 
detect and discriminate ACS is early and repeated measurement of the intra-abdomi-
nal pressure (through measurement of the bladder pressure, e.g., using a Foley 
manometer) [77, 78]. Therefore, regular (1–2 hourly) or continuous IAP monitoring 
is recommended in RAAA patients [7, 73]. Given the serious consequences of missed 
ACS and the fact that ACS can imitate many reasons for organ failure, it is strongly 
recommended that all emergency staff be trained in the recognition of the potentially 
fatal diagnosis of abdominal compartment syndrome as a consequence of RAAA.
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 Presentation of Women with RAAA

Despite the ongoing discussion about the gender differences in the outcome of (rup-
tured) abdominal aneurysm repair and documented worse outcomes of RAAA 
repair in women [79], little is known about the differences in presentation of women 
with RAAA compared to men. It seems that women present, at an older age, with 
smaller aneurysm diameter at rupture and worse vascular anatomy [80, 81]. In a 
large randomized controlled trial in the UK, comparing an endovascular versus and 
open repair strategy for RAAA, women were shown to profit from endovascular 
aneurysm repair [82]. Therefore, RAAAs should be rapidly diagnosed in women so 
they can be referred to a specialized center with the skills and facilities necessary to 
perform EVAR, if their anatomy is suitable.

 Presentation of Children with RAAA

Abdominal aortic aneurysms in children are distinctly rare and rupture of them 
even rarer [83, 84]. Acquired AAA in children is associated with various predis-
posing factors, including infection (e.g., bacteria, tuberculosis, and fungal infec-
tion) [85], congenital connective tissue disease (e.g., Marfan’s syndrome, 
Ehlers-Danlos syndrome, and tuberous sclerosis) [86, 87], trauma (e.g., umbilical 
artery catheterization) [88], and vasculitis (e.g., Takayasu arteritis, polyarteritis 
nodosa, giant cell arteritis, and Kawasaki’s syndrome) [89]. In comparison with 
acquired abdominal aortic aneurysm, congenital AAA has an unknown etiology 
[90, 91]. Clinical presentation may vary from a complete lack of symptoms to 
ruptures [84, 92–94]. Mild abdominal distension is sometimes the only abdominal 
symptom of rupture in children [93, 94]. A pulsatile abdominal mass may be 
detected unexpectedly only after laparotomy, and the delay in diagnosis may lead 
to fatal outcome [93, 94]. Emergency staffs should be aware of the rare and dis-
tinct possibility of aortic rupture in children of any age suffering from known or 
unknown AAA of various etiologies. Immediate further investigation (e.g., con-
trast-enhanced computed tomographic angiography) is mandatory as soon as 
signs of major bleeding are present.

 Misdiagnosis of RAAA

Hemodynamic stability seems to play a major role when it comes to misdiagnosis of 
RAAA and as a consequence treatment delay [95]. Among 98 patients undergoing emer-
gency AAA repair, 56 patients were hemodynamically stable at presentation, and misdi-
agnosis was significantly more common in these patients than in those who were in shock 
(58.9 % vs 26.2 %, p = 0.002). Median time delay from presentation to diagnosis was 
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significantly increased (144 min vs 12 min, p < 0.0001), and median time from diagnosis 
to arrival in theater was significantly longer (90 min vs 48 min, p = 0.02) in patients who 
were hemodynamically stable at presentation. Of the 56 patients who were hemodynami-
cally stable at presentation, 19 underwent hemodynamic decompensation before surgery 
with a significantly increased mortality compared with those who remained stable 
(73.7 % vs 37.8 %, p = 0.02). Of these 19 patients, only five were correctly diagnosed at 
presentation. Gastrointestinal and renal/urinary tract pathologies were the most frequent 
misdiagnoses, followed by back, thoracic, or cardiac pathologies [95].

In a recent systematic review and meta-analysis of nine studies comprising 1109 
patients eligible for the pooled analysis, a 42 % incidence of misdiagnosis of RAAA 
was found [96]. In studies reported after 1990, misdiagnosis was seen in 32 %. The 
most common erroneous differential diagnoses were ureteric colic and myocardial 
infarction. Abdominal pain, shock, and a pulsatile mass – the classical triad – were 
presenting features in 61 %, 46 %, and 45 % of RAAA, respectively. A concerning 
fact is that the rate of misdiagnosis of RAAA has remained consistent over time 
despite the vast literature and experience available in the medical community. The 
authors conclude that there is a need for greater awareness of the possibility of an 
RAAA and an effective clinical decision tool to enable accurate diagnosis and triage 
when these patients present [96].
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Chapter 7
The Ruptured Abdominal Aorta: Diagnostics

Vincent M. Mellnick, Constantine A. Raptis, Jay P. Heiken, 
and Sanjeev Bhalla

 Introduction

Imaging plays an essential role in the diagnosis and treatment planning for ruptured 
abdominal aortic aneurysms (AAA). The main imaging modality for evaluating the 
ruptured aorta is computed tomography (CT). CT is widely available, provides 
rapid image acquisition, and is well suited to image the entire abdomen and pelvis 
which allows for evaluation of possible alternative diagnoses. Although increas-
ingly used to evaluate the aorta, the applicability of magnetic resonance imaging 
(MRI) in the clinical setting of a suspected ruptured AAA remains limited. The 
length of scan time and substantial patient cooperation required confine the role of 
MRI to evaluate the acute abdominal aorta in stable patients in whom rupture has 
been excluded by CT. Similarly, although ultrasound is useful in screening for and 
monitoring abdominal aortic aneurysms, it is generally not used in the setting of 
suspected ruptured AAA due to limited visibility of the retroperitoneum secondary 
to bowel gas and an inability to provide complete anatomic depiction of the aorta 
and its branches. Therefore, this chapter will chiefly focus on CT protocol consider-
ations and imaging features of ruptured AAA. In addition, as both intramural hema-
toma (IMH) and penetrating atherosclerotic ulcer (PAU) can rarely lead to an 
unstable and/or ruptured abdominal aorta, the imaging appearance of these condi-
tions will also be discussed.
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 Imaging Technique and Protocols

CT enables scanning of the entire abdomen and pelvis in 5–10 s with excellent 
 spatial resolution that allows for the generation of high-quality multiplanar recon-
structions and 3D images. When a ruptured AAA is suspected clinically, it is appro-
priate to begin the CT examination with a noncontrast acquisition, which improves 
the conspicuity of an intramural hematoma or high-attenuating crescent sign. 
Although abdominal aortic aneurysm rupture or impending rupture may be diag-
nosed on the noncontrast images alone, postcontrast images usually are required in 
order to detect the coexistence of a dissection flap and to acquire preoperative aortic 
measurements for endoluminal stent graft repair. Oral contrast is discouraged when 
evaluating the aorta, both because of the delay required for the patient to drink and 
because it may obscure subtle findings, such as an aortoenteric fistula [1]. Oral con-
trast may also interfere with the generation of 2D and 3D reconstructions that may 
be needed for endoluminal treatment planning.

A suggested technique (Table 7.1) for evaluating the abdominal aorta in the arte-
rial phase begins with a CT angiogram protocol, injecting 100–125 mL of iodinated 
contrast (350 mg/mL I) at a rate of 4 mL/s with bolus tracking using a region of 
interest over the descending thoracic aorta and a 15 s delay. Images are obtained 
with 2 mm slice thickness and a reconstruction interval of 1 mm with a detector 
collimation varying from 0.6 to 1.2 mm depending on the scanner used. These set-
tings typically allow for near-isotropic voxels and high-quality coronal and sagittal 
multiplanar reconstructions as well as 3D-rendered maximum intensity projection 
(MIP) and volume-rendered images, all of which can aid in diagnosis and in depict-
ing findings for surgeons. While these post-processed images may be helpful, it is 
important to note that findings on 3D reconstructions should always be verified on 
the source images. A delayed contrast phase may be acquired to evaluate for peri-
aortic enhancement, to detect an endoleak post endoluminal stent graft repair, or to 
routinely evaluate the solid organs of the abdomen if another diagnosis is 
suspected.

When endoluminal repair of an aortic aneurysm is being considered, it is impor-
tant for the radiologist not only to report the maximum aortic diameter orthogonal 
to the long axis of the aorta but also to provide measurements of the aorta at the 
proximal and distal attachment sites, the length and morphology of the aneurysm 

Table 7.1 CT protocol for evaluating the acute abdominal aorta

Noncontrast scan first to assess for intramural hematoma
CTA (arterial phase) – 4 mL/s injection rate, bolus tracking at level of descending aorta + 15 s 
delay
No oral contrast
2 mm slice thickness, 1 mm reconstruction interval
Sagittal and coronal MPRs, 3D post-processing for endoluminal measurements
Delayed images when suspected alternative diagnosis, aortitis, or prior endoluminal graft 
repair

V.M. Mellnick et al.
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neck, and the diameter of the iliac and femoral arteries, all of which affect the 
approach and potential for endovascular repair [2–4].

Many modern scanners automatically aid in selecting an appropriate kVp for the 
clinical application and patient size. When patient size permits, a lower kVp (100 or 
80 when possible) should be considered for CT angiography to maximize the pho-
toelectric effect of iodine and provide high-quality arterial opacification [5]. Dual- 
energy CT may be a useful adjunct in evaluating the abdomen as it permits the 
generation of virtual noncontrast images without the added time or radiation dose 
associated with conventional precontrast scanning [6]. When available, iterative 
reconstruction techniques can also be employed to reduce dose prospectively. 
However, radiation dose considerations such as these should not compromise image 
quality, as acute aortic conditions are potentially life threatening and more com-
monly seen in older patients for whom radiation dose is not a primary 
consideration.

 Imaging Findings

 Ruptured Abdominal Aortic Aneurysm

The primary imaging findings of AAA rupture often are readily apparent and include 
a retroperitoneal hematoma extending directly from the aneurysm and active extrav-
asation of contrast material (Fig. 7.1) [7]. The vast majority of ruptured AAA 
patients present with hemorrhage that extends into the retroperitoneum, and 

a b

Fig. 7.1 Ruptured abdominal aortic aneurysm. Noncontrast transaxial (a) and contrast-enhanced 
coronal (b) CT images demonstrate the “tangential calcium” sign with focal disruption of intimal 
calcification which points at a tangent from the expected aortic circumference (a, arrow). 
Also note the contained active extravasation (b, arrow) and the large left-sided retroperitoneal 
hematoma (*)
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intraperitoneal hemorrhage is far less common. Primary AAA rupture into the infe-
rior vena cava as aortocaval fistula or gastrointestinal tract as aortoenteric fistula is 
also rare. Although contained AAA rupture can also present with the abovemen-
tioned findings, impending rupture may have much more subtle findings, including 
perianeurysmal soft tissue stranding. Additional CT findings associated with AAA 
rupture or impending rupture include the hyperattenuating crescent, draped aorta, 
and tangential calcium signs. Rapidly increasing aneurysm diameter and focal dis-
continuity of intimal calcification within the wall of the aneurysm also can be indi-
cations of aneurysm instability.

A “hyperattenuating crescent” refers to a crescentic area of high attenuation 
within the wall or mural thrombus of an aneurysm secondary to penetration of 
blood from the aneurysm lumen into the aortic wall or mural thrombus (Fig. 7.2) 
[8]. By definition, a “hyperattenuating crescent” has a higher CT attenuation 
than the luminal blood on unenhanced scans and a higher attenuation than the 
skeletal muscle on postcontrast scans but is not as high as the attenuation of 
calcium [9]. Although the reported prevalence of this finding in patients with 
AAA rupture ranges from 21 to 77 %, the specificity has been reported to be as 
high as 93% [9, 10].

A “draped aorta” describes the appearance of an AAA wall that bulges posteri-
orly, either unilaterally or bilaterally, and has lost its fat plane with the adjacent 
psoas muscle and vertebra (Fig. 7.3). This finding is a sign of aortic wall insuffi-
ciency and impending rupture, but also can be seen with a contained aortic leak 
[11, 12].

Focal discontinuity of intimal calcification within an AAA wall, particularly 
when shown to be a new finding in comparison with prior studies, has been shown 
to be a useful sign of acute or impending rupture [9]. The “tangential calcium” sign, 
defined as calcified atherosclerotic plaque adjacent to an area of focal calcium dis-
continuity that is divergent from the normal arc of the aorta, is another finding 
highly associated with AAA rupture (Fig. 7.1) [13].

Fig. 7.2 Hyperattenuating 
crescent sign. Transaxial 
noncontrast CT image 
shows an infrarenal aortic 
aneurysm with a crescent- 
shaped area of high 
attenuation in the mural 
thrombus (arrows), 
representing acute 
hematoma. There is also 
rupture, evidenced by 
surrounding retroperitoneal 
hematoma (*)
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 Intramural Hematoma

Aortic intramural hematoma (IMH) represents blood within the aortic wall without 
persistent flow or an intimomedial flap. Whether this blood arises due to rupture of the 
vasa vasorum or thrombosis of a dissection is somewhat controversial but probably 
irrelevant from the perspective of the radiologist as both potential etiologies result in 
the endpoint of IMH, a condition which is managed similarly to dissection [14, 15]. 
IMH usually resolves spontaneously, but it may progress to classic dissection, focal 
aortic ulceration, aortic aneurysm, aortic dissection, and rarely rupture [15, 16]. Factors 
that predict progression of an IMH to dissection or rupture include the presence of an 
aortic aneurysm, an ulcer-like projection, persistent symptoms after treatment, and 
progressive increase in aortic wall thickness and/or aneurysm diameter [17, 18]. IMH 
most commonly occurs in the descending thoracic aorta, rarely in the abdomen alone.

IMH is seen on imaging as an eccentric, crescent-shaped collection of blood in 
the aortic wall. On CT, this feature is best seen as hyperattenuation (40–70 HU) on 
precontrast images, particularly with the use of narrow window settings (Fig. 7.4) 
[19]. On MRI, precontrast T1-weighted or black blood images may be useful to 
demonstrate intramural blood products, which can be iso- or hyperintense to the 
skeletal muscle, depending on the age of the hematoma [20]. Interpretation based on 
viewing postconstrast images alone may be problematic as the intramural hema-
toma is less conspicuous when adjacent to the brightly enhancing aortic lumen, thus 
potentially being confused for mural thrombus. Imaging features that support mural 
thrombus rather than an IMH include an irregular intraluminal surface (IMH typi-
cally is smoothly contoured), isolation to a dilated portion of the aorta (IMH is more 
common in a normal diameter aorta), and the presence of multiple, interrupted 

Fig. 7.3 Draped aorta 
sign. Precontrast transaxial 
CT shows abnormal 
contour of the aortic lumen 
and loss of the fat plane 
between the aorta and the 
left psoas muscle (arrows), 
the “draped aorta” sign in 
an aneurysm with 
contained rupture
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lesions [15, 20]. Imaging features that help distinguish IMH from aortic dissection 
include the lack of enhancement of IMH, whereas delayed images generally depict 
some flow in the false lumen of a classic dissection. Fixed, medial displacement of 
intimal atherosclerotic calcification rather than a spiraled appearance of displaced 
intimal calcium also favors an IMH over a classic aortic dissection [21].

 Penetrating Atherosclerotic Ulcer

A penetrating atherosclerotic ulcer (PAU) refers to an ulceration of atherosclerotic 
plaque that allows blood from the aortic lumen to contact the media of the aortic 
wall. Similar to AAA and IMH, the most lethal complication of PAU is rupture. The 
reported incidence of rupture from abdominal aortic PAU has ranged from 8 to 37 % 
[22, 23]. PAU also may resolve spontaneously, but, in addition to rupture, can prog-
ress to an enlarging intramural hematoma, dissection, or pseudoaneurysm.

On imaging, PAU presents as a focal outpouching or localized expansion of the 
aortic lumen with the luminal blood pool communicating with hematoma in the 
aortic media (Fig. 7.5). Although irregular atherosclerotic plaque without true pen-
etrating ulceration may simulate a PAU and provide a potential pitfall, PAU may be 
differentiated from irregular plaque by the presence of a saccular outpouching 
deforming the outer contour of the aortic wall or a circumferentially enlarged aorta. 
Precontrast CT or T1-weighted MRI also may be useful to show intramural hema-
toma adjacent to the ulceration, which typically is shorter in length than with classic 
aortic dissection or a primary intramural hematoma [23].

a b

Fig. 7.4 Intramural hematoma. Precontrast (a) and contrast-enhanced transaxial CT shows a cres-
centic area of high signal intensity in the aortic wall (a, arrow). This area shows no enhancement 
or ulceration after intravenous contrast administration (b)
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 Conclusion

CT is the most appropriate imaging modality to diagnose a ruptured AAA and other 
acute aortic conditions prone to rupture, whereas MRI and US are reserved for 
assessing stable patients in whom rupture has been excluded. CT protocols for 
assessing the acute abdominal aorta should include a precontrast phase as well as a 
high-quality CT angiogram in order to generate multiplanar images for preoperative 
planning. The CT appearance of AAA rupture and associated conditions often is 
readily apparent; however, it is critical for radiologists to recognize the more subtle 
signs of contained or impending rupture. IMH and PAU also may uncommonly lead 
to aortic rupture, thus requiring familiarity with these entities.
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Chapter 8
Predictors of Certain Death

William P. Robinson

 Introduction

Ruptured abdominal aortic aneurysm (RAAA) is a common vascular emergency 
with an overall mortality of 70–90 % [1, 2]. A substantial percentage of patients 
reach the hospital alive. Without repair, RAAA is uniformly fatal. Any hope of sur-
vival depends upon expeditious diagnosis and preoperative care, preparation by the 
surgical team, and operative repair [3]. However, the operative mortality for patients 
who undergo repair remains high at 30–50 % in many contemporary reports [4, 5]. 
The vascular surgeon must make extremely rapid decisions about the patient’s 
chances of survival if repair is to be undertaken. In doing so, the vascular surgeon 
must balance the opportunity to offer a life-saving procedure against the potential 
for prolonging the discomfort and emotional stress of both the patient and the 
patient’s family in a scenario where attempts at saving the patient might be futile. 
Likewise, the patient, if mentating clearly and able to participate in decision mak-
ing, or the patient’s family or healthcare proxies may be forced to make an immedi-
ate decision about whether the patient would like to undergo an attempt at repair. 
The situation is made all the more difficult by its unexpected nature. In only 12–13 % 
of ruptured aneurysms is the patient aware of the existence of his or her AAA.

In order to allow the vascular surgeon to provide prognostic information to the 
patient and the family and to aid decision making by the vascular surgeon, attempts 
have been made to identify factors predictive of in-hospital or 30-day mortality, 
including “certain death.” Presumably identification of factors which are associated 
with little or no chance of survival could be utilized to exclude the patient from a 
potentially futile repair of a RAAA. In addition to preventing the patient from 
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undergoing an unnecessary and potentially painful procedure, many would also 
argue for avoiding the considerable cost of a RAAA repair from the standpoint of 
cost-effective healthcare resource utilization if the repair was thought to have little 
or no chance of benefit – although some might disagree with this consideration.

Although the stated purpose of these models has been to identify patients with 
prohibitive operative risk in whom repair might be considered futile, identification 
of factors predictive of mortality also allows for risk-adjusted comparison of 
observed and expected outcomes for the purposes of comparative audit. Repair of 
RAAA has been identified by patients, physicians, and third party payers a key 
index procedure by which physicians and institutions can be evaluated [6]. As with 
any outcome measure, accurate risk adjustment is necessary to allow fair and valid 
comparison between surgeons and institutions and to identify areas of improvement 
in the care of RAAA. It is worth noting that these prediction models for mortality 
after RAAA repair have also been used for this purpose.

This chapter will review the literature regarding prediction of short-term mortal-
ity following repair of RAAA. It is worth considering these published prediction 
models individually because in each the ability to predict mortality depended upon 
a combination of variables according to a specific methodology. It must be remem-
bered that each of factors or combination of factors identified by any particular 
analysis as predictive of mortality were identified in the context of a unique cohort 
of patients. These models may or may not be accurate in external cohorts of patients 
and may not be generalizable to all patients. The goal of this chapter is not to com-
pare the accuracy or validity of each of the proposed models, but rather to cull from 
these reports those variables which have been consistently identified as the harbin-
gers of an extremely high or certain mortality. For the sake of discussion, these 
variables have been classified as preoperative, intraoperative, and postoperative.

It must be emphasized that no existing prediction score or combination of vari-
ables could be expected to predict death after repair of RAAA with absolute cer-
tainty in all patients. Faced with virtually certain death without repair, many patients 
suffering from a RAAA will desire an attempt at repair even in the face of improb-
able odds of survival. Vascular surgeons are thus often asked to proceed with repair 
in the face of unfavorable odds. Many would assert that they have an ethical and 
professional obligation to do so.

 Preoperative Variables

Published mortality prediction models derived from clinical data which utilize vari-
ables available before operation include the Glasgow aneurysm score [7], the 
Hardman index [8], the Vancouver score [9], the Edinburg Ruptured Aneurysm 
Score [10], the VSGNE RAAA Risk Score [11], and the University of Washington 
RAAA Score [12] (Table 8.1). Analyses conducted utilizing large “claims” data-
bases were excluded from this review as these databases do not capture the clinical 
detail necessary to aid the vascular surgeon in a decision at the bedside.
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 Glasgow Aneurysm Score (GAS)

The Glasgow score identifies age, “shock,” myocardial disease, cerebrovascular dis-
ease, and renal disease as the primary predictors of inpatient mortality after open 
repair of RAAA. The score is additive, with increasing points assigned for the pres-
ence of the preceding risk factors (Table 8.1). Application of the GAS resulted in 
mortality estimates ranging from 0 % for scores below “70 GaAs” to 80 % for scores 
greater than “95 GaAs” [13].

 Hardman Index

The Hardman index identified age >76, electrocardiographic ischemia, creatinine 
greater than 190 μmoles/liter, loss of consciousness, and hemoglobin less than 9 g/dL as 
predictive of mortality (Table 8.1). Patients who had three or more factors present had a 
100 % 30-day mortality. It must be noted that only eight patients in the data for this study 
had three or four factors present and no patients had all five factors present [8].

Table 8.1 Risk scoring systems for prediction of in-hospital or 30-day mortality after repair of 
ruptured abdominal aortic aneurysm

Risk score Formula

Glasgow aneurysm score Age + 17 for shock + 7 for myocardial disease + 10 for 
cerebrovascular disease + 14 for renal disease

Hardman index Score from 1 to 5 depending on number of 5 risk factors 
present
Risk factors: age >76, ECG ischemia, Cr > 0.19 mmol/L, 
LOC, Hgb <9

Vancouver score Ex/(1+ Ex) where x = (−3.44) + [sum of coefficients of 
significant variables]
Variable Coefficient

Age 0.062 × age
Reduced consciousness: yes 1.14
Reduced consciousness: no −1.14
Cardiac arrest: yes .6
Cardiac arrest: no −.6

Edinburg ruptured aneurysm 
score

Score from 0 to 3 summing number of 3 risk factors present
Risk factors: Hob <9, preoperative GCS <15, preop BP <90

Vascular study group of New 
England RAAA risk score

Score summing integer weights of 4 risk factors:
  Age >76: 2
  Cardiac arrest: 2
  Loss of consciousness: 1
  Suprarenal clamp: 1
Total VSGNE RAAA score = 0 − 6

University of Washington 
RAAA risk score

Score from 0 to 4 summing number of risk factors present
Risk factors: preoperative SBP ever <70, pH < 7.2, age >76, 
creatinine >2 g/dL

8 Predictors of Certain Death
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 Vancouver Score

The Vancouver score identified age, preoperative unconsciousness, and cardiac 
arrest as predictive of mortality. The authors created an equation for predicting 
mortality based upon the coefficients for each independent predictor and 
derived the variable logistic regression model. Based on application of this 
equation, 100 % mortality could not be predicted. However, for patients who 
had sustained cardiac arrest and who were unconscious, the predicted mortality 
was 88 %, 93 %, 96 %, and 99 % for patients 60, 70, 80, and 90 years of age, 
respectively [9].

 Edinburg Ruptured Aneurysm Score

Developed in 2007, the Edinburg Ruptured Aneurysm Score was developed which 
predicted mortality based on the presence or absence of three preoperative variables 
available on admission including hemoglobin less than 9 g/dL, preoperative 
Glasgow Coma Scale less than 15, and preoperative systolic blood pressure less 
than 90 mmHg. Tambyraja and colleagues found that there was an 80 % mortality 
rate in patients who presented with all three factors, although all three factors were 
only present in five out of 105 patients [10].

 VSGNE RAAA Risk Score

This VSGNE RAAA Risk Score, the first derived in a United States cohort, 
identified age greater than 76, cardiac arrest, loss of consciousness, and the use 
of a suprarenal clamp as the primary independent predictors of in-hospital mor-
tality on logistic regression analysis. Based on the presence or absence of these 
variables, an integer score ranging from 0 to 6 can be derived (Table 8.2). This 
score was demonstrated to accurately predict in-hospital mortality after open 
repair of RAAA with excellent calibration (X2 = 1.96, P = .85) and discrimina-
tion (C-statistic = .79) in 242 patients from the Vascular Study Group of New 
England between 2003 and 2009. A VSGNE RAAA Risk Score of four was 
associated with an 80 % mortality, while a score ≥5 was associated with an 87 % 
mortality (Fig. 8.1). No score was associated with 100 % mortality. The VSGNE 
Risk Score was subsequently validated in the larger cohort of 1165 patients 
undergoing open and endovascular repair in the Vascular Quality Initiative 
(VQI) [4].
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 The University of Washington RAAA Score

A new score was recently proposed and presented by Garland, Starnes, and col-
leagues from University of Washington [12]. Age greater than 76 years, pH less 
than 7.2, systolic blood less than 70 mmHg, and preoperative creatinine >2.0 mg/

Table 8.2 Preoperative and intraoperative variables and in-hospital survival

Creatinine Clamp site Urine output Probability survival 95 % range

≤1.3 Infrarenal ≥200 90 76–96
≤1.3 Infrarenal 1–199 76 52–90
>1.3 Infrarenal ≥200 71 53–85
≤1.3 Suprarenal ≥200 65 33–87
≤1.3 Infrarenal 0 52 21–82
>1.3 Infrarenal 1–199 46 32–61
≤1.3 Suprarenal 1–199 39 15–69
>1.3 Suprarenal ≥200 33 9–71
>1.3 Infrarenal 0 23 9–46
≤1.3 Suprarenal 0 18 4–50
>1.3 Suprarenal 1–199 15 4–53
>1.3 Suprarenal 0 6 1–24

From Johnston [14]
For this logistic regression model, constant = 1.834, bcreatinine = 1.304, burine = − 1.066, bclamp = − 
1.612, log likelihood ratio = −61.997, and p = 0.000. The codes used were as follows: creatinine 
(1, ≤ 1.3; 2, > 1.3), aortic clamp site (1 = suprarenal; 2 = infrarenal), and urine output (0, 0; 1, 

1–199; 2, ≥ 200)

Fig. 8.1 In-hospital mortality rate after open RAAA repair according to VSGNE RAAA Risk 
Score (From Robinson et al. [11])
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dL were found to be most predictive of 30-day mortality. One point each is 
assigned to the presence of each variable for a total score ranging between 0 and 
4. This score is unique in that it predicted 100 % mortality in the cohort from 
which it was derived. In 303 patients, a score of four was associated with 100 % 
mortality irrespective of whether the patients underwent open or endovascular 
repair.

 Variables Consistently Associated with High Mortality

 Age

It is clear from all the existing prediction models that age is directly related to risk 
of mortality after repair of ruptured AAA. While this is intuitive, no study has 
identified a specific age threshold which can predict certain death. In fact, on 
multivariable analysis controlling for other predictors of mortality, our group 
found that patients older than 85 had lower mortality than patients aged 80–85 
[11]. One must recognize that, the majority of current risk scores utilize a specific 
age cutoff is a dichotomous variables in their risk prediction models. The Hardman 
Index, the VSGNE RAAA Risk Score, and the University of Washington RAAA 
Risk Score all determined age >76 to be significant predictors of death. The 
VSGNE RAAA authors performed a threshold analysis to determine the optimal 
age for accurately predicting mortality and determined that age >76 was in fact 
the optimal threshold for analysis. A variety of other series have identified 
advanced age as predictive of death. Remarkably, all of these studies identify an 
age threshold ranging between 70 and 80 years of age [15–17]. It is clear that the 
physiologic reserve required to survive a ruptured abdominal aortic aneurysm 
diminishes with age. While it is impossible to identify an absolute age above 
which repair should not be offered in all instances, it is clear that patients in the 
eighth or ninth decade of life who have significant premorbid conditions or pres-
ent in shock have little chance of survival.

 Indices of Shock

As expected, all prediction models have identified indices of severe shock including 
hypotension, cardiac arrest, and loss of consciousness as predictive of mortality. 
Often the symptoms and signs coexist, making identification of the most accurate 
predictor of mortality difficult.
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 Severe Hypotension

In addition to the Edinburg Ruptured Aneurysm Score and the University of 
Washington RAAA Score, a variety of other studies have identified hypotension 
as a significant predictor of mortality [18]. In virtually all studies, hypotension 
was defined as a systolic blood pressure less than 70–90 mmHg. It must be 
noted that the majority of studies investigating predictors of mortality were con-
ducted before the use of permissive hypotension (“hypotensive hemostasis”) 
was recommended and frequently utilized. This strategy, while not exhaustively 
investigated, has been increasingly recommended over the last decade [19]. In 
contrast to a traditional approach to preoperative resuscitation which empha-
sized aggressive fluid resuscitation to achieve normal attention, permissive 
hypotension involves maintenance of a systolic blood pressure between 80 and 
100 mmHg as long as there is evidence of end-organ perfusion such as main-
tained consciousness. Until aortic control can be obtained, permissive hypoten-
sion is thought to prevent ongoing blood loss secondary to dilution, coagulopathy, 
and clot disruption that may occur with aggressive fluid resuscitation. Based on 
the most current evidence, short periods of moderate hypotension (systolic 
blood pressure less than 80 mmHg) are likely not associated with increased 
mortality as long as the patient is mentating which is indicative of adequate 
organ perfusion [20, 21].

 Cardiac Arrest

Both the VSGNE RAAA Risk Score and the Vancouver Score identified 
 preoperative cardiac arrest as strong independent predictors of mortality. 
Similarly, the Hardman Index identifies electrocardiographic ischemia as 
 significant predictor mortality. In addition to these models, multiple addi-
tional studies have likewise identified cardiac arrest as predictive of mortal-
ity [16, 22, 23].

 Loss of Consciousness

The Hardman Index, Vancouver Score, VSGNE RAAA Risk Score, and the 
Edinburg Ruptured Aneurysm Score all identify diminished consciousness on pre-
sentation as predictive of mortality. Other studies have likewise identified loss of 
consciousness as predictive of mortality [24, 25]. Loss of con sciousness represents 
end-organ malperfusion that will remain an important predictive sign for the clini-
cian, especially when permissive hypotension is employed.
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 Renal Insufficiency or Increased Creatinine

A number of studies have demonstrated that increased creatinine is associated with 
mortality, including the Glasgow Aneurysm Score, the Hardman Index, and the 
University of Washington RAAA Score. Based on these studies and others, a creati-
nine greater than 180–190 μmol/l (2–2.1 mg/dL) appears to be the threshold associ-
ated with increased mortality [15, 26].The detrimental impact of preoperative renal 
insufficiency is not surprising considering the lethal nature of postoperative renal 
failure to which these patients are strongly predisposed.

 Severe Anemia

Severe blood loss and subsequent disruption of oxygen delivery to vital organs intu-
itively would predict poor outcome. Accordingly, low hematocrit or hemoglobin 
(defined in most studies as either as Hgb < 9 g/dL or Hgb < 10 g/dL) has been shown 
to be another factor predictive of mortality in the Hardman Index, the Edinburg 
Ruptured Aneurysm Score, and other studies [24, 27]. No studies have investigated 
whether a hemoglobin less than nine can accurately predict certain death.

 Intraoperative Variables

Some studies have analyzed the impact of intraoperative variables on the ability to 
predict survival [14, 18]. Johnston and colleagues reported that the site of the aorta 
cross-clamping (suprarenal versus infrarenal), the volume of blood transfusion, and 
a drop in urine output help predict early survival. For example, a patient who 
required a suprarenal cross-clamping, was transfused more than 3500 mL of blood, 
and had no intraoperative urine output was predicted to have a 3 % survival. On 
multivariable model including preoperative and intraoperative variables, preopera-
tive serum creatinine, cross-clamp site, and intraoperative urine output would pre-
dict survival [14] (Table 8.2). A number of other studies, including the VSGNE 
RAAA Risk Score, also identified the need for a suprarenal clamp as predictive of 
mortality [11, 28]. In some instances, the need for a suprarenal clamp is not known 
until operation is undertaken and the abdomen is explored. The need is then based 
on whether or not patient has hemodynamic collapse and the location of the retro-
peritoneal hematoma. However, in modern algorithms for RAAA management, 
78–93 % of patients who undergo RAAA repair have a preoperative computed 
tomographic scan [19, 29].The need for a suprarenal clamp can often be readily 
determined preoperatively. The impact of suprarenal clamp on mortality is an espe-
cially important consideration in the current management of RAAA. Increasingly, 
patients with a suitable infrarenal neck are being offered endovascular repair [4, 5]. 
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Therefore, as time goes on, almost all patients requiring open repair may be unsuit-
able for endovascular repair and may require a suprarenal clamp. Increased blood 
loss has also been identified as independently predictive of mortality in an analysis 
by Panneton et al. and in the derivation of the ruptured AAA POSSUM (RAAA 
POSSUM) score, which combines both preoperative physiologic and operative vari-
ables in predicting mortality [18, 30].

 Postoperative Variables

The impact of postoperative complications in instances where the patient survives 
operation has also been analyzed. Johnston and colleagues reported that the devel-
opment of myocardial infarction, respiratory failure, coagulopathy, and kidney fail-
ure has the greatest impact on in-hospital mortality [14]. Notable was the detrimental 
impact of a postoperative elevation in creatinine and particularly the need for hemo-
dialysis, even in the absence of other complications. Any patient with two of these 
variables or the need for dialysis had a chance of survival near zero (Table 8.3). 

Table 8.3 Postoperative variables and in-hospital survival

Myocardial 
infarction

Respiratory 
failure Coagulopathy

Kidney 
damage

Probability 
survival

95 % 
range

No No No No 96 87–99
No No Yes No 91 27–99
No Yes No No 74 54–87
Yes No No No 66 28–91
No No No Rise in 

creatinine
66 26–91

No Yes Yes No 58 40–74
Yes No Yes No 49 16–83
No No Yes Rise in 

creatinine
48 14–84

Yes Yes No No 21 5–57
No Yes No Rise in 

creatinine
20 4–59

Yes No No Rise in 
creatinine

15 2–59

No No No Dialysis 15 1–81
Yes Yes Yes No 11 3–37
No Yes Yes Rise in 

creatinine
11 2–41

Yes No Yes Rise in 
creatinine

8 1–42

(continued)
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In addition, Panneton and colleagues demonstrated that the development of multi-
system organ failure was associated with 100 % mortality. The recommendation of 
these authors, and others, is to withhold heroic resuscitative measures after repair in 
these patients [18].

 Other Considerations in Predicting Mortality After RAAA 
Repair

 Endovascular Versus Open Repair of RAAA

There has been widespread and rapid adoption of endovascular repair for RAAA 
over the last 10–15 years. In 2000, only 0.8 % of RAAA in the National Inpatient 
Sample (NIS) were repaired via EVAR. By 2010, 38.4 % of ruptured abdominal 
aortic aneurysms in the NIS were repaired via EVAR [5]. In the Vascular Quality 
Initiative database, which captures clinical data from almost 400 academic and 
community medical centers across the United States, EVAR for RAAA increased 
from 0 % of cases in 2003 to 58 % of cases in 2013 [31].

The overwhelming majority of analyses of single and multiple institutional 
observational studies, large population-based studies utilizing administrative data, 
and national clinical registries of prospectively collected data indicate that endovas-
cular repair confers a significant survival benefit in comparison to open repair [4, 
20, 32, 33]. Furthermore, although the conclusions of the three randomized con-
trolled trials of endovascular versus open repair of RAAA were that endovascular 

Myocardial 
infarction

Respiratory 
failure Coagulopathy

Kidney 
damage

Probability 
survival

95 % 
range

No No Yes Dialysis 8 0–69
Yes Yes No Rise in 

creatinine
2 0–18

No Yes No Dialysis 2 0–39
Yes No No Dialysis 2 0–33
Yes Yes Yes Rise in 

creatinine
1 0–10

No Yes Yes Dialysis 1 0–24
Yes No Yes Dialysis 1 0–21
Yes Yes No Dialysis 0 0–8
Yes Yes Yes Dialysis 0 0–4

From Johnston [14]
For this logistic regression model, constant = − 3.058, binfarct = 2.389, brespiratory = 2.021, brenal = 0.718, 
bcoagulopathy = 2.413, log likelihood ratio = − 67.273, and p = 0.000. The codes were as follows: myo-
cardial infarction (0 = no, 1 = yes), respiratory failure (0 = no, 1 = yes), coagulopathy (0 = no, 
1 = yes), renal damage (0 = no, 1 = increase creatinine > 20 %, 3 = dialysis)

Table 8.3 (continued)
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repair did not confer a short-term survival benefit in comparison to open repair, 
careful scrutiny of these trials has led some to the opposite conclusions [34]. When 
analyzed in “treatment-received” basis rather than an “intent-to-treat” basis, one 
sees that patients treated with EVAR had a lower mortality in comparison to those 
treated with open repair [34]. Interestingly, the majority of sizable series comparing 
endovascular and open repair of ruptured abdominal aortic aneurysms consistently 
report in-hospital mortality in the range of 20–25 % for EVAR and 35–40 % for 
open repair of RAAA.

The preponderance of data on the benefit of EVAR for RAAA has led some authors 
to recommend an “EVAR-only” approach in which adjunctive endovascular tech-
niques such as snorkels and chimneys are utilized to supplement EVAR in patients 
whose anatomy is not amenable to standard EVAR. In select centers, this has led to 
very low “turndown rates” for repair (4 %) and low mortality after EVAR of RAAA 
(24 %) [35]. Ongoing study will be necessary to confirm the effectiveness and gener-
alizability of an aggressive endovascular approach that utilizes adjunctive techniques 
in patients whose anatomy will not permit standard infrarenal EVAR. Nevertheless, as 
endovascular techniques improve and become more widespread, it is likely that endo-
vascular repair will be offered to an increasing percentage of patients who at this time 
are not offered any repair due to prohibitive risk for open repair and lack of endovas-
cular capabilities. At present, therefore, a proactive approach to endovascular repair of 
RAAA can be recommended for large number of patients assuming that surgeon abil-
ity and institution’s endovascular capabilities permit.

It must be noted that the majority of the aforementioned studies which identified 
predictors of mortality after RAAA where conducted before the adoption of EVAR 
for RAAA. It is therefore unknown if all the existing risk prediction models are 
accurate for patients undergoing EVAR or those selected for open repair in the cur-
rent era. In fact, some authors report that existing prediction models do not predict 
outcome after endovascular repair with sufficient accuracy [36]. Three prediction 
models, however, have been validated in a cohort of patients undergoing either open 
or endovascular repair. Visser and colleagues amended the GAS by adding seven 
points for open repair and validated this amended model as predictive of mortality 
after both EVAR and open repair [37]. Likewise, the VSGNE RAAA Risk Score, 
which was developed in an open cohort of patients between 2003 and 2009, was 
subsequently shown to have good discrimination (c-statistic = 0.78) and good cali-
bration (Hosmer-Lemeshow test, P = 0.10) in a cohort of patients from the VQI 
undergoing either EVAR (n = 514) or open repair (n = 651) between 2003 and 2013 
[4]. Finally, the University of Washington RAAA Score was shown to be predictive 
of overall mortality and able to predict 100 % mortality in patients undergoing either 
open or endovascular repair [12].

Although it is intuitive that EVAR would benefit patients at highest morality risk 
for open repair, not all evidence suggests that EVAR reduces mortality in patients at 
the highest risk according to existing risk prediction models. While current risk 
prediction models accurately capture patient physiology, none of the current risk 
prediction scores or models adequately account for anatomic variables which almost 
undoubtedly impact outcome after both endovascular and open repair of RAAA. The 
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major limitation of existing clinical and population-based datasets is that they do 
not capture all of the anatomic detail relevant to the application of EVAR. The great-
est ongoing need to determine the outcomes of EVAR and open repair for RAAA is 
detailed anatomic data based on careful analysis of preoperative CTA imaging. 
These imaging data would allow for the determination of the impact of arterial 
anatomy on short-term and long-term mortality after EVAR and open repair. A 
robust comparison of EVAR and OR controlling for arterial anatomy as well as 
physiologic status and comorbidities could then be performed to determine antici-
pated mortality of each type of repair for specific patients.

 Summary

In conclusion, multiple studies have identified patient factors which predict 
extremely high mortality or “certain death.” As we have seen, is very difficult to 
predict when a patient has zero chance of survival based on preoperative factors 
alone. Multiple prediction models can identify patients with mortality in excess of 
80 %, which some surgeons would consider prohibitive risk. Consistent prediction 
of 100 % mortality, however, has remained elusive. There has not been external vali-
dation of the ability of any proposed prediction model to identify patients with 
100 % mortality. Nevertheless, a number of factors have consistently emerged as 
harbingers of excessive mortality. These variables have typically been markers of 
extreme patient comorbidity or physiologic insult which renders survival after 
repair of RAAA highly unlikely. These include age >75–80 years, preexisting renal 
insufficiency, severe hypotension (SBP < 70 mmHg), cardiac arrest, loss of con-
sciousness, and anemia (Hgb < 9 g/dL). At the same time, endovascular repair to 
RAAA has greatly reduced in-hospital mortality after infrarenal RAAA repair, 
including in some patients in severe shock. Although additional study is needed 
regarding advanced adjunctive techniques to allow EVAR and the predictors of 
mortality after EVAR of RAAA, more widespread application of EVAR for RAAA 
may prove to reduce mortality in patients not currently offered repair because they 
are thought to be of prohibitive risk for open repair.

When confronted with the patient suffering from RAAA, the vascular surgeon 
must rapidly assess a patient’s opportunity for survival and advise the patient and 
family accordingly. While the vascular surgeon must always tailor his or her recom-
mendation regarding repair to the individual patient, these variables, which can be 
rapidly assessed preoperatively, provide valuable prognostic information and guid-
ance. If repair is undertaken and the patient survives operation, additional intraop-
erative variables and postoperative complications and conditions offer further 
prognostic information regarding the patient’s chances of surviving hospitalization. 
Knowledge of the determinants of mortality after RAAA repair therefore aids the 
vascular surgeon in balancing the opportunity to offer a life-saving procedure 
against the potential for prolonging the suffering and emotional stress of both the 
patient and the patient’s family.
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Chapter 9
Prehospital Considerations for REVAR

James Pan and Kim J. Hodgson

Ruptured abdominal aortic aneurysms (rAAA) are associated with a high rate of 
mortality, ranging from 30 to 80 % [1]. These rates most likely underestimate the 
overall death rate since considerable numbers of these patients die from free rupture 
prior to presenting to the hospital [2]. As experience with elective endovascular 
aneurysm repair (EVAR) has grown, it was inevitable that its use would be consid-
ered and studied in the ruptured setting, where open abdominal aortic aneurysm 
repair was the reigning gold standard. Since elective EVAR had been associated 
with reduced perioperative morbidity and mortality, and results of open repair of 
ruptured AAAs had not significantly improved over the past several decades, several 
institutions initiated programs of EVAR for ruptured AAAs (REVAR) to evaluate 
whether the EVAR advantages extended to the ruptured state. Recent reports of such 
single institution series have shown that endovascular repair of ruptured abdominal 
aortic aneurysms led to both lower mortality and morbidity rates, suggesting that it 
becomes the standard of care for patients with ruptured infrarenal abdominal aortic 
aneurysms with suitable anatomy [3, 4]. The recently published results of the 
IMPROVE trial reported no improvement in outcomes, other than discharge to 
home, for patients randomized to the REVAR strategy group [5]. However, analysis 
per treatment received rather than by strategy assigned revealed 30-day mortality 
rates of 26 % for REVAR and 37 % for open repair [6]. Reports such as these, show-
ing REVAR to be at least as effective as open repair, coupled with increasing opera-
tor experience with aortic endografting have resulted in more surgeons having 
attained a level of comfort that allows them to consider adding REVAR to their 
therapeutic armamentarium. However, optimal outcomes from REVAR come not 
only from an isolated competent surgeon but also from a system of care that focuses 
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on rapid diagnosis, permissive hypotension while awaiting treatment or during 
patient transfer, and therapy customized to the patient’s anatomy and coexisting 
conditions.

This chapter is devoted to preparations that should be undertaken prior to initiat-
ing a program of EVAR for ruptured abdominal aortic aneurysms including (1) 
education of emergency physicians on making a rapid and complete diagnosis, (2) 
educating those responsible for managing the patient pending or during transfer, (3) 
outfitting an endovascular operating room with a suitable inventory of devices, and 
(4) organizing hospital teams. Those interested in improving the outcomes of 
patients with ruptured AAAs, by whichever means of treatment, through standard-
ization of diagnostic and therapeutic measures may also find the information valu-
able. Other chapters will review optimal room setups, technical details of REVAR, 
and potential pitfalls.

 Making a Rapid and Informative Diagnosis

The vast majority of patients with ruptured AAAs present to their local emergency 
room or urgent care center, the sophistication of which can vary widely. While front 
and center in the minds of vascular surgeons, many emergency medicine physicians 
will never see a ruptured AAA, so its diagnosis depends on an index of suspicion that 
comes from education. Given that symptoms may be confused with those of renal 
colic or a variety of GI conditions, lower-resolution CT scans without IV contrast to 
evaluate for these conditions are often obtained, with the ruptured AAA being an inci-
dental finding. In this setting, these scans may yield the diagnosis, but their clinical 
utility to the vascular surgeon is limited by the lack of IV contrast and by their low-
resolution acquisition. This leads to the inevitable dilemma about whether or not to 
take the time to repeat the CT scan with contrast, to be discussed further later. With this 
common scenario in mind, the focus of education for emergency department physi-
cians and staff should be to explain the value that a contrast- enhanced CT scan brings 
to the management of patients with a ruptured AAA and to convince emergency room 
staff that in the overwhelming majority of cases, there is time to obtain such imaging.

For vascular surgeons looking to improve ruptured AAA outcomes, regardless of 
the ultimate therapeutic modality utilized, education of emergency room personnel 
in the rapid diagnosis and early management of these patients will yield the best 
results. In the interest of getting the most possible information, this includes having 
a low threshold to give IV contrast to patients with suspicious symptoms, acceptable 
renal function, and no contrast allergies. To reinforce this concept and standardize 
the diagnostic approach, we developed a ruptured AAA diagnostic algorithm that 
emphasizes the emergency nature of the suspected condition and guides the pro-
vider through the steps of making the diagnosis [7] (Fig. 9.1). An accompanying 
patient management order set standardizes the management of the patient, particu-
larly emphasizing permissive and even facilitated hypotension, while awaiting 
transport to your facility or to your site of treatment.
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Unfortunately, the incidentally found ruptured AAA on a non-contrast-enhanced 
CT scan continues to be an all-too-common scenario. Also common is reluctance on 
the part of the ED physician to rescan the patient with contrast after the diagnosis is 
made due to a sense of urgency to get the patient on their way to “somewhere else.” 
Given the rapidity of CT scanning with today’s technology, whether that somewhere 

Fig. 9.1 Diagnostic algorithm for patients presenting with symptoms suggestive of a ruptured 
AAA which emphasizes performance of a CT scan with contrast for maximal diagnostic and 
therapy- planning information
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else is another hospital capable of treating the condition or the OR in the presenting 
hospital, there should almost always be time for a complete CT scan if time is uti-
lized efficiently. A recent single center series showed that 88 % of patients ulti-
mately diagnosed with a ruptured abdominal aortic aneurysm survived at least two 
hours after admission, suggesting that there is time for patients to undergo CT scan-
ning to help assist in clinical decision-making [8]. Similarly, in a 2005 Dutch series 
of 100 ruptured AAA patients, 21 of whom were treated “palliatively,” the median 
time from arrival to death in the palliated group was 435 min (range 15 mins–6 
days) [9]. In those undergoing treatment, the median time from presentation to oper-
ation was 159 min (range 16–1450 mins) with the mortality in the surgical group not 
being affected by the length of delay (p = 1.0) or obtaining CT imaging (p = 0.34). 
Since an operating room will rarely be instantly available and interhospital trans-
port, by whatever means, takes time to initiate, there is almost always time to repeat 
a CT scan with contrast if the surgeon feels it would aid in decision-making.

An alternative strategy for patients with renal insufficiency or other contrast con-
traindications would be to obtain the non-contrast CT series but leave the patient in 
the scanner until the imaging is checked for an AAA. If an AAA is present, the scan 
can be repeated with contrast without having to re-transport the patient in and out of 
the scanner. This strategy also maintains registration between the pre- and post- 
contrast scans which can assist in interpretation.

The previous discussion notwithstanding, while contrast-enhanced high- 
resolution CT imaging is highly desirable, it is not absolutely necessary to success-
fully perform REVAR. A non-contrast scan coupled with angiographic and/or IVUS 
evaluations is a common compromise to repeating the CT scan [10, 11]. Furthermore, 
in the setting of a patient with chronic kidney disease, a CO2 angiogram can be used 
to replace iodinated contrast, though visualization may somewhat compromised 
[12]. In a recently reported series of 40 ruptured AAA patients, ten were hemody-
namically unstable and were taken to the endovascular suite without any CT imag-
ing whatsoever, being sized and treated based on angiography and IVUS alone [13].

While compromises may at times be necessary, taking patients for REVAR on 
the basis of suboptimal imaging will inevitably have a higher failure rate and in the 
case of a ruptured AAA failure to exclude the aneurysm and staunch the hemor-
rhage which is not an acceptable outcome. This reinforces the value of an operating 
endovascular suite, which allows for a relatively seamless transition to open repair 
if needed. Even more so, it emphasizes the importance of understanding the maneu-
vers involved in obtaining balloon occlusion of the aorta and subsequently deploy-
ing a complete endograft while maintaining balloon occlusion. The exact technique 
for this will be discussed in another chapter, but it should be recognized that balloon 
position differs depending on whether the intent is to proceed with REVAR, in 
which case any balloon deployed needs to be supraceliac, or open repair, in which 
case the balloon can be a bit lower to allow maintained hepatic and mesenteric per-
fusion. In either case, the occluding balloon should only be inflated if needed to 
maintain a reasonable blood pressure and, in the case of open surgery, transitioned 
to a more distal clamp as soon as possible to minimize the ischemic insult to the 
visceral organs which can lead to coagulopathy and renal failure [14, 15].
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 Imaging Is Only Valuable if You Can See It

Under our diagnostic algorithm, since a significant majority of patients will meet 
the criteria for contrast administration, vascular surgeons can expect high-resolution 
contrast-enhanced CT scans on most patients they are called about for ruptured 
AAAs. However, a scan is only as useful as its images are accessible. Fortunately, 
in today’s interconnected world, most regions will have Internet access to CT scans 
performed in the outlying emergency rooms or at least within their own system. 
Alternatively, several HIPPA compliant image-sharing Internet-based services are 
available under contract. More than ever before, vascular surgeons are able to see 
their future patient’s vascular anatomy long before they meet them in the flesh, 
allowing valuable savings in time by permitting direct patient transfer to the facility 
best suited to their planned repair. In patients being transferred in from an outside 
hospital, the ability to scrutinize the CT scans prior to patient arrival can permit the 
patient to bypass the emergency department entirely, proceeding directly to the 
therapeutic venue of choice, operating room or endovascular suite, as directed by 
the CT scan images. Thus, in an ideally functioning program, the ruptured AAA 
patient’s treatment destination will have been determined by a vascular surgeon’s 
review of a contrast-enhanced CT scan shortly after image acquisition, perhaps 
while the patient is still in an outside hospital’s emergency department. The deter-
mination of the anticipated mode of repair, REVAR or open, sets in motion a coor-
dinated set of notifications and protocol activations specific to the intended mode of 
repair, the intent being to minimize the number of additional calls needed to move 
forward with getting ready to receive and treat the patient.

 How Low Can It Go?

Long embraced by surgeons, but only sporadically by emergency personnel, the 
concept of permissive hypotension is another that needs to be taught to your emer-
gency medical services (EMS) personnel. Admittedly a challenging strategy to get 
comfortable with initially, allowing a patient to remain hypotensive or even inducing 
a degree of hypotension (hypotensive hemostasis) is a recognized strategy to main-
tain hemodynamic stability in a ruptured AAA patient by not stressing the tampon-
ade that had to have happened if the patient is still alive. There are limits, however, 
to how low a patient’s pressure should be allowed to go. Traditionally any pressure 
in a mentating patient was considered acceptable. A recent analysis of the Immediate 
Management of Patients with Ruptured aneurysm: Open Versus Endovascular 
Repair (IMPROVE) trial data, however, suggests that having a blood pressure below 
70 mmHg at any time is associated with a 51 % mortality [16]. Others have sug-
gested that blood pressure control is not the only important factor, demonstrating 
that the total volume of fluids administered before aortic control correlated directly 
with mortality [17]. A combination approach of fluid limitation to less than 500 ml 
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and systolic blood pressure (SBP) titration to a range of between 50 and100 mmHg, 
using nitrates as needed to keep it below 100 mmHg, has been reported, although in 
practice SBP was more often at the upper end of the target range [18].

In our experience, the easiest means to overcome the psychological obstacle to 
permissive hypotension is to develop specific order sets for emergency physicians 
and EMS transport personnel to refer to as they manage the patient. In essence, this 
gives them permission to hold back on resuscitating a hypotensive patient. We have 
opted to target a SBP range of 70–100 mmHg to avoid potentially detrimental severe 
hypotension and maintain a level of comfort with EMS personnel. It should not be 
overlooked that effective pain management is often all that is needed to generate a 
reduction in SBP to more acceptable levels, with beta blockade further adding to the 
desired goal. The most critical and not uncommon scenario to avoid is the patient 
who is hypertensive from pain and, without pain relief, is a significant risk of con-
version to uncontained rupture.

 Keeping Your Patient’s Options Open

The primary advantage of being able to view your patient’s imaging prior to transfer 
is to determine suitability for endovascular or open repair. This, combined with 
consideration of the availability of requisite personnel, equipment, and surgeon 
expertise, will determine the venue the patient should be transferred to. Given the 
value that a venue suitable for operative repair brings in case of REVAR failure, or 
that imaging brings to the open repair patient who gets aortic balloon occlusion, it is 
clear that a hybrid suite that offers both imaging and open surgical capabilities is the 
most desirable. Absent this type of suite, pre-arrival review of the imaging will 
determine if the patient is going to go to the operating room for open repair or the 
endovascular suite for REVAR. Although REVAR can be performed with portable 
fluoroscopy, it is the opinion of these authors that the compromised image quality, 
acquisition fluidity, and image processing render it an undesirable limitation and 
one that could preclude offering REVAR to all but the most straightforward of cases.

Even more so than for open repair, the setup of the endovascular room can be 
complicated, needing to accommodate anesthesia teams and equipment, the radio-
graphic unit, monitors, power injectors, IVUS drivers, and disposables galore. 
Standardization of the room layout and instrumentation for all EVARs will trans-
late, in the emergency setting, to efficient utilization of time as operator attention 
can be focused on pre-procedural planning while the room and patient are being 
prepared per protocol by others in the team. We have developed room layout maps 
for positioning of all equipment and personnel to simplify preparation of the room 
and to get it done prior to the patient’s arrival. While many leave the radiographic 
unit off to the side until the REVAR begins, once the patient is positioned on the 
table, we generally position the radiographic unit over their mid abdomen, out of the 
way of anesthesia’s efforts to insert lines and any groin access, yet available to guide 
placement of central lines or aortic occlusion balloons. Whether the patient is 
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 destined for open or endovascular repair, an aortic occlusion balloon can be posi-
tioned under fluoroscopic guidance to be inflated if or when needed. If needed, this 
can usually be accomplished under local anesthesia, while venous access and arte-
rial monitoring lines are being placed by the anesthesia team.

Most standard integrated suites have a floor- or ceiling-mounted angiographic 
system and a “sliding” radiolucent table to allow for easy patient positioning under 
fluoroscopy. A control panel is also typically attached tableside under a transparent 
drape in order to allow the operator to control the table position, radiographic gan-
try, and fluoroscopic and radiographic settings. A surgeon who is facile with opera-
tion of the radiographic equipment can often more expeditiously select desired 
options and positions than when working through a middleman, the radiology tech-
nician, thereby reducing radiation and procedural time. In some setups, the control 
panel is separated from the tabletop to decrease the clutter around the patient and 
improve the accessibility that the surgeon has to the patient. While a radiology tech-
nician knowledgeable in imaging acquisition and processing software is required in 
either case, the operator of separated controls cannot be the surgeon or part of the 
sterile team. Given the emergency nature of REVAR, and the a la carte nature of 
endovascular procedures in general, it is imperative that there be a person available 
to fetch supplies. Not only should they be knowledgeable about elective EVAR but 
also the extra devices and maneuvers that might be required for REVAR. Furthermore, 
they need to be familiar with inventory and placement of catheters, stents, endo-
grafts, and other equipment in the room so that they can be obtained and ready to 
use on a short notice. Rails are also placed on the side of the moveable radiolucent 
table to serve as attachment sites for table-mounted retractor systems should the 
operation be converted to an open procedure.

Observational studies used to assess integrating surgery and radiology in one 
suite have revealed increased workflow times involving preparation and anesthesia 
ranging from as little as 18 min to as long as 120 min. [19] Due to the amount of 
equipment and personnel involved in such cases, it may be helpful to have a desig-
nated team that is familiar with the procedure and the equipment used for aortic 
aneurysm repairs. Centers with simulation suites may help prepare personnel to 
reduce workflow times and potentially improve patient outcomes. This will be dis-
cussed in a later section.

 Inventory

For elective EVAR, it is not uncommon for an endograft representative to bring 
devices to the case rather than relying on a hospital’s inventory. In the ruptured sce-
nario, however, there will rarely be sufficient time to rely on a representative so a 
critical factor in determining whether a hospital can provide REVAR on a routine 
basis is their willingness to stock a wide variety of sizes of aortic endografts and 
endograft components, as well as the sheaths, guidewires, catheters, stents, and bal-
loons which may be needed to complete a repair. While not commonly used in 
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elective practice, aorto-uni-iliac (AUI) devices offer some advantages in the rup-
tured AAA situation, most notably a reasonable degree of hemostasis at the time of 
initial endograft deployment without having to cannulate the docking junction and 
deploy the contralateral limb to attain it, though complete hemostasis still requires 
iliac occluder placement and femoral-femoral bypass grafting. Although an unusual 
occurrence, AUI endografts have also been employed to cover the contralateral limb 
of a bifurcate body when the docking junction cannot be successfully cannulated, 
converting the case to the AUI with femoral-femoral bypass configuration, with 
iliac occlusion, as needed [20, 21]. Large bore sheaths are typically required (18–
24 F) to deliver most aortic stent grafts so these need to be kept in inventory. Critical 
to the use of aortic occlusion balloons, as described in greater detail in an upcoming 
chapter, is the availability of two 12Fr × 55–65 cm sheaths to allow endograft 
deployment over an occlusion balloon with subsequent balloon extraction. In addi-
tion, it is important to have a variety of guidewires available with varying tip char-
acteristics to be able to negotiate a variety of vascular anatomies and varying degrees 
of stiffness to facilitate device tracking through tortuous anatomy.

Given the potential for conversion to open repair, a laparotomy instrument tray 
and a variety of vascular clamps should be available, which will also come in handy 
if open femoral access is chosen. Recently, the off-label use of the Perclose ProGlide 
Suture-Mediated Closure System (Abbott Vascular, Santa Clara, CA) in the “pre- 
close” configuration of two cross deployed ProGlide devices to permit percutaneous 
EVAR has gained popularity for its increased speed and reduced wound complica-
tions. While something one should begin with electively, in the hands of an experi-
enced operator the deployments of these devices are feasible and can be performed 
in a rapid fashion, consistent with the urgency of a ruptured AAA [22]. Other 
devices that may be helpful to have in stock include a variety of peripheral and vis-
ceral bare metal or covered stent grafts. The 510 series Palmaz stents can be used as 
a bailout strategy to treat type Ia endoleaks, while short balloon expandable stents 
or endografts may be needed to preserve the renal arteries in case of accidental 
coverage by the main aortic stent graft.

The question often arises as to which of the available aortic endografts is best for 
the ruptured aneurysm situation, to which we would unquestionably respond that it 
would be the endograft you are most familiar and comfortable with. That being said, 
considering the differences in aortic aneurysm morphology and access vessel size 
and tortuosity, and that different endografts have different performance characteris-
tics and available sizes, it make sense for any center seeing any volume of ruptured 
aneurysms to consider stocking two complementary endograft systems, including a 
broad array of their sizes and components. Most of the aortic endograft systems are 
of the modular bifurcated design, with either one or two docking limbs, which work 
well for most situations. In certain anatomic situations, such as with a narrow distal 
aorta or a ruptured common iliac aneurysm, a unibody bifurcated or aorto-uni-iliac 
design may be advantageous, the latter of these also being valuable when there is a 
unilateral iliac occlusion. Regardless of the endografts chosen to be stocked, it is 
incumbent on the surgeon/interventionist to become familiar with each device’s 
IFUs prior to using it in the emergent setting. Lack of familiarity with device sizing 
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and operation of the deployment system are serious potential pitfalls that can lead to 
increased fluoroscopy and procedural times and, potentially, REVAR failure leading 
to conversion to open surgical repair or suboptimal endovascular bailout strategies.

As with elective EVARs, approximately two thirds of ruptured aortic aneurysms 
have suitable anatomy for on-label REVAR. The overwhelming number of exclu-
sions or anatomic challenges pertains to the aortic neck, be it due to its shortness, 
angulation, or both. Although fenestrated endografts (Zenith Fenestrated Z-Link ™) 
have the potential to tackle these cases in the elective setting, they are custom made 
and require more time than typically available in the ruptured AAA setting. While 
some high-volume centers have had experience creating customized fenestrations at 
the time of the procedure by modifying currently marketed endografts, this is an 
off-label use and cannot be recommended outside of an investigator-sponsored 
investigational device exemption. Furthermore, performing fenestrated endograft-
ing (FEVAR) has been shown to be a time-consuming process, both for planning 
and deployment, which makes it impractical, at least for most operators, in the rup-
tured setting [23]. Alternatively, though still procedurally more complicated, stable 
patients with ruptured juxtarenal aneurysms who have contraindications for open 
repair, such as a hostile abdomen, can be treated with chimney or snorkel grafts, 
provided suitable devices and experience are available.

 Creation of an Acute Aortic Treatment Program

Arguably, the most important factor in a rAAA patient’s outcome is not the type of 
repair they undergo, open or REVAR, but the coordination of care they receive from 
presentation through diagnosis, transfer, and ultimate treatment, all of which should 
be expedited in order to minimize mortality rates. This is what distinguishes an 
acute aortic “program,” something designed around process improvements in the 
care of rAAA patients, from an acute aortic “center,” which is really more of a mar-
keting concept. Programmatic changes in clinical practice brought about through 
education and the introduction of acute care pathways have led to more rapid diag-
nosis of patients with rAAA, while coordination of transfer to appropriate facilities 
for definitive therapy, and the delivery thereof, is more a matter of resource manage-
ment but a critical element of the program nonetheless. Davies et al. published a 
report on the creation of an acute aortic treatment center that placed a goal on treat-
ing patients from “door to intervention time in under 90 min” with the belief that 
this would reduce both mortality and morbidity from acute aortic syndromes includ-
ing rAAA [24]. Other centers have instituted a multidisciplinary approach that 
included emergency department physicians, operating room staff, radiology techni-
cians, and anesthesiologists. Mehta et al. demonstrated that after instituting a stan-
dardized protocol, they were able to reduce mortality rates to 18 % with REVAR [8]. 
Implementation of these protocols in tertiary high-volume regional centers has led 
to process improvements resulting in both a decrease in perioperative complications 
and lower morbidity and mortality.
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While the present driver for the development of acute aortic programs is at the 
physician and hospital level, based on the desire to improve patient outcomes and 
perhaps to invigorate a lackluster service line, healthcare policy makers have their 
eye on them to see if they can reduce costs as well. Healthcare quality initiatives 
such as the Leapfrog Group have proposed creating “evidence-based hospital” 
referral criteria for centers that perform elective AAA repair which would require, 
among other things, an annual AAA volume exceeding 50 cases and having inten-
sive care units run by board-certified intensivists [25]. However, it has been reported 
that this regional center strategy leads to longer times for patients to get to the oper-
ating room as well as a potential increase in ICU days used, but it has not been 
shown to affect mortality, patient compliance with follow-up, or graft-related mor-
bidity [26]. Reaching a different conclusion, with specific focus on transfer of 
patients, Vogel et al. showed that patients who were not transferred had a signifi-
cantly higher mortality within 24 h of surgery when compared to those patients who 
were transferred to specialized centers [27]. As healthcare policy changes focus 
more on quality-driven outcomes, it is clear that implementation of clinical path-
ways and protocols will increase over the next decade in an effort to improve patient 
care while limiting morbidity and mortality rates but mostly to reduce costs. 
Establishing a multidisciplinary approach and acute aortic treatment center will 
allow for increased patient accessibility, reduction in time to definitive treatment, 
and ultimately better outcomes. The winners will be those therapies that prove to be 
most cost effective and those healthcare systems that can deliver them the most 
efficaciously in each region.

 The Role for Simulation

True care coordination does not occur by simply writing a memo, policy, or protocol 
but by instituting changes in the way we operate. Surgical simulation, or more 
appropriately surgical skills training, has become a required element of surgical 
residencies but only teaches the performance of a procedure. Simulation has been 
defined as a device or exercise that allows active participants to undergo conditions 
that are likely to occur in real life [28]. And what condition are you more likely to 
encounter in real life than the need to coordinate your care with that of others on the 
team? While most studies on simulation centers have focused on improving endo-
vascular and open skills for surgical residents [29], some are shifting toward improv-
ing nontechnical skills such as communication, teamwork, judgment, and leadership 
for other healthcare personnel [30]. In addition, by providing a simulated environ-
ment, observations and immediate feedback can be given so that the participants can 
then apply what they’ve learned to real life.

The operating room is a complex working environment, especially in the setting 
of a life-threatening emergency such as an acute aortic aneurysm rupture. A multi-
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tude of healthcare personnel must be mobilized and coordinated to deliver optimal 
care. While early REVAR protocols focused on the procedure itself, many 
 institutionalized protocols at tertiary centers (especially those which have defined 
themselves as an acute aortic treatment center) have been broadened to address 
issues of care all along the patient’s path, from presentation to treatment. As such, 
multidisciplinary simulation exercises would seem a reasonable approach to 
improve outcomes and decrease morbidity and mortality. Mehta and colleagues 
considered that and prior to implementing their own protocol for endovascular treat-
ment of rAAA they had healthcare personnel undergo a series of a simulations in 
which patients with known asymptomatic AAAs presented to the emergency depart-
ment with symptoms of rupture [8]. By doing this they were able to enhance the 
knowledge of all personnel who may be involved such as anesthesiologists, the 
operating room staff, radiology technicians, and emergency physicians and nurses. 
Although their study did not specifically look at the relationship of this simulation 
training to their overall performance, it is clear that they thought it was important to 
do this prior to implementing endovascular repair of ruptured aortic aneurysms at 
their institution.

Simulation exercises can be of two different varieties: procedural simulation 
(skills training, Fig. 9.2) and scenario simulation (team training). Both can play a 
role in the preparation for initiation of a REVAR program. While participating 

Fig. 9.2 Traditional surgical skills training focuses on an individual’s performance of a procedure 
or component thereof
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surgeons would be expected to be competent in performance of elective EVAR, 
REVAR simulation allows them to learn and practice the maneuvers necessary for 
EVAR deployment over aortic balloon occlusion, for difficult contralateral gate 
cannulations and for the use of percutaneous closure devices. More importantly, 
simulation can help prepare the trainee for what to do when something goes wrong. 
The second facet of simulation involves team training and performance, as assessed 
by direct observation and evaluation of individual and team procedural prepara-
tion, interaction, communication, and vigilance. Simulated operative experiences 
have been shown to provide a realistic representation of crisis scenarios that allow 
a team to perform their duties in a safe and controlled environment, with the added 
advantage of receiving constructive feedback in both technical and nontechnical 
skills. Applying this to a rAAA scenario should enhance preparedness, allow for 
better utilization of resources, improve multidisciplinary care, and help identify 
and reduce the number of adverse events [30] by allowing teams of healthcare 
providers to identify lapses of care, real or potential, in their preparation for insti-
tuting a REVAR program. Ideally, scenario simulations will include all providers 
in the pathway, from EMS personnel picking up and transporting patients to ED 
nurses and physicians rendering initial care and diagnosis, all the way through to 
the delivery of definitive treatment. As such, our recently opened Center for 
Learning and Innovation includes simulated patient domiciles (complete with 
robotic pets; Fig. 9.3a), an actual ambulance which pitches and rocks (Fig. 9.3b), 
simulated ED rooms (Fig. 9.3c), ORs (Fig. 9.3d), and endovascular suites. In addi-
tion to the inherent value of bringing the team together in the first place, all facets 
of the patient’s simulation can be broken down into components, measured, and 
analyzed for opportunities for improvement. Such outcomes improvement initia-
tives are expected to play an ever increasing role in the delivery of healthcare in the 
years to come.

 Summary

Incorporating REVAR into your practice involves more than just learning the tech-
niques of the procedure. If optimal outcomes are to be obtained, the entire process 
of care for patients with ruptured AAAs needs to be coordinated, from initial evalu-
ation at presentation through transport and treatment. This involves both education 
and standardization of care through implementation of clinical pathways and proto-
cols. Regardless of the ultimate therapy employed, REVAR or open aneurysm 
repair, all patients will benefit from better coordination of the healthcare teams 
responsible for their care.
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Fig. 9.3 (a) Simulated patient living room, with mechanical distracting dog, in a simulated patient 
home that includes a full bedroom, bathroom, kitchen, and living room, all outfitted with cameras 
for observation. (b) Simulated ambulance bay on a mechanized chassis to roll and pitch for simu-
lated patient transport and en route management. (c) Simulated emergency room bay with X-ray 
(control room on right) and a variety of equipment and cameras. (d) Simulated operating room 
complete with full anesthetic equipment and case-specific anatomic models for team training of 
procedures

a

b
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Chapter 10
Guidelines for Transfer to Specialized Centers

Matthew Mell

 Introduction

Ruptured abdominal aortic aneurysm remains a highly time-sensitive condition 
where if left untreated 25 % of patients die within 2–4 h [1] (Fig. 10.1). However, 
many patients remain stable enough in the immediate short time following rupture 
to allow potential to achieve definitive treatment. Prompt treatment is often not pos-
sible at the presenting center and transfer to specialized care is necessary. As such, 
it is imperative that transfer is expedited to provide the greatest chance for a favor-
able outcome. In considering the appropriate patient for transfer, a number of ques-
tions often arise including suitability for treatment, need for definitive imaging prior 
to transfer, mode of transportation, which facility to transfer to, clinical manage-
ment principles during transfer, and feasibility of transfer in the anticipated time 
interval of stability. Presently, few sending and receiving hospitals have systems in 
place to expediently transfer, and professional standards are yet to achieve wide-
spread implementation.
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 Current State

 Emergency Department Deaths for Ruptured Abdominal Aortic 
Aneurysm

One of the perceived limitations in achieving a successful outcome for a patient 
requiring transfer is the potential opportunity cost of awaiting transfer. When no 
organized system of care exists specifically for the care of ruptured abdominal aor-
tic aneurysm, emergency department (ED) death can occur when local treatment is 
unavailable. Although some of these ED deaths encompass those who arrive in 
extremis, a percentage of these deaths also reflect those who deteriorate while 
awaiting definitive care [2]. A recent study using the Nationwide Emergency 
Department Sample (NEDS) data found 7 % of patients died in the ED and another 
6 % admitted to the presenting hospital died without treatment. It is not possible 
from the NEDS dataset to determine exactly why patients died in the ED or were not 
offered transfer; however, one can hypothesize that these patients were either in 
extremis on presentation precluding transfer or worsened while awaiting transfer. 
The study suggests that the later explanation may be a larger factor as those more 
likely to have an ED death included those who were older and who presented to 
nonmetropolitan hospitals (Table 10.1). Nonmetropolitan hospitals were also most 
likely to transfer patients. The high ED death rate and transfer rate may imply that 
these facilities were not able to provide local care. Without a rapid and reliable 
transfer process, a percentage of these deaths are likely preventable with better 
regional systems of care.

The need for predefined transfer plans may be even more important in geo-
graphic regions where the land mass to hospital facility ratio is greatest. The NEDS 
study also identified differences in ED death by region. The West had almost double 
the ED death rate even after adjusting for demographic and hospital factors. Further 
underscoring the difficulties with transfer across larger geographic constraints, the 
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West was also the least likely to transfer patients. As the Western Region of the 
United States has approximately 25 % of the US population but 50 % of the land 
mass, our findings suggest that patients who have greater travel distances and travel 
times to the initial ED may be more likely to become clinically unstable upon arrival 
or before transfer can be arranged (REF).

 Transfer for Treatment of Ruptured Abdominal Aortic 
Aneurysm

In the current era of publically reported outcomes, many centers remain concerned 
about the implications on overall institutional mortality when accepting high-risk 
patient transfers. In the case of ruptured abdominal aortic aneurysms, single-center 
studies have reported equivalent outcomes for treatment of ruptured abdominal aor-
tic aneurysm after transfer [3–7]. However, in these studies only those receiving 
treatment for their aneurysm were included. Thus, those transferred who did not 
undergo treatment or who died prior to reaching the receiving hospital were not 
captured These studies suffer from survivor bias given that patients had to survive 
transfer and be stable enough for treatment on arrival.

This limitation was addressed in a follow-up study using an intent-to-treat analy-
sis linking State Inpatient Databases and Emergency Department Databases for 
New York, California, and Florida to compare outcomes for ruptured abdominal 
aortic aneurysm between those transferred for care with those treated at the present-
ing institution [8]. Almost 20 % of patients were transferred for definitive care 
(REF). Most patients were transferred a short distance (median, 27 miles), and few 
(<8 %) traveled great distances defined as >100 miles. The study found equivalent 
mortality rates for those transferred (45 %) patients to those treated without transfer 

Table 10.1 Predictors of ED death for ruptured abdominal aortic aneurysm

Factor Adjusted ORa 95 % CI P-value

Rural vs. urban teaching hospital 1.9 1.2–2.9 0.001
Rural vs. urban nonteaching hospital 1.4 0.9–2.1 0.12
Low-volume ED 1.3 0.8–2.2 0.25
Moderate-volume ED 1.0 0.7–1.4 0.92
High-volume ED 1.0 Referent
Region East 0.5 0.3–0.8 0.008

South 0.4 0.3–0.7 0.001
Midwest 0.6 0.4–0.9 0.02
West 1.0 Referent

Trauma designation 0.9 0.5–1.4 0.54
Age (per decade) 1.9 1.6–2.2 <0.0001
Male gender 0.7 0.5–0.9 0.008

aAdjusted for comorbidity and insurance status
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(43 %). Unfortunately, among those transferred, 17 % still died without receiving 
treatment. When accounting for these patients in the intent-to-treat analysis, transfer 
was actually associated with an increased mortality (Table 10.2).

Although transfers were more common on weekends, mortality was independent 
of time of presentation. One of the interesting findings was the annual increase in 
transfer rates over time from 15 % in 2005 to 24 % in 2010. Transferred patients had 
fewer comorbid medical conditions and were more likely to present to smaller non-
teaching hospitals. These findings further support the hypothesis that those most 
likely to benefit from transfer are those that are stable enough to receive an opera-
tion when they arrive at the receiving facility. Establishing transfer guidelines is 
unlikely to benefit those who are in extremis at the initial treating facility, but likely 
will have the greatest impact on those patients who are harmed by delays in care that 
convert them from stable to potentially unstable while awaiting transfer. The key 
finding thus far is that the benefits of the current de facto transfer process seen on a 
population level could be interpreted that transfer is associated with a higher mortal-
ity; the alternative and likely more accurate summation is that attention should be 
focused on improving the transfer process to increase the likelihood of clinical sta-
bility during transfer and consequently improve overall survival [9].

 Patient Selection

Although under the development by the Western Vascular Society, no current guide-
lines or standards exist in the United States for selecting the ruptured abdominal 
aortic aneurysm patient suitable for repair, especially when inter-facility transfer is 
needed. Clinical algorithms [10–15] for predicting death have been reported, but 
clinical utility is still questioned. Hospitals and clinicians considering the accep-
tance of transferred patients are often faced with patients who are not hemodynami-
cally stable or have a large burden of preexisting comorbidities making survival 
from repair even more challenging. Prior studies have hypothesized that transferred 
patients who die without a repair were either not candidates for repair or were those 
who would have been candidates but decline during the transfer process. Included 
in the unsuitable repair group are patients that have forgone prior elective repair 
often due to extensive comorbidities. Not uncommonly, these patients request repair 
when presented with the life-threatening realization that they are dying from a rup-
tured aneurysm.

Table 10.2 Inter-facility transfer and ruptured abdominal aortic aneurysm mortality

Adjusted odds ratioa 95 % CI P-value

Nonoperative deaths excluded 0.81 0.68–0.97 0.02
Nonoperative deaths included 1.30 1.05–1.60 0.01

aAdjusted for age, gender, weekend presentation, admission year, state, comorbidity, and insurance 
status
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Electing to proceed with transfer of these types of patients including the unsta-
ble patient is a difficult decision point for both the clinicians and the patient where 
the default is often to initiate transfer. A recent survey of vascular surgeons in the 
Western United States revealed that most had few if any exclusion criteria for 
accepting transfers for ruptured abdominal aortic aneurysm [16]. Specifically, age 
was not a consideration. Only 7 % reported age greater than 90 years as preclusion 
for transfer. Similarly, 19 % did not consider transfer for those with severe under-
lying systemic disease and 34 % for those unable to perform activities of daily 
living [2].

The approach of US vascular surgeons is in stark contrast to those that practice 
in a socialized medical system with a recent survey of the United Kingdom provid-
ers citing underlying health and lifestyle considerations as major factors in the 
decision- making process [17]. Both groups identified cardiac arrest requiring CPR 
as a contraindication to transfer, but hypotension requiring inotropic support was 
not.

Without established guidelines for patient selection, current transfer decisions 
vary across institutions, regions, and on a case-by-case basis. This likely increases 
time delay as the request for clinical evaluation, diagnostic laboratory tests, or 
radiographic imaging may be extensive, time intensive, and ultimately unnecessary. 
For example, respondents in the US study were far more likely to require evaluation 
by a surgeon or a CT scan prior to transfer compared with the UK respondents [16]. 
In summary, there is a growing need as transfer has become more common to pro-
vide guidance on who clearly will not benefit, while maintaining liberal criteria for 
those in whom transfer would be advantageous when combined with an efficient 
and efficacious overall approach to treatment.

 Key Components to Regionalization of Care

With an organized regional system of care, operative repair can be performed in 
over 95 % of transferred ruptured abdominal aortic aneurysm patients, with 67 % 
survival [18]. Optimum transfer is dependent upon proper coordination between the 
sending facility and the receiving facility. Sending facilities should develop pro-
cesses to streamline diagnosis, build relationships to predetermine the preferred 
transfer facility, have a standard communication method, and have a reliable pro-
vider for transport. It is also imperative to insure that any imaging is transmitted 
judiciously either by disc or electronically to the receiving center. Prompt and effec-
tive communication at the receiving center is a core component of a successful 
regional transfer plan. This includes rapid connectivity between providers, guide-
lines on patient management during transfer, and a streamlined process to efficiently 
achieve operative repair. Many centers have one uniform access phone number that 
includes administrative oversight of the phone calls to insure available resources are 
immediately available at the receiving center. Once the transfer is accepted, this 
should initiate a process that readies the operating room, catheterization lab, and 
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hospital bed resources, as appropriate, in preparation for patient arrival. Mobilization 
of these resources allows for more rapid access to definitive repair.

There is no single model of regionalization that is known to be superior to others. 
For some regions, a single receiving facility or a hub-and-spokes model is optimum. 
For this to work, there needs to be a “no-denial” policy as the system would fail if 
the hub often could not accept transfers secondary to resource limitations. In con-
trast, when beds or resources are frequently limited in tertiary care regional centers, 
a network model works better. Ideally, in either system, the receiving hospital 
should strive to achieve a “no-denial” policy for appropriate transfer patients to 
avoid the need for referring facilities to simultaneously call multiple hospitals seek-
ing an accepting location. If such a policy is not feasible, required resources should 
be known at the potentially receiving facility to achieve a denial as rapidly as pos-
sible to avoid added delays in care. The mode of transportation that provides the 
most rapid transport should be utilized, which may depend on distance, traffic, 
weather, and availability.

 Optimizing Care During Transfer

Although patient selection and an organized regional transfer plan are important in 
improving outcome for patients suffering ruptured abdominal aortic aneurysms, 
how a patient is actually rendered care during the physical transfer is also important. 
There are little data to guide the best approach during this critical time period. 
Avoiding hypertension to prevent conversion to frank rupture is important. Patients 
should receive intravenous nitroglycerin, esmolol, sodium nitroprusside, and pain 
medication as necessary to minimize risk of hypertension and tachycardia. For 
those presenting with hypotension, permissive hypotension and limitation of crys-
talloid is commonly utilized to achieve a systolic blood pressure between 70 and 
100 mmHg. Borrowing from the improved mortality found in trauma patients resus-
citated with a blood product-rich resuscitation, blood products are preferred to treat 
hypotension [6]. However, it is not recommended to delay transfer to await blood 
products if not readily available.

While patients are in the transfer process, the receiving facility should be coordi-
nating an organized and standard treatment approach. In fact, an organized treat-
ment algorithm for ruptured abdominal aortic aneurysm has led to improved 
operative survival, approaching 75 % in some single-institution studies [3, 4, 19]. 
The treatment algorithm should include trained physicians, operating room, and 
radiology personnel, immediate availability of blood products and a standard resus-
citation protocol, rapid access to endovascular inventory. and a predefined treatment 
algorithm including guidelines for converting endovascular to open repairs. These 
elements should be in place such that at the time of patient arrival, a rapid assess-
ment can occur followed by quick movement toward the definitive treatment area. 
The goal is to eliminate time delay in each phase of care to maximize the likelihood 
of optimum patient outcome.
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 The Potential Role for Best-Practice Guidelines

At present, a minority number of centers that accept transfers have a formal protocol 
for doing so. Recent data shows that in the Western Region of the United States, 
60 % of physicians who accept ruptured abdominal aortic aneurysm transfers do not 
have a formal protocol for treatment, and 70 % do not use a transfer protocol or 
clinical guidelines [16]. The absence of data definitively demonstrating the advan-
tage of such protocols has hampered the widespread adoption of transfer guidelines. 
In the absence of data, the development of best-practice guidelines targeted to 
reduce variation and improve transfer efficiency may provide a framework to 
address key components of an effective transfer process. The goal should be to 
eliminate unnecessary steps at each step in the evaluation and treatment process. 
Reduction of time delay increases the chances that a patient will arrive clinically 
stable and remain a repair candidate. Improving the proportion of transferred 
patients who arrive in condition to receive AAA repair will increase the overall 
ruptured abdominal aortic aneurysm survival [9].

The utilization of transfer for the patient with ruptured abdominal aortic aneu-
rysm has increased yearly since 2005, as has the utilization of transfer for rural 
patients with ruptured abdominal aortic aneurysm [8, 20]. As specialized centers for 
treatment of acute aortic conditions expand, there is risk of reduction in case volume 
and diminished expertise of local facilities [21]. This may be the underlying etiology 
of the steady rise in transfer volumes as it parallels the increase in operative repairs 
for ruptured aneurysms treated with an endovascular approach. Another potential 
contributing factor may be the increasing cost of providing a complete vascular 
device inventory, as well as the changing patterns of providing vascular care. Recent 
general surgeon graduates who are practicing as community surgeons have much 
less vascular experience than in the past. Thus, many are not qualified upon gradua-
tion to provide the breadth of vascular care that their predecessors reaching retire-
ment age have historically done. The net effect is a reduction in facilities that have 
resources and case volumes to treat the most complex vascular cases including rup-
tured abdominal aortic aneurysms. Thus, transfer is becoming an increasingly com-
mon practice and the need for standardization of approach to transfer is needed.

 Future Directions

Although no best-practice guidelines currently exist in the United States for transfer 
of ruptured abdominal aortic aneurysms, criteria are under development by the 
Western Vascular Society (WVS). The WVS guidelines will focus on elements 
common to practice in the United States and will borrow some from the guidelines 
currently used in the United Kingdom (UK). Those guidelines are endorsed by the 
Vascular Society of Great Britain and Ireland, The Royal College of Emergency 
Medicine, and The Royal College of Radiologists [22] (Table 10.3). The impact of 
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Table 10.3 Best-practice guidelines for the management and transfer of patients with a diagnosis 
of ruptured abdominal aortic aneurysm to a specialist vascular center [22]

1.    A clinical diagnosis of ruptured abdominal aortic aneurysm (ruptured abdominal aortic 
aneurysm) should be considered:

   In patients over the age of 50 years presenting with abdominal/back pain AND hypotension
   In patients with a known AAA and symptoms of either abdominal/back pain OR 

hypotension/collapse
   In patients where an alternative diagnosis is considered more likely on clinical grounds, 

ruptured abdominal aortic aneurysm still must be excluded, with radiological confirmation 
made prior to referral. Level 3, strong recommendation

2.   Permissive hypotension is advocated for patients with a clinical diagnosis of ruptured 
abdominal aortic aneurysm to maintain an alert patient and systolic blood pressure >70 mm 
Hg is acceptable. Level 4, strong

3.   If a specialist vascular service cannot be provided on-site, the patient requires transfer to a 
center with appropriate facilities and expertise. Transfer agreements with the local 
ambulance service should be in place. Level 4, strong recommendation

4.   Rapid and coordinated transfer can reduce delays in the patient journey and improve 
outcome. Level 3, strong. To expedite transfer the most senior doctor available should lead 
and be actively involved the care of any patient with suspected ruptured abdominal aortic 
aneurysm. Outgoing referrals should go to a senior vascular trainee or consultant

Items 5–18 below are all Level 5, with strong recommendation

5.   All patients with a clinical or radiological diagnosis of ruptured abdominal aortic aneurysm 
should be assessed as to their current clinical state AND premorbid level of function to 
determine suitability for transfer

6.   Patients aged <85 with no/mild/moderate systemic disease should be referred to the 
receiving hospital’s on-call vascular service without delay

7.   Patients age >85 or with severe systemic disease will benefit from a consultant*–consultant 
discussion prior to transfer to a vascular unit

8.   Impaired mental capacity is not a contraindication to assessment and transfer
9.   Patients who have been previously turned down for elective surgery should still be discussed 

via a consultant–consultant referral
10.  Contraindications to transfer are restricted to those with cardiac arrest in the current 

admission and intubated patients. Such patients are unlikely to survive transfer and surgery
11.  There are no ESSENTIAL investigations required prior to transfer. However, a blood gas 

and an emergency department ultrasound are considered useful, if these incur no delay
12.  Investigations including FBC, U&E, amylase, X-match, and CT scans MUST not delay 

transfer to a center that can provide definitive care. If an alternative diagnosis is more likely, 
or the investigation can be performed without causing delay, it is reasonable to perform 
these investigations before transfer

13.  Patients should be treated, if necessary, with both analgesia (according to the College of 
Emergency Medicine [CEM] guidelines) and fluids before and during transfer. Blood 
products and inotropes may be required, their use should be supervised by a ST4 or above, 
trainee or equivalent, or consultant

14.  A time-critical transfer in a 999 ambulance, preferably with a paramedic crew, is required, 
although this is not essential

15.  Patients requiring inotropic support will need a suitably experienced and trained medical 
escort for transfer
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the UK guidelines on patient outcome has not been studied. With implementation of 
the WVS recommendations, investigators hope to be able to evaluate the impact on 
reducing variation in care, increasing the utilization of operative repair, and improv-
ing survival.

As care is streamlined, it provides additional opportunity to further study the 
critical factors that may offer further survival benefit. There still exist many knowl-
edge gaps in optimizing the care for the patient with ruptured abdominal aortic 
aneurysm who requires inter-facility transfer for definitive care. This includes what 
factors important in transfer increase the likelihood of meaningful survival, the 
minimal diagnostic evaluation required before transfer, and the best resuscitative 
method during transfer. Furthermore, refinements in communication between facili-
ties to coordinate data and information sharing could be enhanced. Finally, para-
medic triage in the field analogous to trauma field triage may facilitate initial 
transport to hospitals equipped with ruptured abdominal aneurysm expertise and 
bypass less skilled centers. For example, paramedics or emergency medical techni-
cians may be able make the diagnosis of ruptured abdominal aortic aneurysm in the 
field using standardized approaches and triage criteria. With these and other theo-
retic advances, population-level outcomes could translate to additional survival for 
those suffering ruptured abdominal aortic aneurysms.
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Chapter 11
Hypotensive Hemostasis in Patients Presenting 
with Ruptured Aortic Aneurysm

Felice Pecoraro, Bernard Krüger, Johnny Steuer, Neal Cayne,  
Zoran Rancic, Frank J. Veith, and Mario Lachat

 Introduction

In contrast to peripheral vascular injury, which may be controlled with a tourniquet 
or manual compression to stabilize the patient before definitive repair, in the rup-
tured intrathoracic and intra-abdominal aorta or its branches, external compression 
is rarely an alternative. Acute and severe blood loss leads to hypotension and car-
diovascular shock, resulting in multisystem organ failure and eventual death. 
However, aggressive fluid resuscitation in these patients can be detrimental as 
large-volume infusion may lead to further blood loss, hemodilution [1], dilutional 
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coagulopathy, and hypothermia [2]. Moreover, in ruptured abdominal aortic 
 aneurysm (rAAA), massive retroperitoneal bleeding contributes to the development 
of intra-abdominal hypertension (IAH) and ultimately to abdominal compartment 
syndrome (ACS) with a high risk of severe complications and death [3]. Finally, 
massive transfusion of red blood cells, thrombocytes, and/or coagulation factors 
may be accompanied by severe immunologic reaction and transfusion-related acute 
lung injury (TRALI) [4]. To avoid these scenarios and/or complications, hypoten-
sive hemostasis is advocated.

From a historical point of view, in 1949 Andresen et al. reported their  experience 
in the management of gastric hemorrhage suggesting that “No transfusion should 
be given in the first days except for evidence of severe anoxia. Then try 1 or 2 
transfusions of 150–200 CC of citrated blood” [5]. This original experience first 
advised a switch from resuscitation with high amount of fluids to achieve a neo-
physiological blood pressure to the concept of hypotensive hemostasis, limiting 
the resuscitation fluids in cases of massive blood loss. In 1981, Akins showed in 
an observational single-center study that in patients with blunt aortic injury, the 
use of beta-blockers and antihypertensive therapy permitted stabilizing the patient 
to allow delayed aortic repair until extracorporeal circulation with the use of a 
heart-lung machine could be initiated, which was often a necessity in the era pre-
ceding the current use of endovascular aneurysm repair (EVAR) [6]. In 1991 
Crawford [7] advocated, in patients presenting with rAAA, the use of small vol-
umes of whole blood or crystalloid to maintain blood pressure around 50–70 mmHg 
until cross-clamping of the aorta was accomplished. A similar fluid restriction 
scheme was reported in 2002 by Veith and Ohki [8] for EVAR in rAAA. Controlled 
hypotension using vasodilators to lower the blood pressure to <100 mmHg was 
reported first by our group in 2002 and later by Yilmaz et al. [9]. In 2007 
Blankensteijn confirmed in a prospective (nonrandomized) study the feasibility of 
controlled hypotension in candidates for open surgery and endovascular repair. 
However, to date, there is no prospective randomized controlled trial demonstrat-
ing the advantage of hypotensive hemostasis over standard resuscitation manage-
ment [10].

Resuscitation is generally initiated when aortic rupture is confirmed by ultra-
sound and/or CTA. In analogy to trauma patients, reducing the time from the initial 
event to having the bleeding under control in rAAA may increase the chance of 
survival [11]. Based on a Cochrane meta-analysis, there is no clear evidence on 
which type of fluid should be employed (crystalloids or colloids) in patients present-
ing with hemorrhagic shock. However, the lack of outcome differences made the 
authors advise the use of crystalloids for economic reasons [12]. If fluid administra-
tion is not sufficient to restore the arterial blood pressure or undesirable such as in 
the presence of a large retroperitoneal hematoma, vasopressor drugs may be 
employed in order to reduce the risk of tissue hypoperfusion. However, the use of 
vasopressors is justified only transiently and just to reach systolic arterial pressures 
of 80–90 mmHg [13]. If cardiac function is depressed, an inotropic agent should be 
utilized [14]. Control of corporeal temperature is another relevant measure that can 
influence not only arterial pressure but also acid-base status and coagulation. 
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Hypothermia (<35°) is associated with higher mortality and morbidity in patients 
presenting with hypotension in association with hemorrhagic shock [15]. In 1965 
Shaftan et al. reported that “Blood loss from an arterial injury is greatest in quantity 
and prolonged when fluids or vasopressors are given and least and shortest when 
either resuscitation is withheld or vasodilators are administrated” [16]. In fact, gen-
eral anesthesia, necessary for the open approach in rAAA, and the resulting vaso-
plegia following its induction require a high volume of fluids to achieve an adequate 
volume balance and blood pressure. This fluid load increases the risk of hemor-
rhage, hypothermia and coagulation disorders, and abdominal compartment syn-
drome. Moreover, general anesthesia with the use of myorelaxation decreases the 
abdominal wall tone and therefore may contribute to the transition from a contained 
to a frank aortic aneurysm rupture [17, 18].

 Hypotensive Hemostasis Protocol and Experience 
at the University Hospital Zurich (USZ)

The hypotensive hemostasis protocol at USZ is based on permissive hypovolemia 
and controlled hypotension. Permissive hypovolemia consists in minimizing the 
administration of fluids (crystalloids and/or colloids), whereas controlled hypoten-
sion implies active lowering of the blood pressure with vasodilators and/or beta- 
blockers in normotensive or hypertensive patients to a target systolic blood pressure 
<90 mmHg. In such patients, fluid infusion is restricted to a minimum just to keep 
the intravenous lines open.

In patients presenting with low blood pressure but who are otherwise hemody-
namically stable, some fluids (100–500 ml) may be administered to maintain a tar-
get systolic blood pressure of ≥70 mmHg. We define “stable” as a systolic blood 
pressure of any value that does not require an increase in the amount of fluids or 
vasoactive pressors/dilators to remain constant over a longer period of time (>5 min). 
In patients who are critically hypotensive or who are unstable or who get uncon-
scious, a bolus of 250 ml of fluid (colloid or crystalloid or blood) may be infused. 
In addition, vasoactive pressors may eventually be required to restore and/or main-
tain the systolic blood pressure around 70 mmHg. Even under such low blood pres-
sure circumstances, conversion to general anesthesia is not necessary as long as the 
patient maintains intact airway reflexes. Transfusion of blood cells, coagulation fac-
tors, and platelets is based on the respective guidelines. Briefly, hematocrit is main-
tained over 24 %, and transfusion of coagulation factors and/or platelets is based on 
blood samples and rotational thromboelastometry (ROTEM).

The pressure-lowering effects of vasodilators are often more pronounced in 
patients with hypovolemia. Drugs must therefore be titrated carefully to the desired 
effect. Short-acting vasoactive drugs have a limited effect with regard to time. In 
case of inadvertent over-dosage or intentional termination of the permissive hypo-
tension after achieving sufficient hemostasis, the hypotensive effect of the drugs 
will fade rapidly.
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 Vasoactive Drugs

Esmolol, a short-acting and selective adrenergic β1-receptor antagonist, decreases 
heart rate and contractility, is metabolized by red blood cell esterases, and has an 
elimination half-life of approximately 9 min. It can be titrated to effect by repetitive 
i.v. bolus doses of 100 μg/kg up to a dose of 500 μg/kg followed by continuous i.v. 
infusion up to 125 μg/kg/min. The target range of the heart rate is 60–80 bpm.

Glyceryl trinitrate (nitroglycerin), a vasodilator with more prominent effects on 
peripheral veins than on arteries, decreases the preload of the heart by pooling of 
blood in the venous system. The elimination half-life is 2–3 min. Onset of action is 
immediate by relaxation of smooth muscle cells following an increase of intracel-
lular concentrations of cyclic guanosine monophosphate (cGMP). Titration to effect 
is done by repetitive i.v. bolus doses of 25 μg up to 75–100 μg/min followed by a 
continuous i.v. infusion of up to 300 μg/min. Reflex tachycardia is a physiological 
response to decreased preload and can be counteracted by esmolol i.v.

After control of bleeding has been achieved in the operating room, all pressure- 
lowering drugs are discontinued, and hypovolemia is corrected as necessary. 
Appropriate fluid resuscitation is the base for vasoactive drugs to sufficiently raise 
systemic blood pressure to the desired level. Norepinephrine, acting primarily as a 
vasopressor, is the first choice, followed by epinephrine as second choice in case of 
profound shock and/or in order to enhance the cardiac contractility.

Norepinephrine (noradrenaline), a stimulator of both adrenergic α1/2-receptors 
and β1-receptors, raises the systemic blood pressure primarily by arterial vasocon-
striction to a lower extent by its positive inotropic and chronotropic effects. It has an 
immediate onset of action and a half-life of 2–3 min. An i.v. bolus of 0.1 μg/kg is 
repetitively given followed by a continuous i.v. infusion of 0.01–0.3 μg/kg/min 
(0.8–24 μg/min for an 80 kg patient).

In cases of persisting clinical and laboratory signs of arterial hypoperfusion after 
appropriate correction of hypovolemia and vasopressor support with norepineph-
rine 0.3 μg/kg/min, impaired cardiac function may be the underlying cause, and 
epinephrine should be considered to improve cardiac inotropy.

Epinephrine (adrenaline) stimulates adrenergic β1/2-receptors with a resulting 
increase in cardiac chrono- and inotropy at lower dosage (0.01–0.1 μg/kg/min i.v.) 
and adrenergic α1/2-receptors with progressive peripheral arterial vasoconstriction 
at higher dosage (0.1–0.3 μg/kg/min i.v.). It has an immediate onset of action and a 
half-life of 2–3 min. If epinephrine is needed as a bolus (0.1–0.2 μg/kg i.v.), cardio-
pulmonary resuscitation is usually imminent.

Hypovolemia must be repeatedly ruled out or corrected if high doses of nor-
adrenaline are infused, particularly if combined with epinephrine, since hypovole-
mic vasoconstriction may cause profound tissue ischemia and necrosis. Simple use 
of a central line pressure or wedge pressure measurement from a Swan-Ganz cath-
eter can help determine if the patient needs additional volume or pressor medica-
tions (Table 11.1).
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 Intra-aortic Balloon

Endoclamping of the aorta with a large-size compliant balloon such as Reliant® 
(Medtronic) or the Coda (Cook) has been shown to be useful in patients with unsta-
ble hemodynamics and/or those patients unresponsive to fluids and catecholamines 
(Fig. 11.1). Endoclamping can be used for both the endovascular and the surgical 
approach. In stable low-pressure patients, especially when a large retroperitoneal 
hematoma has been identified preoperatively, it can also be used during the EVAR 
procedure to avoid further volume increase of the hematoma. The balloon can be 
placed under local anesthesia, utilizing a long (preferably ≥40 cm) sheath for pre-
vention of caudal migration during and after inflation. To avoid balloon-related 
complications, the inflation site should be free of major atherosclerotic aortic dis-
ease or aneurysm. Moreover, as the balloon is placed superior to the major branches 
of the abdominal aorta, the duration of the balloon inflation should be kept as short 
as possible, since inflation brings about temporary renovisceral ischemia.

 Discussion

Based on the early positive experience and subsequent systematic follow-up of the 
patients at our center, we have routinely applied the principles of hypotensive 
hemostasis for nearly 20 years. The feasibility of EVAR in rAAA using hypotensive 
hemostasis, including permissive hypovolemia, controlled hypotension, and local 
anesthesia, was reported by our group in 2001 [19]. In this series of 21 patients, 
restricted volumes of fluids and erythrocyte transfusions were enough to maintain 
hemodynamic stability prior to the completion of EVAR (Fig. 11.2).

Fig. 11.1 Intraoperative angiogram. After 
placing a guide wire, an aortic balloon is 
delivered and inflated suprarenal (here 
supraceliac) to achieve proximal 
hemorrhage control

F. Pecoraro et al.
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Generally, most patients remain stable with preserved mental function at a sys-
tolic blood pressure of 70–90 mmHg. To achieve stable hemodynamics at this blood 
pressure level, very limited amounts of fluids and vasoactive pressors are necessary 
during EVAR under local anesthesia. As a first step, analgesia is optimized to 
decrease the sympathomimetic activity. Low dosages of opioids are used and titrated 
to the desired effect. In patients undergoing interventions under local anesthesia, 
special care must be taken not to abolish consciousness and risk compromising 
spontaneous breathing and the protective airway reflexes. Advantages of local anes-
thesia include the preservation of sympathetic tone, yielding improved hemody-
namic stability, preservation of muscle tone, and thereby the possibility to better 
contain the bleeding, and, in addition, any procedure under local anesthesia offers 
the best neurological monitoring. The main disadvantages are related to eventual 
acute loss of consciousness and an uncontrolled airway, suboptimal pain control, 
and the patient not lying still. Conversely, general anesthesia has the advantages of 
a controlled airway and optimal pain control. However, by using general anesthesia, 
most of the advantages of local anesthesia are lost, and it is more time-consuming 
when compared to local. If general anesthesia is required for an open operation, the 
patient should be fully prepped and draped prior to induction, and, ideally, an aortic 
occlusion balloon should first be placed under local anesthesia so that it can be 
inflated in cases of severe hypotension at any point prior to or during the 
procedure.

The use of hypotensive hemostasis was advocated by the clinical practice guide-
lines of the European Society for Vascular Surgery as it “might have a beneficial 
effect on the survival in cases of abdominal aortic aneurysm rupture.” To maintain 
blood pressure in a range of 50–100 mmHg was recommended [20]. Limitations of 
hypotensive hemostasis are related mainly to brain, heart, and kidney perfusion. The 
brain perfusion is self-regulated within the systolic blood pressure range of 
50–100 mmHg. The risk of cerebral hypoperfusion and thus ischemic stroke espe-
cially in patients with concomitant cerebrovascular disease should always be 

Fig. 11.2 Total amount of fluids and transfusions given preoperatively, intraoperatively, and post-
operatively. Fluids crystalloids and/or colloids, Ec erythrocytes, FFP fresh frozen plasma, Tc 
thrombocytes, (Modified from Lachet et al. [19])
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acknowledged. If the operation is conducted under local anesthesia, initial signs of 
cerebral hypoperfusion can be realized early, and cerebral perfusion is usually sat-
isfactory if the patient responds adequately to neurological stimuli and is communi-
cating verbally. Also, coronary perfusion may be at risk with low blood pressure. In 
patients with known coronary artery disease undergoing the procedure under local 
anesthesia, electrocardiographic and clinical signs of myocardial ischemia should 
be analyzed, whereas in patients operated under general anesthesia, transesophageal 
echocardiography should be considered. The kidneys generally have a fairly good 
tolerance of temporary ischemia. However, concurrent insults, such as contrast 
medium injection, increase the risk of renal injury. Urine output is a valid tool in the 
monitoring of the renal function.

In summary, aggressive fluid resuscitation in aorta rupture patients can be detri-
mental, as large-volume infusion can lead to further blood loss and hemodilution, 
coagulopathy, and hypothermia. Moreover, massive retroperitoneal bleeding may 
result in abdominal compartment syndrome with a high risk of further severe com-
plications and death. Finally, extensive transfusion of blood cells, thrombocytes, 
and/or coagulation factors may be accompanied by transfusion-related acute lung 
injury. To avoid such scenarios and/or complications, hypotensive hemostasis, 
including permissive hypovolemia and controlled hypotension, is advocated.
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Chapter 12
Ruptured Abdominal Aortic Aneurysms: 
Aortic Occlusion Balloons

Zachary M. Arthurs

 Introduction

In 1950, Lieutenant Colonel Carl W. Hughes first attempted transfemoral aortic 
occlusion during the Korean War for traumatic cases of abdominal hemorrhage [1]. 
In a hostile environment, he utilized a Foley catheter inserted through the aorta to 
achieve thoracic aorta occlusion; three patients with massive blood loss were treated 
in this fashion. Over the past 60 years, balloon technology and surgeon expertise has 
evolved dramatically. Today, the majority of abdominal aortic aneurysms are treated 
with endovascular stent grafts, and mirroring the treatment paradigm of this disease, 
endovascular therapies compromise 60–80 % of most vascular surgeons’ practices. 
One of the most dramatic advances in endovascular therapy has been the treatment 
of ruptured abdominal aortic aneurysms (RAAA). Endovascular aortic occlusion 
provides proximal aortic control to support aneurysm repair for both open and 

Key Points
• Endovascular proximal aortic occlusion can support both open and 

 endovascular repair of ruptured abdominal aortic aneurysms.
• Aortic occlusion balloon deployment requires radiographic guidance.
• Aortic occlusion provides a rapid method to limit ongoing hemorrhage; the 

key to good outcomes remains to be rapid aneurysm exclusion.
• Technical success requires clinical expertise, an aortic occlusion balloon 

set, and operative team training.
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endovascular methods. The advantages are immediate placement under local 
 anesthesia, ability to position at multiple levels in the aorta, rapid hemodynamic 
improvement, and reduction of hemorrhage.

 RAAA Protocols

Specific RAAA protocols are outlined in this text. It is imperative that prior to treat-
ing RAAAs, the hospital and surgeon team has a predetermined protocol. Within the 
protocol, aortic occlusion balloons can be utilized for proximal aortic control. The 
choice of open repair or endovascular repair is often a critical step in the protocol. 
Surgeon preference, endograft availability, endovascular resources, and patient anat-
omy all factor into whether open or endovascular repair is employed. Within both of 
these treatments, proximal aortic occlusion can support hemodynamic stability.

Empiric Aortic Occlusion Balloon Placement The aortic occlusion balloon is 
positioned as the first step for treating all RAAAs. Once the patient has been diag-
nosed with RAAA and transferred to the operative suite, the aortic occlusion 
balloon (AOB) is positioned prior to hemodynamic instability and prior to aneu-
rysm repair. The patient is positioned in the operative suite on an imaging table, 
prepped and draped, and the AOB set is utilized to percutaneously position the bal-
loon in the supraceliac aorta. Once in position, the balloon can be selectively inflated 
based on hemodynamic status [2, 3].

Having proximal control with this approach offers several advantages. It can be 
used to support induction of general anesthesia, which is the most common time 
point for hemodynamic collapse to occur. Immediate proximal control affords the 
operative team time to plan for the procedure. This allows the surgeon to review 
CTA findings and make final endograft selections. Anesthesia providers may be 
obtaining IV access, handling blood products, and preparing cardiac medications. 
Subjectively, proximal control settles the operative time, and it allows the operative 
team a moment to review the operative plan and ensure a successful procedure.

The advantages far outweigh the disadvantages, but there are barriers to imple-
menting this technique. If a predetermined protocol is not in place or the AOB set is 
not readily available, this technique could delay proximal control. In most centers 
that utilize this technique, the AOB can be positioned in 3–5 min. Time is a barrier 
to this technique that can be overcome with appropriate preparation prior to treating 
RAAAs. If open repair is chosen, the femoral access site will need to be addressed 
at the end of the procedure; this will add time at the end of the procedure to close 
the arteriotomy. In the case of endovascular repair, the access site is needed for the 
repair and adds no additional time.

Selective Aortic Occlusion Balloon Placement With this approach, the balloon is 
not positioned preemptively, but instead placed at the surgeon’s discretion. 
Advocates for this approach site the added benefits of rapid EVAR without the delay 
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of placing an AOB [4]. Loss of mentation and hemodynamic collapse are the two 
most common criteria prompting AOB placement. The AOB set is opened and pre-
pared; if the patient worsens, the AOB is positioned emergently. If general anesthe-
sia with open or endovascular repair is chosen, there is very little benefit to selective 
placement. Hemodynamic collapse with general anesthesia, loss of sympathetic 
drive, and loss of abdominal domain is generally profound. Once it occurs, 3–5 min 
required to place an AOB or secure an aortic clamp can be the difference between 
survival and death. When utilizing endovascular repair, the added steps of sheath 
placement and balloon positioning are negligible. If stiff wire access is obtained in 
the thoracic aorta, sheath placement and balloon placement can be performed in less 
than 60 s.

 Technique

Femoral Arterial Access The access site for AOB is chosen based on the planned 
contralateral limb placement for endovascular repair. When utilizing as an adjunct 
to open repair, the iliac vessel with the largest external iliac diameter, minimal tor-
tuosity, and the side with low atherosclerotic burden is chosen. Femoral cutdown 
can be utilized in this setting, but it will require more time to achieve proximal 
control. In addition, the femoral cutdown will require more local anesthetic to 
achieve access. If electrocautery is utilized, this can be stimulating and require addi-
tional medications to treat pain, which may reduce cardiac output and decrease 
vascular tone. For these reasons, percutaneous access is the preferred approach with 
this technique. Ultrasound-guided access affords the surgeon direct visualization of 
the femoral artery and reduces the time for femoral cannulation. In addition, the 
technique reduces the risks of retroperitoneal access. Often, the retroperitoneal 
hematoma and hemoperitoneum associated with RAAA distort inguinal anatomy, 
making access based on landmarks difficult. Hypotension further challenges the 
surgeon’s ability to achieve access based on palpation of the femoral pulse. Routine 
ultrasound utilization eliminates the challenges of access in this setting.

The surgeon may choose an 18-gauge access needle or an echogenic tip micro- 
introducer kit for initial cannulation. Once wire access is achieved, a 5Fr sheath is 
placed. A 0.035′ angled tip floppy or stiff glidewire (Terumo) can be used to cross 
the iliac artery anatomy and aortic aneurysm. Iliac tortuosity and aneurysm angula-
tion may require a selective catheter to cannulate the supraceliac aorta. A 5 Fr 
Kumpe catheter (Cook Medical, IN), 65 cm, can direct the wire appropriately into 
the supraceliac aorta and thoracic aorta. With the catheter tip in the thoracic aorta, a 
5–10 cc contrast injection can confirm true lumen access and appropriate position. 
A 0.035′ Lunderquist wire (Cook, Bloomington, IN), 260 cm, is placed.

Balloon and Sheath Selection The chosen balloon should be included in the AOB 
set. Table 12.1 shows characteristics of currently available aortic balloons. The two 
primary models are the Cook CODA balloon and Medtronic Reliant balloon. Both 
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balloons are semi-complaint aortic balloons that were designed for endograft mold-
ing. The CODA balloon is available in two different sizes; the 32 mm diameter is 
generally acceptable for proximal control. The Reliant balloon spans all sizes up to 
46 mm. In addition, the Reliant balloon can be removed through a 12 F sheath and 
has a smaller shaft size, 8 F, compared to the CODA balloon. Either balloon will 
successfully oppose the aortic lumen and create occlusion in this setting. The 
smaller sheath size may be utilized if a totally percutaneous technique is performed. 
In addition, the smaller shaft size may be advantageous if the surgeon plans to per-
form additional technical steps from the same sheath as the CODA balloon; this will 
be described further.

A 12–14 F sheath, 45–60 cm, can be utilized to achieve aortic occlusion. For 
open repair, this will be adequate. When utilizing EVAR with a bifurcated device, 
the CODA balloon is positioned on the side of the planned contralateral limb. 
Imaging can be performed through the central wire lumen or through the side arm 
of the sheath (Fig. 12.1a). Once the endograft main body is deployed, the AOB can 
then be placed on the ipsilateral side while gate cannulation and limb extensions are 
performed (Fig. 12.1b–d). Most patients will tolerate temporary deflation of the 
AOB for endograft deployment at the proximal seal zone followed by placement of 
the AOB within the main body of the endograft. Placing an 18–20 F sheath allows 
room for double access next to the occlusion balloon and placement of an imaging 
catheter near the renal vessels. Iliac occlusive disease can be detrimental if the 
sheath is unable to be passed through the iliac vessels. Once the endograft main 
body is deployed, the AOB can then be placed on the ipsilateral side while gate can-
nulation and limb extensions are performed. When Endologix AFX is utilized 
(Endologix, CA) for EVAR, a 18–20 F contralateral sheath allows room to place the 
snare alongside the balloon shaft. This eliminates the need to deflate the occlusion 
balloon if the patient is unstable. The surgeon’s choice of sheath will be based on 
the balloon chosen and their planned approach for RAAA repair.

Balloon Positioning and Inflation Under fluoroscopic guidance, the balloon is 
directed to the thoracic aorta. The balloon should be positioned above the aortic 
aneurysm between the pararenal and retrocardiac aorta. The quality of aorta should 
also be appreciated on preoperative axial imaging to avoid areas with thrombus, 
plaque, and calcification. Placing the balloon in the thoracic aorta at the level of the 
12th vertebral body will allow working room for imaging below the balloon and it 
will facilitate delivery of the main endograft from the ipsilateral side. Even with this 
position, the balloon may require partial deflation to allow the nose cone on the 

Table 12.1 Commercially available aortic molding balloons in the USA

Product Maximum inflation diameter Sheath size Shaft size Shaft length

Coda 32, 40 mm 14 F 10 F 120 cm
Reliant 46 mm 12 F 8 F 100 cm
Equalizer 20, 27, 33, 40 mm 14–16 F 7 F 65, 110 cm
Q50 Plus 50 mm 12 F – 65, 100 cm
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a b

c d

Fig. 12.1 Intraoperative placement aortic occlusion balloon during EVAR for hemodynamically 
unstable RAAA. Images provided by Dr. Benjamin W. Starnes, University of Washington. (a) The 
AOB is positioned at the level of the 12th rib. The renal arteries are marked below the AOB. (b) 
The stent graft is positioned with the AOB inflated. Partial AOB deflation allows positioning of the 
stent graft below the renal arteries. (c) The stent graft is deployed with the AOB inflated. The ipsi-
lateral limb is completed, achieving seal within the common iliac artery. A second aortic occlusion 
balloon is then positioned within the stent graft seal zone from the ipsilateral side. (d) The contra-
lateral limb is completed, and the completion angiogram demonstrates RAAA exclusion without 
endoleak
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endograft to pass. A 60 cc syringe with contrast is used to inflate the balloon under 
direct visualization. The volume of contrast required to achieve aortic apposition is 
marked. During test inflation, it is also important to support the back of the balloon 
with the sheath to avoid balloon displacement down the aorta (Fig. 12.2). When this 
occurs, the balloon is not fully opposed to the aortic wall, and downward pressure 
causes the balloon to drag down the aortic wall. This can result in aortic plaque 
embolization. Once test inflation and positioning is complete, the balloon is deflated. 
The position of the balloon is marked on the table with a sterile marker, the sheath 
is also marked or sutured in place, and the volume of contrast used to create aortic 
occlusion is recorded. Balloon inflation is then reserved for hemodynamic support. 
At this step, the surgeon may proceed with open or endovascular repair.

Open RAAA Repair With open surgery, proximal aortic occlusion may be 
required to support anesthesia induction and laparotomy. Aortic occlusion provides 
afterload needed to support cerebral and coronary perfusion; this will reduce the 
amount of cardiac pressors and fluid administered for induction. In addition, opti-
mizing coronary perfusion will improve cardiac output. The surgeon primary goal 
is to place an infrarenal clamp at the infrarenal location. Once infrarenal control and 
distal control are obtained, the balloon can be deflated and then pull back through 
the infrarenal neck. At this stage, the surgeon can digitally control the aorta and feel 
the balloon and wire pass through this point. Aortic clamps can then be positioned 
for open repair.

Endovascular Aneurysm Repair for RAAA When general anesthesia is chosen, 
the aortic occlusion balloon provides the same advantages described for open repair. 
If the balloon is not required, the stent graft can be deployed in a standard fashion. 
If the balloon is required to support hemodynamics, the main body of a bifurcated 
device can be deployed below the balloon in an infrarenal location. If the patient can 
tolerate balloon deflation, pulling the balloon down into the aneurysm sac just prior 
to proximal stent graft deployment avoids trapping the balloon beyond the stent 
graft and proximal stents. If the proximal AOB must remain inflated due to patient 
condition, it is my preference to ensure the contralateral sheath is well above the 
stent graft seal zone. This allows the AOB to be re-sheathed in the proximal aorta, 
and then the sheath and balloon can be pulled caudally between the stent graft and 
the aortic wall. The goal is to avoid stent graft displacement. Once the bifurcated 
system has been deployed, the AOB can be placed from the ipsilateral approach 
while the contralateral limbs are deployed.

The AFX device (Endologix, Irvine, CA) deserves mention due to technical con-
siderations with deployment. The contralateral wire can be snared from the same 
iliac limb that contains the AOB. If the patient is unstable and requires AOB infla-
tion, both the AFX bifurcated piece and the supporting proximal extensions can be 
deployed over the AOB. The AOB can then be deflated and removed within a sheath 
as described above. This technique allows complete aneurysm exclusion with the 
balloon in position.
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Fig. 12.2 Aortic occlusion balloon position for proximal control. (a) The support sheath is posi-
tioned beneath the occlusion balloon in the paravisceral segment. In this example, the balloon is 
situated in parallel aorta but is occluding the renal and visceral arteries. (b) The occlusion balloon 
is wedged at the infrarenal aortic neck. This position will require directed forward pressure on the 
sheath to ensure occlusion. This will allow perfusion of the viscera and both kidneys. (c) This 
illustrates occlusion balloon deployment from the left brachial or axillary approach
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Sheath Removal The final step after either open or endovascular repair requires 
sheath removal. If large sheath percutaneous closure was utilized, the pre-placed 
sutures can be secured after sheath removal; otherwise, femoral cutdown will be 
required to close the arteriotomy.

 AOB Set

Table 12.2 provides an example AOB set. All of the devices listed can be substituted 
for other items that are functionally similar. This is meant to augment the institu-
tion’s basic endovascular set. Having this set prearranged with the operative 
 case- cart can save critical time when treating RAAA.

 Technical Considerations

While deployment of an AOB is a simple and rapid task, there are challenges 
maintaining complete aortic occlusion in unstable patients while performing 
EVAR with devices available in the USA. Ideally, an AOB catheter could be posi-
tioned to arrest hemorrhage, imaging could be performed above and below the 
catheter, and the stent graft system could be deployed over the same catheter 
system. With technology currently available in the USA, aortic occlusion balloon 
placement requires a separate sheath and wire; this requires a separate access 
point dedicated to AOB control.

Several surgeons have utilized upper extremity access for AOB placement. The 
clear advantage of this technique is that it allows both femoral access points to be 
utilized for EVAR. Surgeons in favor of this approach utilize aortic flow to float 
the occlusion balloon from the origin of the left subclavian artery to the infrarenal 
aneurysm (Fig. 12.1) [5]. Balloon stability is improved from this position as the 
balloon can be wedged at the aortic neck. However, there are several pitfalls to 
this technique. The brachial artery is often not able to accommodate a rigid 12 F 
sheath. Thrombotic complications and cerebral embolization can occur with arch 

Table 12.2 Aortic occlusion balloon set for RAAA

Devices Description Size Length

Micropuncture kit Echogenic tip, 21 g introducer needle, 
0.018′wire

5 F 11 cm

Wires Angled tip, glide wire (Terumo)
Lunderquist wire (Cook Medical)

0.035′ 260 cm

Catheters Kumpe catheter 5 F 65 cm
Sheaths Support sheath 12–20 F 45–60 cm
Balloon Occlusion balloon 12–16 F 65–120 cm
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manipulation. This requires a third access point in addition to both femoral access 
points. In addition, arch and descending thoracic aortic catheterization increases 
the complexity of AOB placement in an after-hours environment; this may 
increase the time to achieve hemorrhage control. For these reasons, femoral access 
is the preferred approach by many experts [6–8].

Balloon positioning also deserves special consideration. Ideally, aortic control is 
achieved at the lowest possible position to arrest hemorrhage while maximizing 
spine, visceral, and renal perfusion. Once a stiff wire is positioned in the thoracic 
aorta, it is possible to place the AOB in an infrarenal position or pararenal position, 
which spares paravisceral perfusion. This should be considered if a delay in EVAR 
is anticipated. Occluding the aorta in the thoracic aorta causes spinal and visceral 
malperfusion. This can result in overwhelming visceral ischemia, which is a sec-
ondary insult to ongoing hypotensive shock. The ensuing hepatic reperfusion can 
result in profound coagulopathy, continued blood loss, abdominal compartment 
syndrome, and multisystem organ failure. Hepatic ischemia in a shock model occurs 
after 10–15 min of aortic occlusion; therefore, AOB times should be recorded and 
noted every 3–5 min. Temporarily positioning the AOB in the descending thoracic 
aorta allows room to image the renal vessels and deploy the stent graft system.

Aortic Rupture and Embolization AOBs can cause severe damage to the aortic 
wall. Iatrogenic aortic rupture is the most catastrophic event with this technique. 
Performing this technique with radiographic guidance should eliminate this risk. 
The AOB may increase aortic embolization if there is significant manipulation in 
regions of thrombus and debris. If the aortic wall has intraluminal thrombus at or 
above the paravisceral segment, it is best to avoid this region. Embolization into the 
visceral arteries could result in mesenteric ischemia. Renal artery embolization can 
hasten renal failure. Distal embolization into the legs can typically be treated with 
thromboembolectomy from the femoral arteries.

 Clinical Results

Doctors Starnes, Mehta, and Veith pioneered this technique in the USA. All three have 
reported their experience with various evolutions in technique, and currently, all three 
utilize AOBs in their RAAA protocols [3, 9]. Individually, they have reported the util-
ity of AOB placement, and typically, 25 % of patients will require aortic occlusion 
balloon inflation to support hemodynamic compromise [10]. With balloon inflation, 
restoration of hemodynamic stability is achieved in 90–95 %, but most importantly, 
intraoperative mortality is dramatically reduced by 20 % when compared against open 
aortic cross clamp [11]. Retrospective series have attempted to examine the impact of 
AOB utilization on 30-day and in-hospital mortality; however, abdominal compart-
ment syndrome, blood transfusions, hypotension, and multi-organ system failure 
account for the variability in overall outcome [12]. It is logical that early arrest of 
hemorrhage for AOB placement reduces these fatal postoperative events.
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 Conclusion

Proximal aortic balloon occlusion is a fundamental technique that can limit hemor-
rhage during RAAA treatment. Having a protocol and aortic occlusion balloon set 
in place will dramatically improve the time required for placement. Proximal aortic 
control with remote aortic occlusion augments both open surgical therapy and endo-
vascular therapy. There are many possible modifications to this technique; practitio-
ners should adopt the procedure that they are accustomed to and comfortable 
performing in an expeditious manner.
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 Transabdominal Repair of Ruptured Abdominal Aortic 
Aneurysms

Marlin Wayne Causey and Niten Singh

 History of Transabdominal Repair of Ruptured Abdominal 
Aortic Aneurysms

The first accounts of abdominal aortic aneurysm repair date back to Egyptian, 
Greek, and Byzantine surgeons. These early techniques were further developed for 
elective repairs by others, such as Pare and Hunter [1]. Credit for the first open treat-
ment of a ruptured retroperitoneal aneurysm is typically given to Astley Cooper, 
who in 1817 ligated the aorta at the bifurcation for a ruptured left iliac artery aneu-
rysm [2]. However, none of these early treatments using aortic ligation were suc-
cessful. In 1923, Rudolph Matas successfully ligated a ruptured abdominal aortic 
aneurysm that occurred from a syphilitic infection [3]. These early treatments for 
ruptured aneurysms were almost universally fatal, and in 1953 Henry Bahnson 
reported the first successful ruptured aortic aneurysm repair with a homograft [4]. 
In 1954, Cooley and DeBakey had improved survival to 50 % in a report of six 
patients [5]. In years to follow increasing reports were published of the successes 
encountered with open repair of abdominal aortic aneurysms [6, 7]. These advances 
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and more widespread training led to widespread utilization and technical refine-
ments in open aortic surgery at other centers. Formal training in aortic repair first 
began in 1962 through the American Board of Surgery with pioneers such as Edwin 
Wiley, Wiley Barker, William Blaisdale, and many others [8]. These surgeons at 
vascular training centers helped establish surgical mentorship, formalization of vas-
cular care, and standardization of open aortic repair paving the way for a more 
widespread and successful management of ruptured aortic aneurysms.

 Modern Evolution of Open Rupture AAA Repair

Open repair of abdominal aortic aneurysm has evolved significantly over the past 
decade with the introduction of aortic occlusion balloons for proximal supraceliac 
aortic control prior to laparotomy [9–11]. In the past, the patient was placed on the 
operative table with an incision made upon the induction of general anesthesia so as 
to maximize the tamponade effect of truncal muscle tone. Trainees were taught to 
rapidly enter the abdomen and quickly obtain proximal vascular control at the supra-
celiac aortic level. However, the utilization of endovascular aortic occlusion bal-
loons via transfemoral access has allowed proximal supraceliac aortic control prior 
to midline laparotomy to be a relatively straightforward procedure, should open 
repair be necessary in the marginally compensated patient. Resuscitation was cov-
ered in previous chapters, but the modern vascular surgeon should be trained in the 
placement of aortic occlusion balloons from preferably a transfemoral or if needed 
a transbrachial approach [10, 11]. The use of endovascular occlusion balloons will 
allow for supraceliac aortic control while the patient is under local anesthesia, main-
taining their truncal tone, and in parallel to other necessary anesthetic procedures.

 Endovascular Aortic Balloon Occlusion During Open Repair

The supraceliac aortic balloon occlusion technique was covered previously; how-
ever, there are several important aspects that are essential when placing the balloon 
prior to open surgical repair. There are several larger semi-compliant balloon cath-
eters that are currently available and can be used for aortic occlusion and should be 
placed in a manner that ensures it will remain secure once inflated throughout the 
open repair. The placement of the balloon is facilitated by percutaneous femoral 
access and advancing an appropriately sized sheath in regard to diameter (12–14 
Fr.) and length (45–55 cm), up to the aortic neck. To prevent occlusion balloon pro-
lapse into the aneurysm, the sheath hub should be sutured in place to the patient at 
the skin entry site; the occlusion balloon should also be marked with in indelible 
marker at the sheath exit site and also secured in position; one could use an adherent 
drape to ensure no movement. Positioning the balloon in a section of the supraceliac 
aorta that is above the diaphragm allows application of a conventional clamp with-
out having to lose occlusion balloon control, should conventional proximal control 
with a clamp be preferred or necessary. Finally, if the use of a transfemoral approach 
cannot be performed, a transbrachial approach is a less commonly used alternative 
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[10]. Patients with highly tortuous aortoiliac anatomy or with iliac stenosis or occlu-
sions may be best served by using a transbrachial approach or rapid open surgical 
approach to proximal aortic control.

 Patient Preparation, Positioning, Incision Planning, 
and Operative Adjuncts

Once the time has come for open surgical transabdominal repair, with or without 
proximal aortic endovascular balloon control, conventional wisdom and techniques 
are paramount. The patient should be widely prepped and draped (from the clavicle 
to the knees) while still awake. Positioning of the patient follows standard elective 
cases, but two caveats may be necessary. If access or monitoring is an issue, the right 
arm may need to be placed on an arm board for the anesthetic team, and the left arm 
should be tucked by the patient’s side, which will facilitate movement of the angio-
graphic table during fluoroscopy. Once positioning, surgical cleansing, and place-
ment of endovascular aortic occlusion balloon are accomplished, induction of general 
anesthesia should occur simultaneously with the abdominal incision. Often it is dur-
ing induction of anesthesia that the patient will become hypotensive and might 
require inflation of the aortic occlusion balloon. Clear communication should occur 
between the surgeon and anesthesia team to ensure that the anesthesia team is aware 
of the events that are transpiring in the operative field. The anesthesia team should 
also place a nasogastric tube early in the process for gastric decompression and 
esophageal identification; however, this should be performed only after the airway is 
secure, especially since oral intake status is commonly unknown. The choice of inci-
sion is often based on surgical preference, and a proximally placed midline incision 
below the xiphoid process may facilitate surgical exposure of the supraceliac aorta 
and provide extensive abdominal exposure. The xiphoid process can even be excised 
for additional exposure. A conventional midline laparotomy incision allows for added 
exposure of deep pelvic structures, particularly in patients with a larger habitus or 
with long ovoid abdominal anatomy. The use of intraoperative cell salvage (i.e., Cell 
Saver/Haemonetics, Braintree, MA) to gather suctioned blood will also minimize the 
amount of transfused banked blood necessary. In one series, the use of this modality 
reduced the transfusion requirement by almost 400 mL in elective cases where the 
average blood loss was 1140 mL [12]. Overall, cell salvage technology commonly 
permits collection of approximately 1/3 the volume of the intraoperative blood loss.

 Technical Aspects of Proximal Control

Once the abdomen is opened, a systematic approach should be undertaken. 
Importantly, if at any point the patient becomes hemodynamically unstable, swift 
proximal aortic control is paramount. This may be done using either the preposi-
tioned endovascular aortic occlusion balloon or surgical control. If an aortic 
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occlusion balloon could not be placed, there are several nuances to successful trans-
peritoneal exposure of the supraceliac aorta. With hemodynamic instability, rapid 
control of the aorta may be performed manually with minimal operative dissection 
by tracing the plane between the stomach and liver (gastrohepatic ligament), manu-
ally separating the crural fibers with blunt dissection, and separating the periadven-
tial plane down to the spine and either performing manual compression or applying 
a surgical clamp. During the era of open rupture repair, aortic compressor devices 
existed for this very purpose. A nasogastric tube is very helpful when performing a 
rapid exposure as it will help avoid inadvertent clamping of the esophagus and 
facilitate aortic identification in the unstable hypotensive patient. Should time and 
patient factors allow for a more elegant dissection, this should be accomplished as 
it will minimize any iatrogenic injury and minimize raw surface irritation and bleed-
ing in patients that are at high risk of coagulopathy. After entering the abdomen, the 
left triangular ligament and fibrous liver appendix connecting the top surface of the 
liver to the diaphragm should be divided to minimize any tearing of the liver and 
allow right-sided mobilization of the left lobe of the liver. Next, the abdominal wall 
should be retracted and this is often facilitated by utilizing a Vascular Omni-Flex 
System (Omni-Tract Surgical; St. Paul, MN) to set up appropriate retraction [13]. 
Once appropriate initial exposure is obtained, this system can greatly facilitate the 

Fig. 13.1 Exposure with 
Vascular Omni-Flex 
System (Omni-Tract 
Surgical; St.Paul, MN) 
retractor for aortic 
exposure
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Fig. 13.2 Division of 
crural fibers transversely 
allows identification of the 
anterior surface of the 
supraceliac aorta

procedure (Fig. 13.1). Should a bilateral subcostal incision be used, the lower 
abdominal wall should also be retracted with heavy suture to the inferior abdominal 
wall. Next, the operator should feel that the gastric tube is in the body of the stom-
ach so as to ensure that the esophagus may be easily identified and to allow for 
stomach decompression. The gastrohepatic ligament is divided slightly away from 
the liver (to avoid tearing or injury) and the caudate lobe is identified and protected. 
Renal vein retractors are often helpful at this point to laterally displace the liver and 
an assistant to identify and protect the esophagus. At this point, the diaphragmatic 
crus is divided. In cases of ruptured aneurysms, this is most rapidly performed by 
dividing the crural fibers transversely and identifying the anterior surface of the 
supraceliac aorta (Fig. 13.2). Once identified, the crural fibers on either side of the 
aorta should be divided and the aorta dissected down to the spine. Circumferential 
exposure is not necessary, but manual palpation for intercostal branches should be 
carefully done in order to identify an appropriate site for clamping, avoid intercostal 
branch injury, and ensure that the clamp tips are on the spine allowing for complete 
aortic clamping. Aortic clamping is necessary for hemodynamic instability, and if 
the patient is maintaining a blood pressure, the clamp could be prepositioned and 
secured in place with a silastic vessel loop and covered with a towel (to avoid being 
dislodged) (Fig. 13.3).

For the more experienced surgeon, assessment of the location of the retroperito-
neal hematoma may also help guide operative exposure and proximal control. Often 
these patients will present with a CT scan that can provide valuable information 
regarding the site of rupture and anatomy. While supraceliac control is an important 
surgical maneuver, identification of the involvement of the retroperitoneal hema-
toma may clue the surgeon to the possibility of obtaining proximal control below 
the renal arteries. When the retroperitoneal hematoma has not obscured or distorted 
the duodenum, the retroperitoneum may be incised and rapid control of the infrare-
nal neck obtained through manual palpation, oftentimes through the superior aspect 
of the hematoma [14]. The hematoma, often, will dissect the surrounding tissue 
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Fig. 13.3 Adequate aortic exposure requires appropriate use of retractors, and aortic clamp positions

away from the neck and control can be obtained. The key points with this technique 
is to be cautious with the inferior mesenteric vein and left renal vein. Iatrogenic 
injury of the left renal vein, in particular, can lead to additional hemorrhage. While 
it is a more advanced technique, direct infrarenal aortic clamping with a supraceliac 
aortic occlusion balloon in place to provide a secondary means of proximal control 
is becoming a more modern practice.
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 Distal Control

The location of the distal clamp is largely determined by the extent of the aneurysm, 
and, oftentimes, much of the retroperitoneal dissection has been done by the peri-
aortic hematoma. In this scenario, the clamps are placed over the identified common 
iliac arteries. If the patient is stable after proximal clamping or has common iliac 
aneurysms, minimal dissection of the retroperitoneal aorta is performed by getting 
control of the bilateral external iliac arteries, followed by the internal iliac arteries. 
The clamps may then be moved to a more proximal location once the extent of 
repair is better defined. In order to obtain control of the right external iliac artery, the 
cecum and terminal ileum and retroperitoneal attachments are divided along the 
white line (the fusion plane between the peritoneum and retroperitoneum), which is 
a relatively safe dissection plane. The external iliac artery is usually easily con-
trolled circumferentially, and if the internal iliac artery proves difficult for circum-
ferential dissection, direct clamping using a hypogastric clamp is typically feasible. 
For identification and control of the left iliac arteries, the sigmoid colon is retracted 
medially and the white line divided. Once the external iliac artery is identified, simi-
lar maneuvers are performed to circumferentially isolate it and dissect the internal 
iliac artery to the extent necessary to place a clamp. When more expeditious distal 
control is required, the iliac arteries can be controlled by balloon occlusion after 
opening the aortic sac to visualize the bifurcation [14].

In instances that require inflation of an aortic occlusion balloon, once proximal 
clamp control is obtained, the balloon may be removed and the sheath withdrawn 
into the external iliac artery and a smaller balloon placed to control the iliac artery. 
With this maneuver, the contralateral iliac artery is the remaining vessel that requires 
control, which can be obtained with the maneuvers listed previously. This particular 
sequence may provide benefit in most circumstances as it minimizes the need to 
reposition the retractors during definitive repair. One particular situation deserves 
special attention, which is in circumstances when clamping or occlusion of the 
supraceliac aorta is necessary in an unstable patient. In this situation, the added time 
for the iliac artery dissection will lead to prolonged bowel and liver ischemia time 
that will certainly worsen the acidosis and coagulopathy. It is beneficial to be able 
to move the proximal clamp to either the infrarenal or suprarenal position to allow 
for visceral perfusion. Since this will require opening the retroperitoneal hematoma, 
the surgeon should be prepared to obtain balloon control of the iliac arteries from 
inside the aneurysm should distal clamping prove to be difficult.

 Aortic Exposure Near the Aneurysm

When exposing the infrarenal aorta from a transabdominal approach, most aneu-
rysms may be repaired from an infracolic approach. To perform this approach, the 
transverse colon is retracted superiorly, between moist laparotomy pads to expose the 
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root of the mesentery. The small bowel is gathered to the patient’s right and con-
trolled with either moist laparotomy pads or wrapped in a moist towel. The duode-
num is mobilized away from the aorta with careful attention paid to avoid injury to 
the inferior mesenteric vein. The duodenum should be sufficiently dissected away 
from the aorta so that a large slotted or fence-type retractor may be easily placed for 
rightward displacement of the small bowel. To aid in bowel retraction, duodenal and 
retroperitoneal mobilization should be performed prior to applying static retraction. 
For cases of rupture, this process is largely facilitated by the dissection performed by 
the periaortic hematoma. Once this process is complete, the next task is to identify 
the left renal vein. One of the key preoperative tasks when a CT scan is obtained is to 
determine the anatomic relationships of the mesenteric vessels, renal arteries, and 
especially the left renal vein (3.2 % will be retroaortic, 1.6 % circumaortic, 0.2 % 
with a left-sided IVC, 0.4 % with a duplicated IVC, and 0.4 % with a horseshoe kid-
ney) [15]. Figure 13.4 lists important anatomic factors for open repair when looking 
at the preoperative CT scan. Once the left renal vein is identified, it should be mobi-
lized. Depending on the location of the aneurysm, the vein is commonly spared, and 
there are four tributaries that are commonly ligated in an elective setting to minimize 
injury to the vein as it is retracted (left inferior phrenic vein, left suprarenal vein, left 
gonadal vein, left second lumbar vein). In the setting of a ruptured AAA, the left 
gonadal vein and lumbar vein are generally all that is required for cephalad retraction 
of the left renal vein. The next step is identification of the renal arteries. Another key 
preoperative task when CT scanning is available is to understand the relationship of 
the renal arteries to one another and in relationship to the aneurysm. The renal arter-
ies should be identified to avoid clamp injury and the relationship to the aortic neck 
analyzed. Unfortunately, due to the expanded use, improved technology, and opera-
tor proficiency, most open repairs for rupture are done when there is an inadequate 
infrarenal aortic neck. When this is encountered, the aorta above the renal arteries 

· Diameter of the supraceliac aorta

· Aortic disease (calcium and thrombus) at the supraceliac 

level and juxtarenal neck (as to adequacy for clamping)

· Relationship of left renal vein to the aorta (anterior, 

retroaortic, circumaortic)

· Relationship of the renal arteries to the left renal vein (an 

identification of accessory arteries)

· Tortuosity and stenosis of the iliac arteries (when 

performing an open repair with balloon occlusion the less  

diseased an tortuous iliac system should be utilized; 

significant iliac disease should be bypassed with a 

bifurcated graft)

· Size of the aneurysm and concomitant iliac artery 

aneurysms (tube graft or bifurcated graft)

Fig. 13.4 Important 
anatomic relationships when 
analyzing a preoperative CT 
scan for open repair
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should be dissected with care taken to identify the superior mesenteric artery, par-
ticularly as the dissection proceeds cephalad. If necessary for proximal exposure, the 
left renal vein may be ligated with the preferred technique to perform the ligation 
close to the inferior vena cava and no ligation of the left renal vein tributaries to allow 
for collateral drainage. The left renal vein can also be divided between two vascular 
clamps for additional exposure and repaired at the conclusion of the case. Other 
important preoperative tasks are to identify whether there is one or multiple renal 
arteries and their origin since they have segmental embryologic development, giving 
rise to frequent anomalous origins or accessory renal arteries.

 Aneurysm Repair

Once proximal aortic control (either clamping or balloon occlusion) is achieved, the 
aortic neck has been established, and distal control has been obtained, consideration 
should quickly be made for possible repositioning of proximal aortic control to a 
desired location preferably below the renal arteries but if needed below the SMA. Either 
position of the clamp is possible, but there will be more back bleeding from uncon-
trolled lumbar arteries and collaterals when the clamp is further from the proximal 
anastomotic site. Once the aneurysm is clamped and ready for repair, the aneurysm is 
opened along the anterior surface and all thrombus removed from the aneurysm sac. 
The aneurysm is tailored to the proximal neck and often a self- retaining retractor helps 
keep the aneurysm sac open. Any large back-bleeding lumbar arteries should be quickly 
oversewn. A helpful technique in avoiding excessive lumbar back bleeding is to place 
hemoclips on the lumbar arteries after gaining proximal and distal aortic control and 
prior to opening the aneurysm sac. The aorta is sized and a tightly woven Dacron or 
GORE-TEX graft is sutured to the aortic neck and either designed as a tube graft or 
bifurcated graft. In cases where it is necessary to perform an aortic endarterectomy or 
the proximal neck is friable, a felt strip is useful in reinforcing the aortic wall suture 
line. The suture line should be performed with a large needle that allows a deep-seated 
continuous suture line. Once the proximal anastomosis is completed, the proximal 
clamp may be moved down to the graft to allow perfusion of the visceral and renal 
arteries, if required. The distal anastomosis, if sewing a tube graft to the aortic bifurca-
tion, is performed in a similar manner after clamp control of the common iliac arteries 
is established (by replacement when necessary of the distal balloon control). Should a 
bifurcated graft be required, suitable anastomotic sites are identified along the iliac 
arteries, and an end-to-end (common iliac) or end-to-side anastomotic technique (exter-
nal iliac) is preferred to preserve pelvic circulation unless there is concomitant aneurys-
mal disease. Care needs to be taken to ensure that the graft is passed under the ureters.

Reimplantation of the inferior mesenteric artery (IMA) was a topic of discussion in 
the past with ruptured AAAs. In the elective setting if there is adequate back bleeding 
from the IMA or no bleeding signifying occlusion, it can routinely be ligated. However, 
if the back bleeding is poor, it should be reimplanted. Numerous studies found that 
routine reimplantation of the IMA provides no benefit over maintaining adequate organ 
perfusion in the perioperative setting [16]. Others have advocated selective ligation and 
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reimplantation based on clinical bowel inspection. Unlike in elective aortic reconstruc-
tion, detailed knowledge of colonic collateral circulation is difficult to obtain for all 
patients undergoing a ruptured AAA repair. Our approach is to inspect the IMA and if 
possible based on the stability of the patient reimplant the IMA.

 Removal of Transfemoral or Transbrachial Sheath and Bowel 
Assessment

Aortic retractors should be left in place at this point, and if an inferior bar on the Omni 
retractor is used, this should be removed to allow easy access to the femoral sheath, if 
necessary. The sheath should be left in place and the femoral artery exposed proxi-
mally and distally to allow control during the arteriotomy repair. Interrupted sutures 
are beneficial in minimizing any narrowing of the arteriotomy repair. Similar repair 
for a transbrachial sheath should also be performed if used. If used, heparinization is 
reversed at this point to ensure adequate hemostasis of the repair. Once the aneurysm 
repair is completed, the aneurysm sac is closed along with the retroperitoneum to 
ensure no exposed graft may touch the small bowel to avoid future aortoenteric fistula. 
Often, in the setting of a large retroperitoneal hematoma, the retroperitoneum cannot 
be re-approximated. In this setting, an opening is created in the gastrocolic ligament, 
and the omentum can be mobilized and passed through this opening to cover the graft 
so that it is separated from the small bowel. The small bowel is returned to its ana-
tomic position and assessment of bowel viability should be performed. Areas of ques-
tionable bowel should be assessed by means of Doppler on the antimesenteric border, 
fluorescein wood’s lamp with injection of methylene blue, or planned re-exploration.

With the sheath in place if an aortic occlusion balloon was utilized, an arteriogram can 
easily be performed if there is concern about lower extremity perfusion prior to removing 
it. If a preclose technique for the percutaneous access was utilized, the sutures can be tied 
at this point [17]. Otherwise, a femoral incision with femoral artery repair is relatively 
rapid and easy to perform, and if needed, proximal control from an intra-abdominal 
approach can be obtained, in the setting of a high puncture of the femoral artery.

 Assessment for Intra-abdominal Hypertension and Abdominal 
Compartment Syndrome

Prior to fascial closure, intra-abdominal hypertension assessment is necessary. Elevated 
abdominal pressures (above 20 mmHg) are common following repair (50 % of patients) 
with around 20 % developing the abdominal compartment syndrome and its association 
with increased mortality [18, 19]. Factors predictive of patients who are at increased 
likelihood for abdominal compartment syndrome are those who receive unbalanced 
blood product resuscitation (less than one unit of plasma for every 2 units of red blood 
cells) or significant early postoperative resuscitation with crystalloids [20, 21]. Though 
data establishing patients that will need increased postoperative resuscitation 
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requirements are not available, factors associated with increased risk of ischemia-reper-
fusion insult are preoperative hypotension, 6 or more liters of blood loss, and intraopera-
tive resuscitation with 12 or more liters [22]. A useful intraoperative technical assessment 
is to obtain a baseline peak airway pressure with the abdomen completely open. Clamps 
may then be placed on the fascia and the fascia approximated with assessment of any 
change in peak airway pressure. An airway pressure over 30 mmHg or significant 
increase should prompt concern for compartment syndrome and the need for delayed 
abdominal closure. Any clinical concern for abdominal hypertension or the subsequent 
development of compartment syndrome should prompt delayed fascial closure. 
Significant acidosis, coagulopathy, and hypothermia should also prompt delayed clo-
sure as it is rapid and will facilitate more rapid lethal triad correction by minimizing 
additional operative time. Temporary abdominal closure is easily obtained using a sys-
tem designed for open abdominal drainage, such as the ABThera open abdomen nega-
tive pressure therapy system for temporary abdominal wall closure (KCI; San Antonio, 
TX). This and other negative pressure systems are tailored and placed onto the gutters to 
ensure adequate peritoneal drainage. With the ABThera system, there is a fenestrated 
visceral protective layer that may be customized to the patient’s body habitus with the 
goal to have the edges reach well into the paracolic gutters and pelvis so as to optimize 
peritoneal fluid drainage (Fig. 13.5). Over top of this, placed is a fenestrated piece of 
foam to approximate the abdominal wall and centralize the drainage process to the can-
ister. This is then sealed with the provided clear drape over the abdominal wall with 
drape adherence improved by ensuring the skin is dry and using an adhesive skin protec-
tive barrier, such as mastisol (Eloquest Healthcare; Ferndale, MI). The drape is then cut 
with the open abdomen tubing set then placed directly over the clear drape and con-
nected to the 1 L canister and negative pressure therapy unit. The negative pressure unit 
may provide 100–150 mmHg of negative pressure with 125 mmHg being a common 
setting. Other methods have been described such as simple coverage of the abdomen 
with an iodine impregnated drape, but these may not optimize peritoneal drainage. 
Temporary abdominal closure technique in patients with suspicion of abdominal com-
partment syndrome is maintained with re-exploration occurring every 24–48 h with clo-
sure performed as soon as possible to avoid the loss of abdominal wall domain and the 
need for complex abdominal wall closure. It is important to note that the patient needs 
continuous intubation while the abdominal wall is temporarily closed. Early abdominal 
closure is optimal, though not always possible due to the significant volume resuscita-
tion and substantial bowel edema caused by systemic inflammatory response in the first 
24–48 h following ruptured aneurysm repair. Median closure time is 6 days and may 
often be achieved with primary fascial closure when open abdomen times are short [23].

 Conclusion

Open repair of abdominal aortic aneurysms has evolved significantly over the past 
decade, particularly with the increased use of endovascular aortic balloon occlu-
sion and delayed abdominal wall closure. The fundamental tenants of the repair 
though haven’t changed – avoidance of general anesthetic until prepared for rapid 
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proximal aortic control, rapid acquisition of proximal control, distal control with 
hemodynamic stability, aneurysm repair, and cautious closure with low threshold 
for delayed abdominal wall closure. Ruptured aneurysm repair may also be asso-
ciated with significant coagulopathy, acidosis, and hypothermia requiring signifi-
cant resuscitation. This resuscitation may predispose the patient to intrabdominal 
hypertension and ultimately abdominal compartment syndrome requiring abdom-
inal decompression which may be avoided with temporary abdominal wall clo-
sure in the initial postoperative period. Aggressive but balanced resuscitation is 
essential with hypovolemia and the systemic inflammatory response driving the 
initial resuscitation. Overall systematic and focused repair will maximize results 
of open repair for ruptured abdominal aortic aneurysms understanding that even 
with modern medical advances, there remains significant mortality when open 
repair is required.

Fig. 13.5 Placement of an abdominal wound vac following repair of a ruptured abdominal aortic 
aneurysm. Demonstrated the technique of temporary abdominal closure is easily obtained using a 
system designed for open abdominal drainage, such as the ABThera open abdomen negative pressure 
therapy system for temporary abdominal wall closure (KCI; San Antonio, TX). In the top row there 
is a there is a fenestrated visceral protective layer that may be customized to the patient’s body habitus 
with the goal to have the edges reach well into the paracolic gutters and pelvis so as to optimize peri-
toneal fluid drainage. The middle row demonstrates a piece of foam to approximate the abdominal 
wall and centralize the drainage process to the canister. Notice that this layer is best secured by using 
staples to secure the foam to the wound edges. The bottom row demonstrates sealing of the AbThera 
with the provided clear drape over the abdominal wall. Drape adherence improved by ensuring the 
skin is dry and using an adhesive skin protective barrier, such as mastisol (Eloquest Healthcare; 
Ferndale, MI). The drape is then cut with the open abdomen tubing set then placed directly over the 
clear drape and connected to the 1L canister and negative pressure therapy unit.  The negative pres-
sure unit may provide 100-150mmHg of negative pressure with 125mmHg being a common setting
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 Open Repair: Retroperitoneal

Philip S.K. Paty and Manish Mehta

 History and Perspective

Although the usual technique to perform open repair of ruptured AAA has been 
through a transperitoneal approach, there is a logical thought process that underlies 
a vascular surgeon’s use of a retroperitoneal exposure. First, the aorta is a retroperi-
toneal structure. There is, therefore, no need to directly manipulate or avoid bowel 
or other intraperitoneal structures in order to expose the aorta. Second, exposure of 
the entire abdominal aorta from the level of the diaphragm to the iliac bifurcation 
is easily obtained. The surgeon has facile exposure of the paravisceral aortic seg-
ment for supraceliac aortic control, clamp placement, and visceral branch recon-
struction as necessary. Lastly, there is less physiologic insult to the patient as 
compared to the transperitoneal approach. This has been debated but is apparent in 
terms of the duration of postoperative ileus, fluid requirements, and overall length 
of hospital stay [24].

Initial attempts by surgeons to perform aortic surgery utilized the retroperitoneal 
approach. Frer and Cooper in 1806 and 1836, respectively, emergently ligated 
iliac aneurysms using a retroperitoneal exposure [25]. The modern era of aortic 
replacement was ushered in by Dubost, who performed the first elective aortic 
homograft replacement of an abdominal aortic aneurysm in 1952 through a retro-
peritoneal approach [26].

The technique that evolved from this point was mainly an anterolateral exposure 
as championed by Sir Charles Rob, which was unwieldy for AAA rupture due to 
difficulty exposing the supraceliac aorta and was largely abandoned during the 
1960s and 1970s in favor of transperitoneal exposure [27]. In 1980, Williams 
reported his use of an extended posterolateral approach for treatment of occlusive 
and aneurysmal disease of the abdominal aorta [28]. It was this seminal paper that 
allowed the extensive exposure of the aorta necessary for its use in repair of rup-
tured AAA.

 Surgical Approach

 Preoperative Patient Preparation

In general, the prehospitalization and preoperative preparation for the patient with a 
ruptured AAA is no different for the patient whether a retroperitoneal or transperi-
toneal exposure is used for repair. Large-bore IV line placement and permissive 
hypotension are recommended for access and to reduce over resuscitation and 
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operative mortality, respectively. Well-coordinated systems of transfer and commu-
nication between emergency field personnel, emergency department, and vascular 
surgical teams allow the best opportunity for a successful patient outcome. Unless 
there is a known history of AAA, a preoperative CT scan or Emergency Department 
FAST ultrasound study is necessary to have a diagnosis of ruptured AAA before 
utilizing the retroperitoneal technique.

 Left Posterolateral Retroperitoneal Approach

Positioning A suction bean bag (Olympic Vac-Pac) is placed on the operating table 
before the patient is brought into the operating suite. The patient is initially placed 
supine on the bean bag. If the patient is hemodynamically stable, large-bore central 
venous access and peripheral arterial lines are placed prior to induction of anesthe-
sia. Regardless of hemodynamic stability, preoperative antibiotics are given. After 
the induction of general anesthesia, the patient is rotated into a modified right lateral 
decubitus position. The patient is positioned with the table break 5–10 cm cephalad 
to the left iliac crest. The patient’s torso is shifted toward the left and rotated until 
the left shoulder is elevated 45–60° from the horizontal position while the pelvis is 
rotated 15–30° to allow access to both groins [29]. The left upper extremity is 
brought across the chest and supported by blankets, a sling, or a stand. The left thigh 
is elevated above the horizontal plane to relax the ipsilateral iliopsoas muscle. This 
maneuver improves access to the distal aorta and left iliac arteries. To open the 
space between the iliac crest and the costal margin, the table is flexed at the table 
break (Fig. 13.6). At this point, the operating table should be tilted in a slight reverse 
Trendelenburg positioning so that the plane of the planned retroperitoneal incision 
is level.

Incision The patient is prepped and draped from the mid chest to the mid thighs 
bilaterally. Ideally, a self-retaining retractor (Buchwalter) is anchored to the left rail 
of the operating table. The incision is made sharply from the lateral edge of the 
ipsilateral rectus muscle between the umbilicus and pubic symphysis in an oblique 
fashion posteriorly and superiorly through the 10th interspace to the posterior axil-
lary line. The use of this higher incision allows exposure of the paravisceral and 
supraceliac portions of the aorta.

Initial Exposure and Clamp Placement The muscle layers of the lateral abdomi-
nal wall are divided to the lateral border of the rectus abdominis (incision of the 
anterior sheath of the rectus allows medial retraction and later exposure of the distal 
right common iliac artery if needed). The deepest layer, the transversus abdominis, 
is initially divided laterally and then medially to facilitate separation of the anterior 
abdominal wall from the peritoneum, which is usually thicker and more discrete 
laterally. The intercostal muscles are divided on the superior margin of the underly-
ing rib. This incision is carried to the posterior axillary line. Entrance into the pleu-
ral cavity is not an issue and can be repaired at the end of the procedure.

13 Operative Strategies



176

In the setting of rupture, the hematoma may have already created the retroperito-
neal dissection plane. The initial exposure is performed laterally and  posterosuperior 
to the left kidney so as to avoid manipulation and inadvertent entrance into the cavity 
of the aneurysm rupture and hemodynamic collapse. The surgeon’s left hand palmar 
surface is placed on the left psoas muscle and directed cephalad to the posteromedial 
diaphragm and crus thereby bluntly elevating the peritoneum off the diaphragm. The 
surgeon should be careful to not violate the fascia overlying the psoas major muscle 
in order to minimize dissection-related bleeding and cutaneous and genitofemoral 
nerve injury. The blunt dissection is complete when the supraceliac aorta is palpable 
beneath the diaphragmatic crus directly on the distal thoracic vertebrae.

Fig. 13.6 (a) Position of patient on operating table. (b) Location of tenth interspace incision (With 
permission from Darling et al. [35])
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At this point, the prime consideration is the placement of the proximal suprace-
liac aortic clamp. If a self-retaining retractor (Buchwalter) has been placed, the 
deepest Richardson-type blade is padded with a laparotomy pad and placed to medi-
ally retract the peritoneum and its contents so that the diaphragmatic crus is visible. 
Alternatively, a large deep handheld Deaver retractor is used to obtain the same 
exposure. Care must be taken to avoid vigorous retraction of the anterior and cepha-
lad margin of the incision as this may result in splenic or renal injury

The initial maneuver to control the supraceliac aorta is to compress it posteriorly 
with the tips of the fingers of the left hand against the anterior portion of the thoracic 
vertebrae [29] (Fig. 13.7). The crural fibers are then snipped transversely with a 
scissors to expose and directly visualize the distal thoracic aorta for clamp place-
ment. A Fogarty clamp should be used as it is relatively less traumatic than a 
Debakey Aneurysm clamp. The patient should not be heparinized. With experience, 
the time from skin incision to clamp placement is less than 5 min.

At this point, the self-retaining retractor should be placed to allow more stable 
retraction. The retroperitoneum is widely exposed at this point, and the left kidney 
is retracted medially and cephalad. All blades used for retraction (rigid or mallea-
ble) should be padded to minimize the risk of traction injuries to underlying organs. 
Care must also be taken by the surgeon to identify the course of the left ureter and 
thereby avoid the potential for avulsion type injuries.

The surgeon’s attention should be directed to identifying the aortic neck so as 
to minimize renal and visceral ischemia from the supraceliac clamp. In over 90 % 
of patients, the aneurysm will originate below the level of the renal arteries. The 
landmarks for the infrarenal neck of the aortic aneurysm are the origin of the left 
crus of the diaphragm, the lumbar branch of the left renal vein, and the left renal 
artery. The lumbar branch of the left renal vein, which crosses the aorta in a poste-
rior and perpendicular fashion and caudad to the left renal artery, should be 
securely ligated (Fig. 13.8). The lympho-areolar tissue is dissected to expose the 
proximal infrarenal aorta.

A working knowledge of vena caval and renal venous anomalies is important as 
one of the major causes of mortality in these cases is due to iatrogenic venous inju-
ries. Failure to appreciate aberrant renal venous anatomy such as retro aortic renal 
veins or circumaortic renal venous collars or more rarely left-sided or duplicated 
caval systems may result in significant blood loss. Preoperative CT imaging may 
identify these types of variant anatomy. If recognized, planned division of the 
 anterior or posterior collar divisions or an approach anterolateral to the aorta may 
avert catastrophe. Also, the course of the inferior vena cava is such that the separa-
tion between it and the aorta is less as it courses in a caudal direction. Thus, injuries 
to the IVC may occur from the medal extent of the transverse placement of the 
aortic clamp. Direct injury to the IVC and iliac veins may again be averted with 
careful dissection on the adventitial surface of the aorta and subsequent clamp 
placement under direct vision.

Once the neck is identified and dissected free on its lateral anterior and posterior 
surfaces, the clamp should be placed here but not clamped. The supraceliac clamp 
should be opened briefly and then the aorta is clamped distally. This will allow any 
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Fig. 13.7 (a) Left retroperitoneal entry for supraceliac aortic control (With permission from 
Chang et al. [36]). (b) Manual compression of supraceliac aorta and transverse division of dia-
phragmatic crus (With permission as above). (c) Supraceliac aortic clamp placement (With permis-
sion as above)
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stasis clot proximal to the supraceliac clamp to flush distally and not into the renal 
and visceral arteries.

If there is no infrarenal aortic neck, the surgeon needs to make a decision whether 
to perform further dissection of the paravisceral aortic segment along with the renal 
and visceral arterial branches or to leave the supraceliac clamp in place. My prefer-
ence is to leave the supraceliac clamp in place and control the celiac, superior mes-
enteric, and renal arteries.

Distal arterial control is obtained next. The distal aorta, proximal right common 
iliac artery, and entire left iliac system can be exposed and clamped through the left 
extended retroperitoneal exposure. If there is significant distal involvement of the 
distal right common or external iliac arteries, then a small suprainguinal counter 
incision can be made on the right by a second surgeon to obtain extraperitoneal 
exposure of the external iliac artery. Alternatively, right iliac artery control can also 
be obtained with a balloon occlusion catheter through the left flank incision at the 
time the aneurysm is opened. Additionally, vertical groin incisions can be made to 
expose the femoral arteries for distal arterial control and anastomosis. As the patient 
is not systemically heparinized, flushing the outflow arteries with local heparin prior 
to clamp placement may prevent distal arterial thrombosis due to stasis.

Aortic Reconstruction The lumbar arteries and the inferior mesenteric artery if 
they can be identified can be controlled from outside the sac with clips. The sac is 
then opened with electrocautery, and residual back-bleeding vessels are ligated with 
3-0 polypropylene transfixion sutures. The aneurysm neck may be transected com-
pletely or partially with the posterior medial wall remaining intact. My preference 
is to completely transect the aorta to allow precise suture placement through the full 
aortic wall thickness, thus minimizing later development of pseudoaneurysm. When 
creating the neck with scissor dissection, the key is to perform the dissection from 
lateral to medial along the anterior and posterior walls. The surgeon can thus pre-
cisely identify the adventitial layer allowing a secure anastomosis.

The type of graft material used is per surgeon’s preference. My preference is to 
use a tube or bifurcated polytetrafluroethylene graft. The proximal graft anastomo-
sis is performed using a parachuted anastomotic technique with a continuous 3-0 
polypropylene suture. The anastomosis starts medially at the 9 o’clock position and 
is parachuted anteriorly to the 12 o’clock position. At this point, the graft is loosely 
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Fig. 13.8 Lumbar branch of 
Left renal vein (With 
permission from Leather 
et al. [37])
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retracted up anteriorly to allow visualization of the medial and posterior aspect of 
the aorta to which the graft is sewn next to the 6 o’clock position. The anastomosis 
is then tightened and the remainder of the anastomosis is completed. Once the 
suture line is tested, the graft is bled to rid the aorta of any stasis clot, and the clamp 
is replace on the proximal graft, which is then flushed with heparinized saline.

If an infrarenal anastomosis is not possible, a beveled proximal anastomosis with 
branch grafts to the involved renal vessels may be necessary. Though the extended 
left retroperitoneal approach, the entire left renal artery is easily visualized. With 
further division of the left crus, the lateral pararenal/visceral aorta is well visualized. 
The right renal artery is best exposed once the aorta has been divided. The right renal 
artery can be exposed up to its transverse portion beneath the inferior vena. Control 
of the left renal artery is best obtained with Yasargil-type neurosurgical clamps. The 
right renal artery is best controlled with “C”-shaped curved Cooley clamp.

If possible, it is best to bevel the visceral segment and reconstruct the renal vessel(s) 
with separate 6–8 mm end-to-end anastomoses, which are pre-sewn onto the main 
body of the aortic graft. The proximal aortic anastomosis to the paravisceral aortic seg-
ment is performed first. The aortic clamp is then repositioned from the native aorta to 
the proximal graft after flushing the graft as previously detailed to allow perfusion of 
the visceral and renal arteries. The anastomosis to the renal arteries is performed next 
in a spatulated end-to-end fashion with 6-0 continuous polypropylene sutures. Once 
this is completed, the aortic graft is clamped below the lower most renal graft limb.

Next the distal aortic, iliac, or femoral anastomoses are completed. The distal graft 
limbs of the graft are tunneled anatomically along the axis of the vessels. On occa-
sion, this may not be possible for limbs tunneled from within the left flank incision to 
distal exposure of right iliac or femoral arteries due to inflammation or prior surgery. 
In this situation, the right limb graft limb can be tunneled via the preperitoneal pre-
vesical space of Retzius. Prior to performing distal anastomoses, embolectomy cath-
eters should be passed distally intra-arterially to retrieve any stasis thrombus, 4 
French for iliac and 3 French for femoral arteries. The distal arteries should then be 
flushed with heparinized saline and re-clamped. Once the distal anastomoses are 
completed, the clamps are removed and Doppler interrogation is performed.

If there is any concern regarding intestinal viability or traction injury to the 
spleen, the peritoneum can be purposefully incised to allow for direct inspection of 
the intra-abdominal contents. At this point, any defects in the peritoneum are 
repaired. If entrance into the pleural cavity does occur, it should be fixed directly 
upon incision closure by sewing the cut diaphragmatic edge to the next highest rib 
while catheter suction is maintained in the pleural cavity. Alternatively, tube thora-
costomy can be placed. The abdominal wall musculature is closed in layers fol-
lowed by closure of the subcutaneous tissue and skin. Closure of the wound is made 
easier by taking the flex out of the table, which allows a tension free repair.

 Retroperitoneal Exposure for Secondary Rupture After EVAR

Surgical conversions following EVAR have been described by a few centers, all uti-
lizing the standard transperitoneal approach via midline laparotomy [30, 31]. The 
retroperitoneal approach to the abdominal aorta as described for open repair of 
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ruptured AAA can be easily utilized for secondary AAA rupture after an EVAR with 
explant of the endovascular graft. A surgeon’s familiarity with the extended left ret-
roperitoneal exposure in elective situations involving infrarenal, juxtarenal, and para-
renal abdominal aortic aneurysms may allow one to extend the use of this approach 
to more complex clinical scenarios. The same attributes of the left retroperitoneal 
exposure that facilitate repair in ruptured aneurysm, such as the ability to control the 
entire abdominal aorta from the distal thoracic segment to the iliac bifurcation, apply 
to open repair in patients with rupture after failed endovascular repair [32].

The positioning, incision, and exposure are identical to the technique for repair 
of ruptured AAA detailed previously. The degree of difficulty in exposing the opera-
tive field in the retroperitoneum in the setting of a previously deployed aortic endo-
graft varies depending upon the amount of inflammation present, which is due either 
to the mere presence of the endograft within the aorta or a reactive response to prior 
attempts at translumbar coil embolization of persistent type I or II endoleaks. The 
appearance may resemble that of an inflammatory aneurysm; therefore, maneuvers 
to minimize injury to adjacent structures (duodenum and renal veins), such as main-
taining the dissection within the retroperitoneum as posterior as possible, and 
attempts to identify the ureter early with or without the use of preoperatively placed 
stents may facilitate the procedure. The supraceliac aortic dissection is usually free 
of inflammation, whereas the infra- and juxtarenal portions of the aorta are often 
significantly inflamed rendering the dissection hazardous. The safest method is to 
approach the lateral and posterior aspect after initial clamp placement. Another 
alternative is to obtain control with an intra-aortic balloon directed from one of the 
femoral arteries and inflated at the supraceliac aortic level.

If further dissection of the aortic neck cannot be safely performed, the initial 
supraceliac aortic clamp is left in place, distal clamps are placed, and the aneurysm 
sac is opened. If information is available regarding the previously deployed endo-
graft in terms of suprarenal versus infrarenal fixation, this may help plan subsequent 
control and clamping of the distal aorta. In patients with a known suprarenal fixa-
tion, it is often preferable to leave the aortic cross clamp on the supraceliac aorta. 
With a known infrarenal device, assuming the aorta can be accurately dissected, is 
minimally diseased and has no significant aneurysmal component, the cross clamp 
can be moved to the infrarenal aorta.

The single most important factor in deciding between partial and complete stent 
graft explant is whether the endograft can be completely removed without destroying 
the aortic wall (Fig. 13.9). The surgeon needs to remember that the goal is to control 
bleeding and reconstruct in line flow as expeditiously as possible. Other consider-
ations include the type of stent graft fixation (suprarenal versus infrarenal and active 
with hooks/barbs vs. passive with self-expanding stent only), as this may influence 
the site of aortic clamping and the possible adjunctive need for visceral endarterec-
tomy and/or revascularization with complete stent graft explant. Infrarenal aortic 
clamping with only partial stent graft explant might be a significantly less morbid 
procedure when compared with supraceliac aortic clamp and complete stent graft 
explant, with possible visceral reconstructions, particularly in the patient with aneu-
rysm rupture [33]. In cases of rupture secondary to a type IA endoleak, the proximal 
endograft may slide out easily. Lastly, some endografts with suprarenal fixation can 
be “captured with a cut syringe barrel, thereby facilitating explant [34].
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In AAA rupture patients with infrarenal stent grafts, the proximal aortic clamp 
is placed at the suprarenal level, the aneurysm sac is opened, the entire infrarenal 
stent graft can be explanted including the iliac limbs, and aortoiliac reconstruction 
is performed as needed (Fig. 13.9). In AAA rupture patients with suprarenal self- 
expanding stents for fixation, aortic control is obtained by placing a supraceliac 
aortic clamp. In these cases, partial stent graft explant with transaction of the stent 
graft within the proximal aortic neck is performed. In AAA rupture patients with 
stent grafts that have had placement of proximal Palmaz stents, aortic control is 
obtained via a supraceliac aortic clamp, or an aortic occlusion balloon, with partial 
or complete stent graft explant. When the proximal aortic stent graft is partially 
explanted, the proximal graft is sewn to the composite endograft/proximal aorta 
with or without pledgets depending on the friability of the aortic wall (Fig. 13.10). 
Renal arterial reconstruction may be necessary as previously detailed depending 
upon the wall integrity and extent of the proximal aortic aneurysm (Fig. 13.11).

If the entire distal portion of the endograft can be removed, the aortic graft is 
sewn to the aorta, iliac, or femoral arteries depending on the extent of aneurysmal 
and occlusive disease. In instances when the iliac limbs cannot be explanted due to 
scarring, either the distal anastomosis is constructed beyond the iliac stent grafts or 
the aortic bifurcation is then oversewn (Fig. 13.12), or the limbs are transected at the 
aortic bifurcation, and the aortic tube graft is sutured directly to the distal aortic 
bifurcation, and the stent graft limbs are incorporated within the anastomosis. 
Alternatively, the limbs of a bifurcated graft can be sewn individually to the remain-
ing endograft limbs or the distal body of the endograft (Fig. 13.13). Interrupted 5-0 
polypropylene sutures are then used to secure the native distal iliac arteries to the 
distal portion of the remaining EVAR limbs.

aa bb

Fig. 13.9 (a) Complete endograft explant. (b) Infrarenal aortic replacement with prosthetic graft
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Fig. 13.10 Partial 
proximal endograft explant 
after aortic reconstruction

a b

Fig. 13.11 (a) Complete endograft explant and left renal artery bypass. (b) Complete endograft 
explant and bilateral renal artery bypass (Note: renal grafts offset to allow sequential renal 
reperfusion)
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Fig. 13.13 Partial distal 
endograft explant with 
anastomosis to residual 
endograft (Note: interrupted 
sutures to secure iliac limbs 
to native iliac arteries)

Fig. 13.12 Partial distal 
endograft explant with 
end-to-side distal 
reconstruction
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 Conclusion

The extended left retroperitoneal approach can be used to perform open repair of de 
novo ruptured AAA or after delayed rupture of the AAA sac after EVAR. The ideal 
method to incorporate the technique is through experience with elective repair. The 
ability to directly deal with the aortic reconstruction without the need to pay atten-
tion to intraperitoneal structures is the principle advantage of this technique.

 Rupture EVAR Using Bifurcated Stent Grafts

Manish Mehta and Philip S.K. Paty

 Introduction

The metamorphosis of rAAA treatment from open surgical repair to EVAR has 
evolved significantly over the past two decades from being performed selectively by 
a few centers in hemodynamically stable patients only to being performed by most 
endovascular specialists in many centers in patients with varying degrees of hemo-
dynamic instability [38–40]. Collectively, worldwide experience demonstrates that 
an increasing number of rEVAR procedures are being performed yearly. The endo-
vascular approach is less invasive, eliminates laparotomy, eliminates aortic cross 
clamping, decreases surgical bleeding and possibly general anesthesia, and has been 
shown to decrease the mortality of rAAA repair with fewer complications, shorter 
hospital length of stay, and more patients being able to return home rather than 
going to institutional care after these emergent procedures [41, 42]. Factors that 
influence institutions ability to offer rEVAR to patients include not only established 
infrastructures that can provide comprehensive care for rAAA patients but also 
well-trained surgeons/interventionists that can perform complex endovascular aor-
tic procedures in emergent circumstances using currently available devices. This 
chapter will focus attention on the use of modular bifurcated stent grafts for manag-
ing patients with rAAA.

 Approach to Ruptured EVAR

Introduction of EVAR for rAAA has forced us to reevaluate protocols that facilitate 
expeditious patient transfer to the operating rooms for EVAR or open surgical repair. 
Today, the question is not whether patients with rAAA should undergo EVAR rather 
how to develop systems that allow for broader utilization of these complex proce-
dures that have shown great benefit in high-risk patients with aneurysm rupture. 
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This chapter focuses on the use of modular bifurcated stent grafts for rEVAR; there 
are several additional aspects that merit discussion as they have an impact on proce-
dure technical aspects, including standardized protocol-based approach to rAAA, 
anatomic suitability for rEVAR, choice of anesthesia, percutaneous vs. femoral cut-
down approach, bifurcated vs. aorto-uni-iliac stent grafts, and the implications of 
using aortic occlusion balloon during rEVAR.

There remain several fundamental concerns regarding EVAR for rAAA that 
include the anatomical suitability for EVAR, the availability of dedicated staff and 
equipment to perform emergent EVAR at all hours, the feasibility of treating hemo-
dynamically stable and unstable patients by EVAR, and the surgeon/intervention-
ists’ ability to manage unexpected scenarios under emergent circumstances [43, 44]. 
Many of the high-volume institutions have adopted a standardized protocol-based 
approach to managing rAAA patients [45]. The hemodynamic status of the rAAA 
patient generally dictates the need for a preoperative CT scan, and although while 
planning for this emergent open surgical repair, a preoperative CT is not considered 
a necessity, while planning an emergent EVAR, most would agree that we would 
like to have a CT scan for evaluating the feasibility of EVAR as well as for stent 
graft sizing. So the question is whether one has the time to get an emergent CT scan 
prior to EVAR, and if not are there other tools available that might help us manage 
these hemodynamically unstable patients by endovascular means? Published data 
on the feasibility of preoperative CT in patient with rAAA would indicate that 88 % 
(49 of 56) of the patients died >2 h after admission with the diagnosis of ruptured 
AAA, the median time interval from the onset of symptoms to admission to the 
hospital was 2.5 h, and the interval between hospital admission with the diagnosis 
of ruptured AAA and death was 10.5 h [46]. This data would clearly suggest that 
majority of the patients with ruptured AAA have the time to undergo an emergent 
CT scan, particularly if there is an established protocol that facilitates early diagno-
sis and transfer of patient from the ER to the OR.

The proportion of rAAA patients that are suitable for EVAR is variable and on 
the basis of two meta-analysis ranges from 47 to 67 %. What has also been reported 
is that when compared to elective AAA, rAAAs have larger infrarenal aortic diam-
eters and shorter neck lengths. These differences in AAA morphology likely have 
an effect on the ability to perform rEVAR, and it is likely that institutions that treat 
a higher proportion of rAAA by EVAR expand on the stent graft indications for use 
of these high-risk patients [47]. Several institutions including ours have tried to 
identify the impact of rEVAR in patients with favorable versus unfavorable aortic 
neck morphology [48, 49]. We further analyzed aortic neck morphology via CT 
scans in 180 consecutive patients with rAAA that underwent rEVAR (74, 41 %) or 
OSR (106, 59 %) [50]. Based on EVAR device-specific favorable versus hostile 
aortic neck morphology, we identified that only 34 % of patients with rAAA had 
neck morphology that would meet the “indication for use” for available stent grafts. 
The rEVAR patients with hostile aortic necks had a significantly higher incidence of 
female gender (32 % vs. 19 %, p < 0.01), mean maximum AAA diameter (7.4 cm vs. 
5.5 cm, p < 0.01), abdominal compartment syndrome (20 % vs. 4 %, p < 0.01), type I 
endoleaks (16 % vs. 4 %), and the need for all secondary interventions (77 % vs. 
40 %, p < 0.01) during long-term follow-up. The 30-day mortality was the lowest in 

M.W. Causey et al.



187

rEVAR patients with favorable aortic necks and the highest in the OSR patients 
(favorable 8 %, hostile 23 %, OSR 43.4 %, p < 0.01), and both favorable and hostile 
rEVAR patients had a better cumulative 3-year survival than OSR (favorable 64 %, 
hostile 67 %, OSR 44 %, p < 0.01). Mayer et.al. reported their experience of 473 
rAAA patients where over time they transitioned to rEVAR in 100 % of patients 
with rAAA [51]. This was the first study to address the outcomes of complete 
replacement of all rAAA to be treated from open surgical repair to rEVAR. Their 
findings suggested that nearly all patients with rAAA can undergo rEVAR with a 
low mortality of 24 % and a low turndown rate of 4 %. However, with transition to 
rEVAR for all patients, surgeons/interventionists and institutions also need to have 
the ability to manage more challenging anatomy and comfortably utilize adjunctive 
endovascular techniques in managing the hostile proximal landing zones.

Depending on one’s comfort level and the logistics, EVAR for rupture can be 
performed under local anesthesia via percutaneous approach to general anesthesia 
and femoral artery cutdown. The potential benefit of local anesthesia/conscious seda-
tion and percutaneous approach is that it might avoid the loss of “sympathetic tone” 
in the compromised ruptured AAA patients. One has to be comfortable with obtain-
ing percutaneous access and using closure devices in patients that might be hemody-
namically unstable with difficult to palpate femoral pulses. Although the advantage 
may be significant, it must be balanced by the potential difficulties encountered dur-
ing these emergent procedures, as the patient might not be coherent and cooperative 
enough to lie still. The potential advantages of using modular  bifurcated stent grafts 
over aorto-uni-iliac devices are that it allows for cases to be done via percutaneous 
approach with local anesthesia and femorofemoral bypass is not needed.

 Endovascular Setup and Techniques

Adequate resuscitation of patients with ruptured AAA is vital to a successful out-
come. As long as the patients maintain a measurable blood pressure, the techniques 
of “hypotensive hemostasis” by limiting the resuscitation to maintain a detectable 
blood pressure can help minimize ongoing hemorrhage. The patient is prepped and 
draped in supine position, and via a percutaneous or femoral artery cutdown, ipsi-
lateral access is obtained using a needle, floppy guidewire, and a guiding catheter. 
The floppy guidewire is exchanged for a super-stiff wire that can be used to place a 
large sheath (12–14 Fr × 45 cm length) in the ipsilateral femoral artery and the 
sheath advanced up to the juxtarenal abdominal aorta so it is ready to be used to 
deliver and support the aortic occlusion balloon if needed. A compliant occlusion 
balloon should always be available in these procedures, and in hemodynamically 
unstable patients, the occlusion balloon is advanced through the ipsilateral sheath 
over the super-stiff wire into the supraceliac abdominal aorta under fluoroscopic 
guidance, and the balloon is inflated as needed [52]. For detailed discussion on aor-
tic occlusion balloon use, see Chap. 12. Contralateral femoral access is subsequently 
obtained via percutaneous or cutdown approach in a similar fashion and a “marker 
flush catheter” advanced to the juxtarenal aorta for an arteriogram.
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 Ruptured EVAR Using Bifurcated Stent Grafts

As expected, the emergence of EVAR has also resulted in the evolution of stent graft 
design. A detailed discussion on stent graft design is well beyond the scope of this 
chapter, but one has to consider the various stent graft configurations available when 
performing rEVAR. The stent graft best suited for managing rAAA is likely the one 
the operator is most comfortable using in elective circumstances. With that said, 
there are several implications of stent graft design that might impact rEVAR under 
emergent circumstances, and since there is no evidence in literature evaluating the 
validity of one stent graft over another in managing rAAA, maybe it is best to 
understand some of these nuances that might have advantages under emergent cir-
cumstances. Bifurcated stent grafts can be divided into several categories based on 
their fixation (suprarenal vs. infrarenal), modularity (one docking limb vs. two 
docking limbs), and sealing mechanism (stent + graft vs. polymer + graft). Regardless 
of the design and improvements in lower profile delivery systems, controlled 
deployment mechanisms, and active fixation methods, it is also clear that bifurcated 
stent grafts perform significantly better when they are used to treat anatomy within 
its “indications for use” (IFU) [53]. Unfortunately, high-risk patients with rAAA 
require quick response to stop the hemorrhage, and operators are sometimes forced 
to perform emergent rEVAR under unfavorable circumstances and sometimes 
require the use of aortic occlusion balloon. In such conditions, factors to consider 
should include the implications of need for aortic occlusion balloon with (1) supra-
renal vs. infrarenal fixation stent grafts and proximal aortic neck angulation and 
morphology, (2) aorto-uni-iliac vs. modular bifurcated stent grafts with one or two 
docking limbs, (3) polymer-based devices and the time requirements for polymers 
to cure and seal the aortic neck, and (4) the need for adjunctive procedures including 
single or multiple chimneys for visceral arteries, the use of Palmaz stent or 
EndoAnchors for proximal seal, femorofemoral bypass, and the need for iliac artery 
occlusions depending on the planned procedure.

The decision to use a particular stent graft type is determined by the patient’s 
aortoiliac morphology, and there are several factors to consider regarding the use 
bifurcated vs. aorto-uni-iliac stent grafts for rAAA: (1) inability to access the con-
tralateral gate expeditiously and (2) inability to access the contralateral iliac artery 
due to significant occlusive disease and/or tortuosity. The use of aorto-uni-iliac 
devices during elective or emergent EVAR does require interruption of flow from 
the contralateral common iliac artery into the AAA via a placement of an occluder 
device and a femorofemoral bypass. Several studies have documented the use of 
aorto-uni-iliac devices for rEVAR with outcomes similar to the use of bifurcated 
stent grafts. It is likely that the use of aorto-uni-iliac devices might expand on the 
applicability for rEVAR [54, 55]. For more on the use of aorto-uni-iliac stent grafts 
for rEVAR, please see the next chapter by Ian Loftus.

The placement of the stent graft main body is planned based on the aortoiliac mor-
phology that is best suited for rEVAR. Unless prohibited, in hemodynamically stable 
patients, following the initial arteriogram, the aortic occlusion balloon is removed from 
the initial ipsilateral side and the stent graft main body advanced under fluoroscopic 
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guidance; this limits the number of catheter exchanges. In hemodynamically unstable 
patients that require inflation of the aortic occlusion balloon, the “marker flush cathe-
ter” is exchanged for the stent graft main body which is delivered up to the aortic neck. 
An arteriogram is done via the sheath that is used to support the aortic occlusion bal-
loon, the tip of the stent graft main body is aligned with the lowermost renal artery, the 
occlusion balloon is subsequently deflated and withdrawn back with the delivery sheath 
into the AAA, and the stent graft main body is deployed. In the rare instance when 
patient’s hemodynamic status is extremely compromised and the aortic occlusion bal-
loon cannot be deflated, there are several alternatives to consider. The sheath housing 
the aortic occlusion balloon should be advanced to a level above the renal arteries and 
the stent graft deployed at the infrarenal level. This maneuver allows for the occlusion 
balloon to be deflated and retrieved into the sheath without compromising the proximal 
stent graft fixation and seal. In these particular situations, one needs to consider the use 
of aorto-uni- iliac stent grafts or the conversion of bifurcated devices to aorto-uni-iliac 
to avoid further delays in obtaining proximal stent graft seal while cannulating the 
bifurcated stent graft contralateral gate. The alternative is to communicate with the 
anesthesiologist so they can manage the patient’s hemodynamics, deflate and withdraw 
the aortic occlusion balloon, and deploy the main body-bifurcated stent graft. Then 
expeditiously from the main body ipsilateral side advances the aortic occlusion balloon 
over the wire up to the aortic neck and inflate. This maneuver allows for the seal of the 
stent graft at the proximal aortic neck while reestablishing proximal occlusion at the 
aortic neck within seconds. This temporary deflation of the aortic occlusion balloon 
rarely results in hemodynamic collapse and usually is of little consequence. Of impor-
tance is to recognize that once the occlusion balloon is reinflated within the bifurcated 
main body, it requires gentle forward traction to counteract the downward traction from 
forces of the systolic blood pressure which if left to itself could result in prolapse of the 
main body stent graft distally into the AAA. The exact steps here might vary depending 
on the use of bifurcated stent grafts with suprarenal vs. infrarenal fixation and modular 
components that have a single docking vs. two docking limbs. Depending on what 
particular bifurcated device one is comfortable using, one needs to rehearse the steps 
and plan accordingly. Finally, the occlusion balloon inflated and secured within the 
proximal bifurcated main body creates a more hemodynamic stable environment for 
the patient and allows us to move onto the next steps which include contralateral gate 
cannulation. The remainder of the rEVAR procedure is performed similar to as in elec-
tive circumstances; following contralateral gate cannulation, appropriately sized iliac 
stent graft extensions are advanced and deployed as needed to obtain complete aneu-
rysm exclusion.

 Expanding the Proximal Stent Graft Landing Zone 
for Ruptured Pararenal AAA

In addition to treating ruptured infrarenal AAA, bifurcated stent grafts have also 
been used for managing ruptured pararenal AAA with the addition of adjunctive 
chimney procedures – EVAR [51, 56]. Currently published data is limited and 
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would suggest that adjunctive chimney techniques with the use of bifurcated stent 
grafts likely allows a higher percentage of rAAA patients to be treated by endovas-
cular means, but it is also likely that the resultant type I endoleaks and overall mor-
tality will also be higher. When planning these emergent procedures, we need to be 
vigilant in understanding some of the nuances of the available evidence and in plan-
ning these complex procedures.

 Rupture After EVAR

The goal of AAA repair is to reduce the risks for aneurysm rupture and death. 
However, none of the currently available stent grafts is completely effective in pre-
venting aneurysm rupture after EVAR, and lifelong surveillance is needed. We 
evaluated our experience of delayed AAA rupture after EVAR and found that the 
most common risk factors contributing to rupture included type I endoleaks with 
stent graft migration (63 %), type I endoleaks without stent graft migration (11 %), 
type II endoleaks (19 %), and undetermined etiology (7 %). In this series, 41 % of 
patients with rAAA after EVAR underwent another EVAR procedure with an opera-
tive mortality of 9 %, whereas 55 % required conversion to surgical repair with an 
operative mortality of 20 % [57].

Although bifurcated stent grafts might have a role in managing rupture after 
EVAR, stent graft migration from proximal fixation sites and type I endoleaks 
remain the most common cause of rupture after EVAR [58]. In these circumstances, 
bifurcated stent grafts are infrequently needed, and most patients require proximal 
stent graft extensions with or without chimney or fenestrated stent graft use to 
lengthen the proximal stent graft seal zone. If bifurcated stent grafts are the only 
available devices in such emergent circumstances, they can be utilized to advance 
the proximal landing zone and convert the original bifurcated stent graft into aorto- 
uni- iliac configuration, as needed (Figs. 13.14 and 13.15)

 Conclusions

Endovascular repair of rAAA is evolving and offers the potential for improved 
patient survival. Unlike elective EVAR, during emergent EVAR, the time for 
preoperative planning is limited, and often the preoperative imaging is less than 
ideal; under these circumstances, one often has to get creative and utilize more 
of a “problem- solving approach” to address challenging issues that might arise 
during these emergent circumstances. A standardized multidisciplinary approach 
can be instrumental in organizing pathways that can accommodate individual 
practices and hospital infrastructure and facilitate a seamless transition of these 
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often hemodynamically unstable patients from the time of diagnosis to success-
ful rEVAR. There are several important technical aspects including the choice 
of anesthesia, percutaneous vs. femoral cutdown approach, use of aortic occlu-
sion balloons, use of bifurcated vs. aorto-uni-iliac stent grafts, and adjunctive 
procedures that need to be well understood as one embarks on performing these 
procedures.

Fig. 13.14 Bifurcated stent grafts for ruptured EVAR and use of aortic occlusion balloon (AOB). 
(a) Bifurcated stent graft advanced to the level of the lowermost renal arteries, and occlusion bal-
loon advanced from contralateral side and inflated at supraceliac aorta. (b) Deflate and retrieve the 
AOB and deploy the bifurcated stent graft. (c) Advance the AOB from within the stent graft main 
body and inflate at the level of the aortic neck. (d) Cannulate bifurcated stent graft contralateral 
limb with occlusion balloon maintaining aortic occlusion and apply forward traction on AOB cath-
eter to prevent AOB and stent graft prolapse into the aneurysm. (e) Completion arteriogram follow-
ing ruptured EVAR with bifurcated stent graft
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 EVAR-AUI: The European Experience

Ruth A. Benson, S. Bahia, R.J. Hinchliffe, and I.M. Loftus

 Introduction: The Origins of the AUI Graft

The first English language report into the use of a balloon expandable aorto-uni-
ilac (AUI) stent for AAA management was published in 1991 [73] (Fig. 13.16), 
although it had already been reported in the Russian literature in 1988 [82]. Parodi’s 
novel method described the use of a balloon expandable stent loaded onto a deploy-
ment device and inserted into the aneurysmal aorta via retrograde femoral artery 
access. This was accompanied by contralateral iliac occlusion and a femorofemo-
ral crossover graft. Designed to exclude the aneurysm, they described initial clini-
cal success in 5 patients, all of whom had been denied open repair due to significant 
comorbidity.

Encouraged by this early experience, surgeons in Europe began to create their 
own versions of the graft. Published results of small UK-based series followed. The 
Leicester group reported their initial experiences in 1997 [79], with a refined method 

Fig. 13.15 Post-op CTA following ruptured EVAR with bifurcated stent graft
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using an 8-mm pre-dilated PTFE tube graft with the addition of a proximal Palmaz 
stent, mounted onto a 30-mm balloon. They described successful deployment in 20 
patients, providing clear accounts of the complications they encountered. Initial 
results were positive, but long-term efficacy was yet to be proven.

Results from larger UK and European cohorts followed, all supporting the feasi-
bility of endovascular AUI aneurysm repair. Survival in elective patients was 
reported as 90 % at 4 months, even among high-risk patients. Overall, the merits of 
the AUI graft were becoming increasingly apparent [64]. They were readily custom- 
made by the surgeon. Access and deployment were simple, using preexisting tech-
nology and equipment. It was becoming apparent that there was an emerging role in 
the treatment of patients with significant comorbidity for whom open repair was not 
an option. It was suitable for AAA where anatomy was more complex or where 
there were tortuous or unilaterally occluded iliac arteries.

Initially as bifurcated devices were designed, the AUI technique maintained 
superiority, the perceived advantage being the range of patients in whom it could be 
implanted. In a review of 154 AAA CT scans, Armon et al. found 55 % of patients 
were suitable for implantation of an AUI graft, compared to only 10 % for an early 
bifurcated endograft [60]. Investigators in the Amsterdam Acute Aneurysm Trial 
found that 45.8 % of patients presenting with ruptured AAA (rAAA) were suitable 
for AUI, while others found only 20 % of ruptures were suitable for bifurcated grafts 
[70, 76]. These data was applicable to the endografts available to the authors at the 
time and would not be representative of the range of devices now available.

Fig. 13.16 The Parodi-Palmaz device. 
The Palmaz stent was sutured to a dilated 
PTFE graft [70]
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 The European Experience: Graft Complications

An increase in the number of surgeons adopting AUI was followed by the identifica-
tion of novel complications linked both to the learning curve and to the specifics of 
the grafts themselves. Ivancev’s report of his group’s experiences in 45 patients 
detailed a variety of complications. Early issues included insertion of endografts 
that were too short (necessitating conversion to open repair), iatrogenic renal artery 
occlusions, graft kinking, iatrogenic iliac dissection, and type 2 endoleaks [71]. 
Mortality remained high, as these were patients selected because their comorbidity 
precluded open repair (OR). At 1 year, surveillance identified significant stent 
migration in 5 patients and the presence of type 2 endoleaks in 3 requiring 
embolization.

Despite routine femorofemoral crossover graft, some patients developed signifi-
cant buttock claudication [72]. Indeed the requirement for a crossover graft raised 
the most doubts about the longevity of AUI as a procedure despite evidence suggest-
ing better durability in aneurysmal compared to occlusive disease [84].

Relatively favorable rates of early complications of femorofemoral crossover 
bypass grafts were documented in a study of 136 elective patients treated with AUI 
in Nottingham [83, 84]. Frequency of groin or graft infection was found to be equiv-
alent to bifurcated devices. Further publication of a larger cohort, an 8-year experi-
ence in 231 patients, demonstrated an infection rate of 11 %, a cumulative 3-year 
patency rate of 91 %, and 5-year patency of 83 % [67]. Importantly, their large case 
series enabled them to identify factors promoting graft occlusion, mostly related to 
technical issues with the AUI. However, patency rates remained comparable with 
those reported following OR and bifurcated grafts.

 “Peri-graft Extravasation”: The Risk of the Endoleak 
and Surveillance

First proposed by White, the terminology now used when classifying endoleaks has 
become ubiquitous in the setting of endovascular AAA repair [85]. Endoleaks 
remain the most common indication for reintervention following EVAR, and the 
early adopters of AUI began to address the design of surveillance programs. Initially, 
CT imaging was the only established method for identifying stent migration or leak, 
but valid concerns regarding mounting costs and risks of cumulative radiation expo-
sure were raised. In their prospective study of aneurysm morphology and radiologi-
cal and ultrasound appearances following AUI repair, the Leicester group compared 
the ability to identify AAA migration or peri-graft extravasation (endoleak) 6 weeks 
postimplantation using CT and duplex ultrasound. They found duplex to be compa-
rable, and in some cases superior, due to its less invasive nature, lower cost, and 
greater effectiveness in identifying the site of endoleak [80]. Attempts to predict the 
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risk of endoleak preoperatively based on CT imaging were unsuccessful, with a lack 
of correlation between the number of patent lumbar or inferior mesenteric arteries 
and risk of endoleak [83, 84]. The need for postoperative surveillance was firmly 
established.

 AUI and the Ruptured AAA: A Victim of Its Own Success

The success of AUI in patients with poor physiological status meant that progres-
sion to its use for rAAA was inevitable. Successful deployment was first published 
by Yusuf et al. in 1994 [87]. This group published early results of their surgeon- 
manufactured endografts in 30 patients including a further 2 rAAA using a modified 
Gianturco (self-expanding) stent, Dacron graft, and Wallstent [86]. The graft was 
preloaded onto either the Chuter (18 F, 5/30) or the Ivancev delivery system (20 F, 
25/30 cases).

In a setting where mortality for rAAA had been persistently high for decades, 
endovascular repair with the AUI technique offered hope for radically increasing 
patients’ chances of short-term survival [59]. One particular advantage was seen as 
the AUI’s ability to gain rapid hemostasis without laparotomy and anatomic appli-
cability over a relatively large proportion of patients. The technique was thought to 
create far less of a physiological insult, although much like EVAR today, selection 
bias toward more frail patients meant that outcomes were not as positive as some 
had predicted [64].

 AUI Devices/Occluders/Technique

A number of AUI devices have been used to treat aneurysmal aortic disease over 
the years (Table 13.1); however, the technique for intervention remains broadly 
similar, i.e., insertion of an occlusive aortic balloons depending on the hemody-
namic state of the patient, followed by deployment of the AUI device (Fig. 13.17), 
and insertion of an occluder for a patent contralateral iliac system and a crossover 
graft [68]. Several occluder devices have been utilized in the literature, including 
the Talent device (Medtronic, nitinol, woven polyester, 8–24 mm distal diameter, 
31–35 mm stent length, 17.5 F delivery system), the Zenith iliac plug (Cook, 
14–24 mm diameter, 30 mm length, 14–16 F delivery system), as well as 
AMPLATZER plugs (St. Jude Medical, 3–22 mm, 7 F) for particularly small iliac 
vessels [63].

Alsac’s group in France published outcomes for 37 consecutive patients pre-
senting with rAAA over a 4-year period [59]. From a cohort of 17 patients treated 
with EVAR, 8 were managed with AUI (a mix of Cook and Medtronic grafts). 
Patients were not randomized – EVAR was attempted if possible, but in those 
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Table 13.1 Aorto-uni-iliac grafts used in European centers performing endovascular AAA repair

Stent graft Construction

Proximal 
diameter 
(main body)

Distal 
diameter 
(main body) Sheath size Comments

Endofit 
(LeMaitre 
vascular)

Self-
expanding, 
nitinol, PTFE, 
2 layers

20–36 mm 12–20 mm 18 or 22 F, 
hydrophilic

10–20 cm length

Talent 
(Medtronic)

Self-
expanding, 
nitinol, 
polyester 
fabric

22–36 mm 14–16 mm 22 or 24 F Bare-spring 
proximally (if 
>22 mm) to 
pararenal 
placement

Endurant  
(I/II) 
(Medtronic)

Self-
expanding, 
nitinol, 
suprarenal 
fixation

23–36 mm 14 mm 18 F or 20 F 102–5 mm of 
graft covered

Zenith 
(Cook)

Self-
expanding, 
stainless steel 
and nitinol, 
braided 
polyester, 
suprarenal 
fixation

24–36 mm 12 mm 20 F Distal 
components 
12–24 mm 
diameter

Fig. 13.17 Post-EVAR 
digital subtraction angio-
gram with contralateral 
common iliac artery 
occluder [74]
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with hemodynamic instability, open repair (OR) appeared to be the first choice. 
Overall,  operating time was significantly less in the combined EVAR group, with 
reduced blood loss and length of intensive care stay. Interestingly, on retrospec-
tive analysis, 73 % of the patients who were treated with OR due to “unfavorable 
anatomy” were actually suitable for EVAR. The 30-day mortality following 
EVAR was also lower at 23.5 % vs. 50 %, although this narrowly missed reaching 
statistical significance.

Several interesting points were raised by this study. By 2005, the ability to per-
form bifurcated EVAR under local anesthetic was well established, and the authors 
confirmed that their own experience had begun with bifurcated grafts. Their use of 
AUI followed a change in practice for those patients requiring extremely quick 
hemorrhage control or those with complex anatomy. They noted that the need for 
crossover grafts necessitated a conversion to general anesthesia after aneurysm seal-
ing, with associated additional risks and often prolonging surgery beyond that of 
bifurcated stents.

Attempts to run randomized studies followed soon after. The Nottingham-based 
pilot study comparing AUI (two-part Gianturco stents with uncovered suprarenal 
component) with OR was designed to include a cohort who were considered fit for 
either form of repair in an attempt to reduce patient selection bias [66]. Their tech-
nique allowed for the initial procedure to be performed under local anesthetic, after 
which patients were fully anesthetized prior to stent deployment (Fig. 13.18). This 
followed experiences with severe ischemic pain from the occluded limb. The con-
tralateral iliac artery was occluded with the Zip plug (Cook Europe, Copenhagen, 
Denmark or Endomed, Arizona, USA). In total, 103 patients were admitted with 
suspected ruptured AAA, but selection criteria meant that only 11 completed AUI 
and 12 OR. Results were similar for both in terms of complication rates, median 
hospital stay, and time from admission to surgery. The authors expressed disap-
pointment that AUI didn’t seem to confer significant improvement. However, their 
success in piloting one of the first pragmatic randomized trials for management of 
rAAA was laudable.

The BiFab study investigated the use of a modular AUI stent graft using off-the- 
shelf stock of four body and four limb sizes (compared to over 600 various compo-
nents making up bifurcated kits) [69]. Sixty-five patients presenting with either 
symptomatic or ruptured infrarenal AAA were recruited from seven European cen-
ters [69]. Aneurysm exclusion was complete in a median time of 40 min, with a 
blood loss of only 200–800 ml. Despite this, perioperative mortality remained high 
at 40 %, and overall procedure time was longer than reported times for bifurcated 
grafts. The authors highlighted that other techniques such as aortic balloon  occlusion 
allow for more rapid hemostatic control, after which there is more time for either 
technique to be used. They also encountered several operator-specific complications 
such as overstenting of the renal arteries and catching of the graft on the sheath, 
although this did not appear to translate to increased need for reintervention at 
1-year follow-up.
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Other trials comparing EVAR with OR in rAAA included both bifurcated grafts 
and AUI, which indicated the direction of trends for endovascular repair. The French 
ERA trial included 150 patients in its EVAR arm, with a variety of procedures and 
grafts used [61], although the trial did not demonstrate any significant differences 
between EVAR and OR even for EVAR patients stratified as low or intermediate 
risk for OR.

Another earlier multicenter study evaluating outcomes in 26 patients undergoing 
EVAR vs. 29 undergoing OR demonstrated a similar 30-day mortality and compli-
cation rate, a pattern that persisted to 1 year [81]. These authors specifically stated 
a preference for bifurcated grafts, unless anatomy dictated an AUI, and this only 
applied to one out of 26 patients.

Despite the clear rise in user preference for bifurcated grafts as first-line 
EVAR in ruptures, European trials testing various AUI devices for rAAA contin-
ued. The ERA trial enrolled 100 consecutive patients across 10 institutions (49 
AUI and 51 OR) [74]. As in previous trials, authors commented that there was no 
difference between preoperative comorbidity and hemodynamic status between 
the two groups, to refute any suggestion of selection bias. As with previous stud-
ies, AUI led to less blood loss and shorter duration of stay in intensive care. 
Despite this, differences in in-hospital/30-day mortality (35 and 39 % respec-
tively) and 3-month mortality (40 % and 42 % respectively) were equivocal. One 
of the significant findings of the study was the fact that AUI was suitable in at 
least 50 % of patients presenting with rAAA. The Amsterdam Acute Aneurysm 
Trial collaborators, in another randomized control trial, reported a 30-day mor-
tality of 21 % for AUI and only 25 % for OR [75]. Although there still didn’t 

Fig. 13.18 Successfully 
excluded rAAA with AUI 
[65]
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appear to be a significant difference between the two surgical modalities, relative 
improvements in early outcomes following all ruptures demonstrated the benefits 
of dedicated vascular centers providing a 24-h endovascular and specialist vascu-
lar service.

The more recent IMPROVE trial confirmed these ongoing short-term improve-
ments in outcome, but did not report on differences in results between patients hav-
ing AUI and bifurcated grafts [65].

 Bifurcated Grafts Versus the AUI

There are few studies directly comparing results of bifurcated and AUI grafts, 
perhaps due to the now clear preference for the bifurcated graft among endo-
vascular specialists. The benefits of AUI, namely, quicker exclusion of the 
aneurysm sac, often led to its use in more unstable patients with unfavorable 
anatomy, thus skewing results and deterring surgeons from using it as a first-
line graft. Carrafiello observed higher mortality following AUI for rAAA, but 
also demonstrated that poor hemodynamic state had the greatest negative effect 
on survival and suggested that AUI was used preferentially in this group to get 
rapid hemostasis [61].

Results from the ENGAGE registry looking at outcomes for elective AAA 
reviewed outcomes in 1172 patents, in which only 7.1 % were treated with AUI [78]. 
The authors noted a higher rate of cardiopulmonary disease in the AUI group, with 
increased frequency of postoperative complications and longer hospital stays. 
Despite this, at 30 days and 1 year, the incidence of reintervention and all-cause 
mortality was equivalent between the two groups.

 Conclusion

The global success of EVAR following its initial incarnation cannot be overes-
timated. The AUI technique paved the way for successful treatment of a cohort 
previously considered inoperable. However, with the development and contin-
ued improvements of bifurcated devices, along with increasing endovascular 
skills, AUI has fallen from favor. This largely relates to the need for a crossover 
grafts rather than concerns about the AUI device in isolation. Although AUI has 
evolved into the variety of bifurcated grafts now available, it still plays a signifi-
cant role in the treatment of anatomically challenging AAA and for patients 
requiring speedy aneurysm exclusion. Its use in rAAA has been successfully 
explored and championed by the European vascular surgery community. Many 
still maintain a stock AUI on the shelf, available as part of their endovascular 
armamentarium.
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 Physician-Modified Endovascular Grafts for Treating 
Ruptured Abdominal Aortic Aneurysms

Benjamin W. Starnes

 Introduction

The purpose of this chapter is to introduce the concept of custom fenestrated 
EVAR for managing ruptured abdominal aortic aneurysms (rAAA). Fenestrated 
endovascular repair was first performed in 1999 by the late John L. Anderson of 
Adelaide, Australia, and involves the preoperative placement of “fenestra” or 
windows, in precise locations on an endograft in order to treat juxtarenal AAA 
[88]. Currently in the United States, there is only one manufacturer of an FDA-
approved fenestrated endograft, and these custom-designed grafts require a mini-
mum of 4 weeks to arrive at the implanting facility after the graft has been 
meticulously planned and the order has been placed. Thus, many believe that 
custom-designed devices cannot be used in a rupture situation. We will demon-
strate that this is not true.

Vascular surgeons have long been known to innovate to meet the needs of their 
patients. At the University of Washington, we initiated a protocol for managing rAAA 
with an endovascular first strategy in 2007 and reduced our 30-day mortality from 58 
to 32 % overall with those patients harboring anatomy suitable for EVAR experienc-
ing an 18 % mortality risk at 30 days [89]. We quickly learned that reasons for ineligi-
bility for EVAR revolved around inadequate, often short, infrarenal aortic necks. We 
thus began customizing our own devices in an off-label fashion to create single, dou-
ble, and even triple fenestration endografts to treat this subset of patients who could 
not wait the lengthy duration to receive the custom-made graft and/or were too sick to 
undergo open repair [90, 91]. In this chapter, we describe the technique of physician-
modified endografting to treat asymptomatic, symptomatic, or even ruptured AAA.

Key Points
• Physician-modified endovascular grafts have been successfully used to 

treat patients presenting with rAAA who are not candidates for standard 
EVAR.

• These procedures are off-label in nature and require the umbrella of an 
FDA-approved investigational device exemption (IDE) clinical trial in 
order to be reimbursed.

• These grafts may be manufactured prior to the arrival of the patient from 
the transferring facility.

M.W. Causey et al.
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 Technique

 Device Preparation

All operative procedures are performed concurrently with back table device 
modification while the patient is being prepared for surgery. In urgent situations, 
temporary aortic balloon occlusion can be performed to bide time, especially 
with single and double fenestration cases where graft manufacture time is less 
than 30 min. The device is chosen according to standard instructions for use in 
sizing guidelines, and a routine aortic oversizing of 10–15 % for the main body 
graft is utilized. The bifurcated graft is unsheathed on a separate table, and a 
sterile marking pen is used to mark the location of the fenestrations based on 
both length and clock face and arc- length measurements that had been previously 
determined with reconstruction imaging software. Minor adjustments are made 
in localization of the fenestrations to allow for maximum usage of strut-free fen-
estrations when possible. When this is not possible and multiple fenestrations are 
required, struts within fenestrations are preferentially avoided for the renal arter-
ies. An ophthalmic Bovie cautery device (Medtronic, Minneapolis, Minn) is used 
to carefully burn the Dacron fabric to create all fenestrations and thus avoid 
fabric fraying and allow for heat sealing. Gold, 15-mm Amplatz Gooseneck 
Snares (EV3 Endovascular Inc., Plymouth, Minn) are then used to reinforce all 
fenestrations. These are handsewn into place using 4-0 Prolene suture in a 720° 
running fashion (Fig. 13.19). A typical final PMEG device is depicted in 
Fig. 13.20.

When time permits, diameter-reducing ties are then used to constrain the device 
along its posterior border (opposite the superior mesenteric artery [SMA] and/or 
celiac fenestration at 6 o’clock) by rerouting the existing proximal trigger wire 
through and through the graft material at the midportion of each of the top two Z 
stents. This is facilitated using a micropuncture needle from inside the graft. The 
constraining ties are then tied down into place over the trigger wire. The bare stent 
is then reconstrained in the top cap, and the entire graft wetted with heparinized 
saline and then reloaded into the existing sheath.

 PMEG Procedural Details

The majority of these procedures are performed in a modern hybrid operating room 
utilizing a Siemens Artis Q Zeego System (Siemens, Munich, Germany). Common 
femoral access is almost always achieved in a standard percutaneous fashion and the 
stent graft delivered up into position near the visceral vessels. A contrast aortogram 
with 20 mL of dilute contrast injected at 10 mL/s is performed with the PMEG in 
place to mark the visceral vessels (Fig. 13.21). Proper orientation of the graft (SMA 
anterior) is confirmed by rotating the graft clockwise under fluoroscopy and 

13 Operative Strategies



202

Fig. 13.19 Gold, 15-mm 
Amplatz Gooseneck Snares 
(EV3, Plymouth, Minn) 
were then used to reinforce 
all fenestrations. These were 
handsewn into place using 
4-0 Prolene suture in a 720° 
running fashion

Fig. 13.20 A typical 
physician-modified 
endovascular graft (PMEG) 
prior to device repackaging 
(a). Fenestrations for the 
superior mesenteric artery 
(SMA) (struts present) and 
left and right renal arteries 
(strut-free) were created for 
this particular patient. (b) 
Rerouting of the trigger wire 
to allow for placement of 
graft constraining ties
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confirming that the SMA fenestration moves from left to right instead of right to 
left, which would denote a posterior orientation of the SMA fenestration (Fig. 13.22). 
The graft is then carefully deployed down to the opening of the contralateral limb. 
The contralateral limb is then selected, and, typically, an 18–20 Fr DrySeal sheath 
(W.L. Gore, Flagstaff, AZ) is inserted into the contralateral limb over a stiff wire 
under direct fluoroscopic visualization. It is important to hub the DrySeal sheath to 
create a stable working platform. Double 6 or 7 Fr Ansel sheaths (Cook Inc.) are 
used directly through the end of the DrySeal sheath to individually select the renal 
arteries while maintaining stability of the PMEG device. Once the renal arteries are 
completely selected with each 6 or 7 Fr sheath, diameter-reducing ties are freed by 
pulling the proximal trigger wire out, and then the top cap is released and the main 
body deployed. At this time, the remainder of the main body device is deployed, the 
top cap is retrieved, and a CODA balloon (Cook Inc.) is used to seat the proximal 
portion of the graft in the zone of the visceral aortic stent graft segment (Fig. 13.23). 
The renal arteries are then individually stented with appropriately sized iCAST 
stents (Atrium USA, Hudson, NH), and the stents are flared proximally into the 
aortic stent graft using 9–12 mm standard angioplasty balloons (Fig. 13.24). The 
remainder of the procedure involves standard placement of docking limbs to the 
level of each iliac bifurcation and seating of the stent graft overlap and seal zones 
with a molding balloon (CODA, Cook Inc.). A completion aortogram is performed 
at the completion of each procedure (Fig. 13.25).

Fig. 13.21 Contrast aortography and cartoon demonstrating the origins of all four visceral vessels 
with the physician-modified endovascular graft (PMEG) device in situ prior to and after 
deployment
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Other devices from other manufacturers have been successfully modified to 
include Medtronic Endurant (Medtronic, Minneapolis, MN), Bolton Relay (Bolton, 
Sunrise, FL), and Gore Excluder (W.L. Gore, Flagstaff, AZ). It is important to know 
how to successfully reload each of these devices prior to embarking on a surgeon- 
modified repair of a ruptured abdominal aortic aneurysm.

Fig. 13.22 Proper orientation of the graft is confirmed by rotation of the graft clockwise and view-
ing the SMA fenestration move from left to right on the screen
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205

 Conclusions

Custom-designed and manufactured devices can be used to successfully repair rup-
tured abdominal aortic aneurysms. In the future, more patients harboring ruptured 
abdominal aortic aneurysms will benefit from technological improvements and a 
“kit” type of off-the-shelf tools and devices to personalize therapy for each patient.

Fig. 13.23 Physician-modified endovascular graft (PMEG) procedure. (a) Both renal arteries 
have been selected through the renal fenestrations and a sheath advanced into the left renal artery. 
(b) Seating of the proximal graft with the renal sheaths securely in place. (c) Stent grafting and 
subsequent flaring of the renal artery stents

Fig. 13.24 Flaring of the 
renal stents with appropri-
ately oversized balloons
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 Endovascular Aneurysm Sealing for Ruptured Abdominal 
Aortic Aneurysm

Andrew Holden

 Introduction

The concept of endovascular aneurysm sealing has been developed in recent years to 
address some of the recognized deficiencies of conventional endovascular aneurysm 
repair (EVAR) for abdominal aortic aneurysm (AAA). Endovascular aneurysm sealing 

Key Points
• Endovascular aneurysm sealing can potentially treat a broad range of rup-

tured abdominal aortic aneurysms with minimal inventory
• Full aneurysm sealing with endobags provides rapid tamponade of bleed-

ing as well as minimizing the risk of endoleak
• The procedure is still in evolution and more experience is required

Fig. 13.25 Completion aortogram and cartoon demonstrating absence of endoleak and good 
alignment of all three visceral vessel fenestrations
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(EVAS) using the Nellix® endovascular system (Endologix, Irvine, CA, USA) seals 
the entire aneurysm sac with polymer-filled endobags. This sac sealing strategy has the 
potential to significantly reduce the incidence of endoleak, migration, and reinterven-
tion. Early clinical data are encouraging in the elective AAA setting [92–94].

The role of EVAR in the ruptured AAA (rAAA) setting is extensively discussed 
elsewhere in this publication. Most publications to date have failed to show an early 
survival advantage for EVAR over open surgical repair [95–98]. However, recent 
publications have shown a consistent but nonsignificant trend for lower mortality 
for EVAR [99] as well as faster hospital discharge and better quality of life [100]. 
There are number of potential advantages and limitations in using Nellix® EVAS in 
the rAAA setting – these will be discussed as well as a review of the limited evi-
dence currently available.

 Nellix® EVAS Procedure

The Nellix® EVAS procedure in the elective AAA repair setting has been previ-
ously described [94, 101]. Each Nellix® device consists of a chromium cobalt bal-
loon expandable stent, covered in expanded polytetrafluoroethylene (ePTFE) and 
surrounded by a polyurethane endobag. The stents are mounted on 10 mm diameter 
minimally compliant angioplasty balloons. Devices are introduced from each com-
mon femoral artery. Device lengths are selected to land immediately below the low-
ermost renal artery and above the iliac artery bifurcation on each side. The stents are 
deployed at the same infrarenal level proximally, and the angioplasty balloons are 
usually then deflated to maintain perfusion to the lower body. The endobags are 
“prefilled” with saline via endobag fill tubes, usually until a pressure within the 
endobags of 180 mmHg is reached. The endobag fill pressure is sufficiently above 
the patient’s systolic pressure to allow complete displacement of the blood lumen in 
the aneurysm sac and proximal and distal sealing zones without risking arterial 
injury. Angiography is possible through the nose cone of the Nellix® delivery sys-
tem, and this is performed to confirm aneurysm exclusion. The prefill step provides 
an accurate estimate of polymer fill volume and assesses device stability during 
endobag filling. There is also some ability to reposition the stents after the prefilled 
saline has been aspirated. After saline aspiration, the endobags are filled with a 
matching volume of polymer until a fill pressure of at least 180 mmHg is reached. 
The polymer is a polyethylene glycol (PEG) diacrylate, provided in a two-part solu-
tion that cross-links or cures when mixed in 3–5 min to form a solid hydrogel. While 
the hydrogel is curing, the angioplasty balloons are inflated to maintain a smooth 
blood flow lumen. Completion nose cone angiography is used to confirm complete 
aneurysm seal. If there are any concerns regarding complete seal, a secondary poly-
mer fill via an outer endobag fill tube is possible. The final repair consists of two 
covered stent flow lumens to maintain perfusion to the pelvis and lower limbs as 
well as endobags that both fixate and seal the aneurysm, minimizing the risk of 
endoleak or migration (Fig. 13.26).
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There are some significant alterations to the standard Nellix® EVAS procedure 
in the rAAA setting [102–104]. As with many EVAR cases performed in the rAAA 
setting, Nellix® EVAS cases have often been performed under local anesthesia with 
permissive hypotension (Fig. 13.27). Percutaneous femoral artery access is usually 
obtained with the low profile (17 F OD) and hydrophilic coating of the delivery 
system being advantageous. Once the devices are introduced and positioned, the 
stents are deployed. The angioplasty balloons may be left inflated during the 
 procedure – this can improve device stability in challenging anatomy but may also 
provide some reduction in flow to the aneurysm rupture site. In rAAA cases, it is 
common to add iodinated contrast to the saline used to prefill the endobags (usually 
20–30 % contrast). This allows direct fluoroscopic visualization of the endobags as 
they fill. Because the aortic wall is not intact within the aneurysm, the endobags 

Fig. 13.26 The Nellix® endovascular 
system. Note the paired covered stents 
with surrounding endobags that seal the 
entire aneurysm sac (Image courtesy of 
Endologix Inc.)
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a b

c d

Fig. 13.27 Treatment of an rAAA with the Nellix® endovascular system. (a) Ruptured AAA. (b) 
Concomitant right common iliac artery aneurysm in the same patient. (c) Positioning of the Nellix 
stents in the infrarenal aortic neck. (d) Completion angiography after EVAS showing complete 
exclusion of the aneurysm. (e) Follow-up CT showing exclusion of both abdominal and iliac artery 
aneurysms. A covered stent was used to extend into the right external iliac artery
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may bulge through the aortic defect, and the usual pressure threshold of 180 mmHg 
may not be reached. Prefill is halted if focal endobag bulging is observed or endo-
bag pressure reaches 180 mmHg and angiography performed to confirm aneurysm 
exclusion. The saline is then aspirated and rapidly replaced with the same volume 
of polymer. Completion angiography is again performed. If there is any ongoing 
perfusion of the aneurysm, secondary fill can be performed via outer fill tubes. A 
secondary prefill can be performed with dilute contrast to confirm the endobags are 
filling in the sealing zones. This can then be aspirated and exchanged for more poly-
mer to achieve an optimized aneurysm seal.

In both elective and ruptured aneurysm treatment with Nellix, parallel grafts can 
be used in the renal and mesenteric arteries to improve seal [102, 105, 106]. This 
allows the Nellix devices to be deployed more proximally in the aorta and is impor-
tant in patients with hostile infrarenal neck anatomy. However, chimney Nellix 
EVAS does involve increased procedural time and complexity as well as upper limb 
arterial access for the parallel grafts. It has been reported that parallel graft tech-
niques can also positively impact on the technical success of EVAR in rAAA [107].

eFig. 13.27 Continued
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 Imaging Surveillance After Nellix® EVAS Procedure

The components of the Nellix device are well visualized on post-procedural CT, 
including the endobags and stents. A periaortic hematoma is typically seen on early 
postoperative studies, but this usually resolves with time (Fig. 13.28).

 Advantages of Nellix® EVAS in rAAA

The potential advantages of Nellix EVAS over conventional EVAR when treating 
ruptured AAAs are listed in Table 13.2. EVAS appears to be able to treat a wider 
range of patient anatomies than EVAR while still remaining within company 
instructions for use [108]. Cases are simple to plan as all Nellix stents are 10 mm in 
diameter with the current length range from 100 to 180 mm at 10 mm increments. 
If a pre-procedural CT is performed, the infrarenal aortic and common iliac artery 
lengths are all that are required to facilitate device selection. Inventory is limited to 

a

c

b

Fig. 13.28 Follow-up after repair of a rAAA with the Nellix® endovascular system. (a) Ruptured 
AAA with large retroperitoneal hematoma. (b) CT performed after Nellix EVAS showing the endo-
bags filled with polymer including low-density contrast. Flow is present in the Nellix stent lumens. 
(c) CT at 6 months after EVAS repair showing resolution of the retroperitoneal hematoma
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treat a wide range of patients, and this means it is a viable proposition for many 
institutions to carry sufficient inventory to offer a ruptured AAA EVAS service.

The procedure is simple without the need for cannulation of an endograft contra-
lateral short limb. Procedural times have been relatively short and predictable [94]. 
Prefill of the endobags with saline provides rapid tamponade of the aneurysm and 
hemodynamic stability without the need for a temporary aortic occlusion balloon. 
While rapid endovascular balloon occlusion (REBO) is an important adjunct to 
EVAR in unstable rAAA patients [109], this procedural does add complexity and 
the potential for complications [110]. Nellix EVAS has demonstrated effectiveness 
at preventing endoleaks, especially type 2 endoleaks [92, 94]. Following ruptured 
AAA repair with EVAR, persistent type 2 endoleaks may produce ongoing retro-
peritoneal bleeding [111]. This can be avoided by complete aneurysm sealing.

 Disadvantages of Nellix® EVAS in rAAA

There are potential disadvantages in using Nellix EVAS to treat ruptured aneurysms. 
As previously discussed, the endobag may not be constrained by the aneurysm wall 
in the area of rupture and even bulge through the wall defect. In this situation, nor-
mal endobag fill pressure may not be achieved and the endobag may aggravate the 
aortic wall injury. The lack of constraint could also result in incomplete endobag 
sealing with an endoleak. Fortunately, in the limited experience to date, this sce-
nario appears uncommon with both endobag prefill and polymer fill occurring in an 
identical manner to elective aneurysm repair. It should be noted that some bulging 
of the endobag through an aortic defect may not be of any hemodynamic signifi-
cance because the aneurysm is excluded.

 Evidence Behind Nellix® EVAS in rAAA

The available evidence to date is limited to case reports and limited single-center 
series [102–104]. There were some ruptured aneurysms treated in the Global 
FORWARD EVAS Registry, but these cases have not been fully analyzed. In most 

Table 13.2 Potential advantages of 
Nellix EVAS in rAAAs

Ability to treat a wider range of aortic  
anatomies
Simplicity of procedural planning
Limited inventory to be held to provide a ruptured 
aneurysm EVAS service
Procedural simplicity
Early tamponade of the rupture by prefilling the  
endobags
Prevention of type 2 endoleaks
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reported cases, aneurysm morphology was outside of instructions for use guidelines 
for current EVAR devices and also Nellix EVAS. Despite this, the rate of technical 
success has been high. In almost all cases, endobag filling has been identical to elec-
tive repair with no problems reaching endobag fill pressures of at least 180 mmHg. 
However, much more experience is required to understand the real potential of this 
exciting new technique.

 Conclusions

Endovascular aneurysm sealing (EVAS) using the Nellix® endovascular system for 
ruptured abdominal aortic aneurysms offers potential advantages over conventional 
EVAR including an ability to treat a broader range of aortic anatomies with a limited 
product inventory. Hemodynamic stability can be achieved quickly by the filling of 
endobags, and resultant endoleaks appear to be very uncommon. However, experi-
ence is still limited and the optimum EVAS technique is still to be defined.

 Aortocaval Fistula

Kaj H. Johansen

 Background

The vast majority of aortic aneurysms rupture into the surrounding retroperitoneum 
or, uncommonly, directly into the peritoneal cavity, thus automatically constituting a 
surgical emergency. However, on rare occasions, an aortic aneurysm may erode into 
surrounding venous structures, most commonly the inferior vena cava, thereby form-
ing an aortocaval fistula. Preoperative recognition of this rare entity may be problem-
atic: unlike the abdominal, flank, or back pain and cardiovascular collapse that almost 
always attend the “usual” presentation of aneurysm rupture, patients with an aortoca-
val fistula may display delayed or subtle symptomatology or sometimes none at all.

 Epidemiology

Aortocaval fistula is extremely rare, historically often becoming evident only at 
open operation for aneurysm repair or at postmortem examination. Accordingly, an 
accurate assessment of its prevalence has been relatively unavailable. It is thought 
to accompany aortic aneurysm in 0.3–1 % of cases: it appears to be more common – 
2 to 3 % of cases – when patients present with aortic aneurysmal rupture. Because 

13 Operative Strategies



214

in contemporary practice, the overwhelming majority of aneurysm patients are 
managed by endovascular means, an intrinsic diagnostic component of which 
includes ultrasound, CT, MR, or aortographic imaging of the aneurysm, an accurate 
determination of the prevalence of aortocaval fistula associated with abdominal aor-
tic aneurysm should now be possible. Perhaps as a more useful guide, during the 
author’s 40-year vascular surgical career (of which a substantial part has been 
devoted to the open management of aortic aneurysms), he has managed only four 
patients with an aortocaval fistula.

Risk factors for the development of aortocaval fistula include not only the pres-
ence of a contiguous aortic aneurysm but marked aneurysm sac enlargement as 
well: in one series of patients with an aortocaval fistula, the average aneurysm diam-
eter was 11 cm [112]. Upon extremely rare occasions, mycotic aortic aneurysmal 
infection may be associated with aortocaval fistula development [113]. An  aortocaval 
communication may develop in the absence of an aortic aneurysm, usually on a 
congenital basis [114] or due to penetrating trauma [115]: iatrogenic injury result-
ing in an aortocaval communication, most notoriously during lumbar discectomy 
[116], has occurred. These scenarios are extremely rare and discussion of them is 
beyond the scope of this chapter.

 Anatomy and Pathophysiology

Erosion of an aortic aneurysm into the inferior vena cava is facilitated, of course, by 
the fact that the two vessels are contiguous in the upper retroperitoneal midline. As 
a consequence, an aortocaval fistula will generally be located in the right posterolat-
eral aspect of the aneurysm sac. And, as also noted, increased aneurysm diameter, 
signifying greater compression of the nearby vena cava, and for a longer period of 
time, is associated with a higher likelihood of fistula formation [112]. A few cases 
of erosion of an aortic aneurysm into the left renal vein, almost always when it is in 
a retroaortic position, have been reported [117]. Erosion of an aortoiliac aneurysm 
into a common iliac vein has also been reported [118]. The pathophysiology and 
clinical presentation in such circumstances does not otherwise differ from a “stan-
dard” aortocaval fistula].

As noted above, certain aortocaval fistulas may be asymptomatic and thus an 
unexpected finding at the time of aneurysm imaging (Fig. 13.29) or open repair. In 
other circumstances, patients may present with symptoms consistent with what is, 
in essence, a large central arteriovenous fistula resulting in increased cardiac pre-
load and high-output physiology, i.e., elevated cardiac output, an increased pulse 
pressure, diminished peripheral resistance, and tachycardia.

Because aortic aneurysms almost always occur in the context of advanced age 
and, not infrequently, chronic cardiac dysfunction, the resultant increase in car-
diac preload associated with a large aortocaval fistula often results in high-output 
congestive heart failure, upon occasion lethal if not identified and treated urgently 
[119, 120]. The predictable onset of congestive heart failure following develop-
ment of an aortocaval fistula has in fact resulted in a well-validated animal model 
for studying the pathophysiology of congestive heart failure [121].
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 Clinical Presentation and Diagnosis

As noted, the essence of the presentation of an aortocaval fistula is the development 
of a large central arteriovenous fistula. Clinically, turbulent fistula flow may produce 
an audible epigastric bruit, and upon occasion, abdominal wall venous collaterals 
can be observed. Markedly elevated inferior vena caval pressures may result in 
lower body anasarca, and elevated renal venous pressures may be associated with 
hematuria [122]. The aortic aneurysm itself may be not only pulsatile, but a midab-
dominal thrill may be palpable.

Imaging studies will not uncommonly demonstrate evidence for a central arterio-
venous communication, predominantly on the basis of early venous filling on CT 
scan (Fig. 13.30) or MRA [123, 124]. Retroperitoneal and/or abdominal wall venous 
collateral opacification may be evident. During duplex scanning of an aortic aneu-
rysm, a focal high velocity signal on the right side of the aneurysm may be indica-
tive of an aortocaval fistula [125, 126].

As previously noted, in contemporary practice, an aortocaval fistula will gen-
erally be identified during the detailed contrast-enhanced imaging that always 
attends endovascular aneurysm repair or upon aortography preparatory to EVAR 
placement (Fig. 13.31). Historically, an aortocaval fistula might only be 

Fig. 13.29 Abdominal CTA shows contrast flow from the AAA lumen into a crescentic, mostly 
effaced IVC. Note substantially increased aneurysm diameter, a risk factor for the development of 
aortocaval fistula [112]
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Fig. 13.30 Early venous filling, as seen in this abdominal CTA, is diagnostic of arteriovenous 
fistulization in general and aortocaval fistula in particular

Fig. 13.31 Aortic aneurysm sac contrast injection preparatory to EVAR placement for ruptured 
AAA (Note aortic occlusion balloon) displays IVC opacification and “uncovers” a previously 
undiagnosed aortocaval fistula
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 diagnosed upon  torrential venous bleeding occurring at the moment of incision 
of the aneurysm sac during open aneurysm repair.

 Management

Aortocaval fistula, once developed, is a morbid and potentially lethal problem, pre-
dominantly because of its effect on central cardiopulmonary hemodynamics. Such 
patients are at elevated operative risk because of their cardiac dysfunction. If the 
diagnosis is made preoperatively, repair is urgent.

Currently, the vast majority of aortic aneurysms are repaired by percutaneous 
endovascular means. Endovascular stent graft (EVAR) decompression of the aortic 
aneurysm sac and resultant aneurysm sac thrombosis should be expected to halt any 
significant flow through the aortocaval fistula [127, 128]. The presence of any one 
of the various types of post-EVAR endoleak might be expected to result in persistent 
aortocaval fistula flow; successful endoleak management generally should be cura-
tive, although upon unusual occasions, covered stent placement within the inferior 
vena cava to halt flow through a persistent aortocaval fistula has been required [129].

Open repair of aortic aneurysm is now uncommonly performed, usually obligated 
because of perirenal aortic “neck” anatomy deemed unfavorable for EVAR. Accordingly, 
only a vanishingly small number of aneurysms complicated by aortocaval fistula will 
be managed by open techniques. If such an uncommon circumstance presents itself, 
the dilemma is that what was initially an elective (or, at worst, urgent) open aneurysm 
repair may be converted, at the time the aneurysm sac is opened, into potentially cata-
strophic venous back bleeding from the uncontrolled inferior vena cava. Optimal 
operative strategy at the time should include the use of an autotransfuser, digital, and/
or sponge-stick control of venous bleeding (if the fistula has been diagnosed preopera-
tively, positioning of a large occlusion balloon in the inferior vena cava may provide 
substantial hemostatic control [130], avoidance of attempts to dissect and control the 
friable inferior vena cava, and fistula closure with large deep monofilament suture 
bites of the site of venous back bleeding [131]). Care must be taken at this time that 
mural thrombus from within the aneurysm sac not be translocated into the inferior 
vena cava, whence it might then embolize into the pulmonary circulation [132].

Patients who have had a long-standing aortocaval fistula may require careful post-
operative volume management, since the excess extracellular volume they have accu-
mulated will need to be cleared via the kidneys and heart which have been in varying 
degrees of failure for weeks or months. Aggressive dialysis or CRRT may be required.

 Outcomes

A large majority of patients with aortic aneurysm associated with an aortocaval 
fistula should achieve satisfactory management of this problem following EVAR 
placement, and if the original aortocaval fistula was small, it may well not even be 
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evident that it has been repaired. A substantial proportion of patients so managed 
should experience improved cardiopulmonary and renal function after repair of the 
aortocaval fistula because such treatment has resolved the patient’s preexisting cen-
tral arteriovenous fistula and its resulting hyperdynamic, hypervolemic state [133].

 Dealing with Ruptured Common Iliac Artery Aneurysms

Matthew J. Eagleton and Jarrad Rowse

 Introduction

Common iliac artery aneurysms can occur in isolation or in association with abdom-
inal aortic aneurysms (AAA). Most asymptomatic iliac artery aneurysms are dis-
covered incidentally as a result of the widespread use of abdominal ultrasonography 
and computed tomography (CT); however, their natural history remains largely ill- 
defined. Common iliac artery aneurysms are defined as greater than 1.85 cm in men 
and 1.5 cm in women with the rate of rupture increasing significantly once the 
aneurysms are greater than 3.0 cm [134, 135]. Endovascular repair has enabled a 
safer approach to elective surgery, but the rate of mortality with rupture of iliac 
artery aneurysms remains relatively high. In addition, the presence of an iliac artery 
aneurysm can alter the treatment algorithm for those patients presenting with an 
AAA. This may have even greater consequences if the patient presents with a rup-
tured AAA or a ruptured iliac artery aneurysm.

 Incidence and Etiology

Iliac artery aneurysms are the most common aneurysm following aortic aneurysms; 
however, in isolation, they only constitute 2 % of all aneurysms with an estimated 
0.05 % prevalence in the general population [136]. Common iliac artery aneurysms 
represent the majority (70–90 %) of isolated iliac artery aneurysms with the remain-
der being hypogastric artery aneurysms (10–30 %). External iliac artery aneurysms 
have been rarely reported in isolation, and they even more rarely present with rup-
ture [137, 138]. Typically, iliac artery aneurysms are found in men in their seventh–
eighth decade of life [134, 137]. Most iliac artery aneurysms are due to atherosclerotic 
degeneration and are associated with risk factors not unlike those seen in aortic 
aneurysms, in particular male gender, advanced age, white race, smoking history, 
and hypertension [139]. Less commonly, iliac artery aneurysms may be pseudoan-
eurysms secondary to penetrating trauma or from iatrogenic injury during pelvic, 
hip, or spine surgery [140, 141]. Less than 20 % are inflammatory aneurysms related 
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to Behcet’s disease or arise secondary to dissections, fibromuscular dysplasia, 
Takayasu’s arteritis, other connective tissue disorders, or infection [137, 142].

Common iliac artery aneurysms are more commonly seen in conjunction with 
other aneurysms in particular abdominal aortic aneurysms (AAA). Fifteen to 40 
% of common iliac artery aneurysms are associated with an AAA, and approxi-
mately half of common iliac artery aneurysms are bilateral. About two-thirds of 
patients with iliac artery aneurysms have involvement of more than one segment 
of the iliac artery tree [137]. It is not uncommon to observe a common iliac artery 
aneurysm with an associated hypogastric artery aneurysm, and in particular as 
these aneurysms progress in size, there is a tendency to involve the hypogastric 
artery [143].

 Clinical Presentation

The clinical presentation of solitary common iliac artery aneurysms is quite vari-
able and often obscure. While these aneurysms can present with vague lower 
abdominal and flank pain as the only symptom, approximately 50 % are inciden-
tally found on pelvic imaging. The average size of CIAAs at diagnosis is between 4 
and 5 cm, and as the aneurysm increases in size, the patient may describe urinary 
obstruction, pain on defecation secondary to rectal compression, paresthesias of the 
lower extremity owing to pelvic nerve compression, arterial thrombosis, emboli, 
and fistulae [137, 144]. Clinical signs of rupture include hypotension and abdomi-
nal, groin, or thigh pain. Retroperitoneal rupture may be contained, but intraperito-
neal rupture can be catastrophic with eminent death [137, 143].

Rupture of an associated AAA can occur in up to 50 % of patients with an iliac 
artery aneurysm [135]. Rupture of the common iliac artery aneurysms into the iliac 
vein or inferior vena cava has been described, and this scenario results in a massive 
arteriovenous fistula [145]. Some of these, without retroperitoneal hemorrhage, 
occasionally remain hemodynamically stable for days or even weeks. These patients 
can present with lower limb swelling, a continuous abdominal bruit, abdominal 
pain, decreased lower extremity pulses on physical exam, heart failure, and renal 
dysfunction [135]. Rupture into the adjacent sigmoid colon has also been described, 
with patients presenting with profuse gastrointestinal hemorrhage [146].

If rupture or symptomatic aneurysm is suspected, workup should first include a 
detailed history with special attention to current risk factors for aneurysm develop-
ment followed by a physical examination including abdominal examination, rectal 
examination, and complete vascular examination. Up to 70 % of patients with iliac 
artery aneurysms will have a pulsatile mass on physical exam [137]. Imaging should 
promptly follow history and examination with computed tomography angiography 
(CTA) of the abdomen and pelvis as the first choice for quick and accurate diagno-
sis. Ultrasound may be useful for evaluation particularly if contraindications to CT 
angiography are present. Vascular surgery should be promptly consulted along with 
initiation of resuscitation [137, 138].
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 Elective Repair and Incidence of Rupture

Preventing the mortality associated with common iliac artery aneurysms hinges on 
identifying those patients with significant risk of rupture and providing prophylactic 
repair [144]. Like most aneurysms, the risk of rupture of common iliac artery aneu-
rysms increases with increasing size; however, no ruptures of these aneurysms when 
they are less than 3 cm have been reported [134, 135, 137, 139]. For aneurysms 
between 3 and 4 cm, the risk of rupture is estimated to be 5–9 % over 5 years [147, 
148]. Once these aneurysms reach 6 cm, the rates of rupture have been reported in 
the literature from 14 to 70 % and mortality as high as 60 % [137, 139]. In contrast, 
mortality as low as 5 % has been reported in open elective repair and even lower 
approximately 1 % in endovascular repair [134, 135, 139].

Recommendations for elective repair continue to evolve as we learn more about 
the progression and natural history of common iliac artery aneurysms. Elective 
repair has traditionally been recommended for iliac aneurysms of at least 3 cm, but 
more recently, several studies have advocated 3.5 cm as the mark for elective 
repair. Aneurysm expansion appears to accelerate after 3 cm, and aneurysms 
between 3 and 5 cm expand at 0.26–0.29 cm/year in two studies [134, 135]. These 
studies recommend serial follow-up for aneurysms less than 3.5 cm, while repair 
in high- risk patients can be delayed until the aneurysm has reached 4 cm. All 
symptomatic aneurysms or those larger than 5 cm should be repaired expeditiously. 
Furthermore, if a coexisting AAA is present with indicated repair, an IAA that is 
less than 3 cm should be considered for concomitant repair particularly due to the 
risk of peri-graft degeneration and subsequent development of type 1b endoleaks 
[137, 149, 150].

 Surgical Approaches

The approach to open surgical and endovascular treatment of elective and ruptured 
iliac artery aneurysms is dependent on the morphology of the aneurysm. These can 
be broken into five broad categories: common iliac artery aneurysms (CIAA) with 
proximal and distal neck adequate for open or endovascular repair, isolated CIAA 
with adequate proximal neck and disease that extends to the common iliac bifurca-
tion, CIAA with adequate proximal neck and disease extending past the common 
iliac bifurcation, CIAA with inadequate proximal neck due to either proximal 
extension of the iliac disease or concomitant AAA, and bilateral CIAA [151]. Other 
classification systems based on the ability to treat aneurysm with endovascular ther-
apy have been developed [152]. Hypogastric artery aneurysms represent an addi-
tional anatomic challenge, but will not be addressed in detail within this chapter. 
Those patients with compromised proximal common iliac arteries will require open 
or endovascular repair that extends onto the aorta. The same is true for those with 
bilateral common iliac artery aneurysms. In many cases, aneurysmal disease that 
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extends down to the level of the common iliac artery bifurcation can have preserva-
tion of pelvic flow with preservation of the hypogastric artery utilizing open repair, 
but this becomes much more challenging with an endovascular approach.

 Open Surgical Repair

Open repair of ruptured common iliac artery aneurysms are frequently managed in 
the same manner as ruptured AAA. Open repair of isolated iliac artery aneurysms 
can be approached from transperitoneal or retroperitoneal approaches based on 
patient anatomy and surgeon’s preference. If there is suitable proximal non-aneu-
rysmal iliac artery, the common iliac artery aneurysm may be repaired with a simple 
interposition graft (Fig. 13.32). When the entire iliac artery is involved, however, 
more proximal aortic control with a graft sutured to the infrarenal aorta performed. 
Management of the distal aspect, during open repair, can be managed with surgical 
control of both the hypogastric artery and external iliac artery. This can be accom-
plished with surgical clamps or placement of occlusion balloons. The limb of the 
graft can be fashioned so that it is anastomosed directly to the common iliac bifurca-
tion incorporating the ostia of both branch vessels (Fig. 13.33). If there is significant 
splaying of the two branches, they can be incorporated into individually utilizing a 
side branch sutured to the iliac limb creating a bifurcated-type system (Fig. 13.34), 
thus preserving pelvic flow. Even in elective repair, incorporation of the internal 
iliac artery may not be possible in up to 30 % of patients, thus resulting in the need 
to ligate this vessel [135]. In instances of hypogastric artery aneurysm or patient 
instability, it may be necessary to sacrifice the internal iliac artery with suture liga-
tion of its origin or its branches. A further discussion of hypogastric artery sacrifice 
and its complications is discussed in more detail below.

 Endovascular Repair

Proximal Landing Zone Management

Endovascular repair of common iliac artery aneurysms requires a suitable proximal 
and distal fixation and seal. As with open repair, isolated iliac artery aneurysms with 
suitable proximal diameter and length may be treated with endovascular repair con-
strained to the iliac artery (Fig. 13.35). With the availability of covered self- expanding 
stent graft systems such was the Fluency stent graft (Bard, Tempe, AZ), Gore Viabahn 
(Gore Medical, Flagstaff, AZ), and the Wallgraft (Boston Scientific, Marlborough, 
MA), endovascular repair has become more readily accessible [153–155]. In addition, 
the isolated use of iliac limbs from EVAR devices has allowed for treatment of elective 
and ruptured common iliac artery aneurysms. The limitations of these devices, how-
ever, are their proximal diameter and assuring that this allows for adequate oversizing 
in the proximal common iliac artery in order to provide a durable seal and fixation. In 
the setting in which the proximal common iliac artery is too large, consideration for 
use of a conventional EVAR device in the proximal location should be given.
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Distal Landing Zone Management

Hypogastric Artery Preservation

Distal fixation depends on the diameter, length, and aneurysmal involvement of 
the distal common iliac artery. Current stent graft iliac limbs allow for incorpora-
tion of distal seal zones with a diameter of 25 mm (with use of a 28 mm distal 
iliac limb). This is frequently referred to as the “bell-bottom” technique, which 
allows for sealing in a larger iliac artery and preservation of antegrade flow into 
the internal iliac artery [156]. This can also be accomplished by mating a proxi-
mal aortic cuff with an iliac limb in order to obtain a distal seal [157]. These 
techniques have shown early technical success, but given the large size of the iliac 
artery, patients undergoing these types of procedures require close, long-term 
follow-up due to the potential for continued expansion and ultimate failure with 
the development of a type Ib endoleak. If the diameter is larger, or the aneurysm 
extends into the origins of the external or internal iliac arteries, sacrifice of the 
hypogastric artery may be necessary with extension of the distal landing zone into 
the external iliac artery.

Figs. 13.32, 33 and 34 Illustrations demonstrating open repairs of iliac artery aneurysm that 
allows for preservation of both the external and internal iliac artery
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In the elective setting, it has been estimated that nearly one-quarter of EVAR 
cannot be performed without addressing an internal iliac artery [158, 159]. If it is 
felt that preservation of the internal iliac artery is mandatory and a distal seal cannot 
be obtained using conventional endovascular devices, alternate methods are 
employed in an attempt to preserve hypogastric patency. One option is to utilize 
hybrid procedures using open techniques to preserve hypogastric perfusion. This 
can include relocation of the hypogastric artery to the ipsilateral external iliac artery 
directly [160]. Alternately bypasses to the internal iliac artery can be performed 
either arising from the external iliac artery or in a retrograde fashion arising from 
the femoral artery [161, 162]. When the clinical situation does not allow for this 
increased complexity, such as with a ruptured aneurysm, more creative approaches 
have been described such as aorto-uni-iliac endovascular repair combined with fem-
orofemoral arterial bypass and endovascular preservation of external to internal 
iliac artery flow using stent grafts (Fig. 13.36).

Alternate endovascular techniques have been developed to allow for preservation 
of both internal iliac artery and external iliac artery flow while excluding the com-
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Fig. 13.35 Postoperative computed tomography (CT) scan from a patient who underwent endo-
vascular therapy for ruptured right common iliac artery and hypogastric artery aneurysms. (a) The 
residual aneurysm sac is visible (arrow). (b) To exclude the aneurysms, it was necessary to coil 
embolize the branches of the hypogastric artery aneurysm individually (arrow). (c) There was suf-
ficiently sized common iliac artery length and diameter that the limb of an endograft was used to 
obtain a proximal seal within the common iliac artery and distal seal within the external iliac artery 
(arrow). Postoperatively, the patient had no complaints of buttock claudication
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mon iliac artery aneurysm. The majority of these techniques have been described in 
the elective setting, but they can be easily transferred into the emergent setting if 
necessary. One of the most commonly described techniques is the use of parallel 
graft techniques, also known as double-barrel, chimney-graft, or sandwich tech-
niques. In most cases, an EVAR is placed in the proximal aorta. In some instances, 
a large iliac limb is utilized with two additional stent grafts placed next to each other 
within this limb – one preserving flow into the external iliac artery and one into the 
internal iliac artery (Fig. 13.37). This approach requires that stent graft supplying 
the internal iliac artery be advanced from a more proximal approach such as the 
brachial or axillary artery. Alternately, the graft supplying the internal iliac artery 
can run parallel to the aortic graft and extend up to the level of the renal arteries. 
These approaches have demonstrated to have excellent initial technical success in 
the elective setting, but there is no significant data on their use in the emergent treat-
ment of ruptured iliac artery aneurysms [163–167]. While initial use appears to be 
successful, long-term outcome assessments are not available. One of the biggest 
advantages of these techniques is that the procedure can be performed with cur-
rently available commercial products.

Endovascular technology is rapidly advancing, and these techniques will likely 
be replaced with the use of anatomy-specific devices designed for branching into 

Fig. 13.36 Illustration demonstrating an aorto-uni-iliac device, femorofemoral bypass, and 
external to internal iliac artery stent grafting
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the internal iliac artery with iliac-branch devices (Fig. 13.38). These devices have a 
branch incorporated into the main common iliac artery limb, with delivery systems 
designed to allow for easy cannulation of this additional branch. In the United 
States, these devices are currently under clinical evaluation and not commercially 
available, and their use in emergent settings has not been reported. In the elective 
setting, however, their use has excellent technical success with outstanding mid- 
and long-term patency rates, even in complex anatomy [168, 169].

Hypogastric Artery Sacrifice

In some instances and in cases in which time to exclusion of a ruptured aneurysm 
requires rapid intervention, occlusion of the internal iliac artery is necessary. This 
may occur in both endovascular surgery and open surgery (as discussed above). 
Coverage of a stent graft into the external iliac artery and resultant hypogastric 
artery occlusion can be necessary in order to obtain a durable distal fixation and 
seal. There are several options for hypogastric artery management in this setting 
which depend on specific patient anatomy. In situation in which there is at least 
5 mm of parallel iliac artery proximal to the hypogastric origin and 15 mm distal, 
simple coverage of the origin of the hypogastric artery can suffice, without any 
additional intervention necessary [170]. This technique assumes 10–15 % oversiz-
ing of the iliac limb or stent graft.

When the sealing zone is not adequate near the origin of the hypogastric artery, 
further efforts must be made to occlude that vessel in order to prevent a type 2 
endoleak. The origin of the hypogastric artery, if it is not aneurysmal, can be occluded 
with either coils (Fig. 13.37) or occluder/plug devices. These procedures provide the 
ability to completely seal the iliac artery aneurysm on that side. In the setting of 
aneurysmal hypogastric artery aneurysms, occlusion of this vessel near its origin 
may not be possible, and in these cases, each of its subsequent branches needs to be 
selectively occluded prior to placement of the endovascular stent graft (Fig. 13.35). 
Failure to occlude these branches can result in continued perfusion of the aneurysm 
and ongoing hemorrhage in the emergent setting of a ruptured aneurysm.

While sometimes necessary, occlusion of the hypogastric artery should not be 
considered an innocuous procedure. Ischemic complications following hypogastric 
artery occlusion are not uncommon and can range in severity from mild buttock 
claudication to colonic and rectal ischemia requiring resection. Given this, if pos-
sible, attempts at preservation of at least one hypogastric artery should be attempted 
if possible in this emergent setting. It has been suggested that interruption of the 
internal iliac arteries at its origin only that preserves the deep pelvic collaterals, and 
preservation of ipsilateral and iliac and femoral circumflex arteries are critical in 
limiting pelvic ischemic complications and obtaining best outcomes [171] Studies 
not focusing on preserving pelvic collateral circulation, however, have reported pel-
vic ischemic complication rates approaching 40 % in patients who have undergone 
bilateral hypogastric artery occlusions [158, 172, 173]. The most common compli-
cation of hypogastric artery occlusion is the development of buttock claudication 
ranging from 10 to 60 % of the cases, with higher rates in those patients requiring 
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bilateral occlusions [158, 162, 171–182]. In a meta-analysis assessing outcomes 
from hypogastric occlusion during EVAR report, the overall incidence of buttock 
claudication is approximately 28 %, with an incidence of 31 % in those undergoing 
unilateral embolization and 35 % in those undergoing bilateral embolization 
(p = 0.46) [159]. This insignificant difference between unilateral and bilateral hypo-
gastric artery embolization likely highlights the importance of ipsilateral iliac and 
femoral circumflex arteries in maintaining pelvic collateral flow [178, 193]. In addi-
tion, the need for embolization in the more distal branches of the hypogastric artery 
is also associated with an increased incidence of complications [180]. Buttock clau-
dication does improve in up to 50 % of patients over time, but in those in whom it is 
persistent, it severely affects their quality of life [183]. Another complication of 
concern is the development of new-onset erectile dysfunction which ranges from 9 
to 43 % [171, 172, 176, 178, 184], with an overall incidence on meta-analysis of 
17 %, with a nonsignificant but slightly higher rates in those undergoing bilateral 
embolization (15 % versus 18 %) [159]. Several studies have described some of the 
rare complications after elective hypogastric artery occlusion including sciatic 
nerve palsy, paraplegia, gluteal necrosis, and colonic ischemia, although patients 
included in many of these studies had embolization of deep internal iliac branches 
which has a significantly higher incidence of pelvic ischemia [180, 183–186, 192].

 Outcomes of Emergent Repair

Outcomes of elective endovascular repair of common iliac artery aneurysms are 
excellent and are associated with low mortality rates. The outcomes for treatment of 
ruptured iliac artery aneurysms are few in number and are largely reported in small 

Fig. 13.37 Serial imaging from a patient that underwent elective endovascular repair of bilateral 
common iliac artery aneurysms that developed distal to an aorto-bi-iliac artery graft. (a) On the 
right side, the patient had previously undergone coil embolization (arrow) of the origin of the 
hypogastric artery and stent graft exclusion of the common iliac artery aneurysm with extension 
from the surgical graft to the external iliac artery. (b) When the patient subsequently underwent 
repair of the left common iliac artery, attempts were made to preserve hypogastric artery flow. In 
order to achieve hypogastric preservation, initially a large Gore Excluder graft (Gore Medical, 
Flagstaff, AZ) was placed in the left limb of the surgical graft and extended to just above the iliac 
bifurcation (arrow). Through an axillary artery exposure, antegrade access was obtained through 
this graft and into the hypogastric artery (triangle). (c) Two Viabahn stent grafts were delivered 
from below through the femoral artery and from above through the axillary artery and extended 
from the Excluder above into the external iliac artery (open arrow) and internal iliac artery (solid 
arrow), together creating a seal within the Excluder graft proximally. (d) This allowed for exclu-
sion of the common iliac artery aneurysm with preservation of both of its branches
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case series or single-incident case reports [146, 187–189]. There is limited informa-
tion specifically evaluated outcomes from larger case series. In an analysis of 31, 
161 patients undergoing elective and emergent isolated iliac artery aneurysm repair 
from 1988 to 2011 from the National Inpatient Sample, endovascular aneurysm 
repair has increased steadily over time, surpassing open repair in 2003 [190]. The 
overall rate of repair increased after the introduction of endovascular repair from 28 
to 71 repairs per 10 million in the US population. In addition, total deaths decreased 
from 4.4 to 2.3 deaths per 10 million of the US population after the introduction of 
endovascular repair. Interestingly, of all the deaths in 2011, 73 % were after open 
repair despite the fact that open repair comprised only 20 % of total isolated iliac 
artery aneurysm repairs performed in 2011. Overall operative mortality for elective 
and urgent repairs decreased from 13.4 to 2.4 % during this period. The number of 
urgent repairs, however, has remained stable at approximately 15 procedures per 10 
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Fig. 13.38 An example of a hypogastric branched endograft system made by Cook Medical (Cook 
Medical, Bloomington, IN). The device is made to mate with a standard infrarenal aortic endograft 
main body component (a). The hypogastric branched endograft (c) is placed first and mated with 
the internal iliac artery with a branch extension (d) which is either a balloon expandable stent graft 
or self-expanding stent graft. Once completed, the main body bifurcate component is placed and 
the contralateral iliac artery sealed with a standard iliac component (b). The hypogastric branched 
endograft is mated with the bifurcate component with a bridging segment (e). Ultimately these 
components are interlocked to allow for proximal and distal seal above and below aortoiliac aneu-
rysms providing for preservation of flow to at least one internal iliac artery (f). Different configura-
tions of this design from different companies are currently under clinical evaluation
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million of the US population. For patients undergoing urgent procedures, the in- 
hospital mortality was 7.5 % for open repair versus 1.1 % for endovascular repair 
(P < 0.001).

Huang et al. evaluated the outcomes from the Mayo Clinic for 715 patient 
undergoing elective and emergent repair of common iliac artery aneurysms using 
either open surgery (N = 394, 90 %) or endovascular repair (N = 44, 10 %) [135]. 
While not specifically focusing on the treatment of ruptured iliac artery aneu-
rysms, it is the largest series of both elective and urgent/emergent iliac artery 
aneurysm repairs reported. Mortality rates were greater in those patients under-
going emergent repair (3 % versus 27 %, P < 0.001). Major complications 
occurred in 23 % of patients and were more common after emergent repair. 
Primary and secondary patency rates of the iliac limb were 99 % and 100 %, 
respectively, and did not differ between open and endovascular repair. For those 
undergoing endovascular repair, 31 % of patients had an endoleak diagnosed at 
discharge – but this represented a 90 % freedom from type 1 endoleak. Five-year 
survival was better in those patients undergoing elective repair compared to 
emergency surgery (68 ± 3 % versus 34 ± 8 %, P < 0.001). Three- year survival was 
similar between those undergoing open and endovascular repair (both elective 
and emergent repairs combined), and rupture was the best predictor of decreased 
survival (P < 0.001).

Five-year patency rates after open repair were higher after elective (97 ± 1 %) 
compared with emergency repair (73 ± 12 %, P = 0.03). At 3 years, there was no dif-
ference in patency rates for combined open and elective repair when comparing 
open and endovascular results. For the whole group, there was a trend toward higher 
rates of reintervention for those undergoing endovascular repair (9 % versus 18 %, 
P = 0.06), with a 5-year freedom from reintervention of 79 % ± 2 %. Freedom from 
reintervention was higher in those undergoing elective open repair (87 % ± 2 %) 
compared with those undergoing emergent open repair (72 ± 8 %, P = 0.002). After 
both elective and emergent repair, the incidence of buttock claudication survivors 
was higher in those undergoing endovascular repair (34 % versus 5 %, P = 0.001). 
Buttock claudication was associated with hypogastric artery occlusion and occurred 
in 27 % of patients after open repair who underwent internal iliac artery ligation and 
45 % of those after endovascular repair who had internal iliac artery embolization – 
this did not differ significantly.

Chaer and colleagues presented outcomes of 71 patients undergoing open 
(N = 19) or endovascular (N = 52) repair of iliac artery aneurysms [191]. Fifteen 
(21 %) patients in this series were symptomatic: 7 in the open group and 8 in the 
endovascular group. Symptomatology included flank pain, claudication, distal 
embolization, and ureteral obstruction. Of these, only 7 patients presented with 
acute rupture (4 with open repair and 3 with endovascular repair). In those present-
ing with rupture, the mortality rate was 50 % in those undergoing open repair and 
33 % in those undergoing endovascular repair. Similarly, Patel et al. report on a 
series of 56 patients treated with open (N = 24) or endovascular (N = 32) repair of 
iliac artery aneurysms [139]. In this series, only 7 patients were treated for rupture, 
with the majority (N = 6) being repaired with open surgery. Postoperative morbidity 
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was observed in this group with two patients suffering ureteral injury: 1 patient with 
an open abdomen and 1 patient with postoperative hemorrhage requiring a return to 
the operating room. No morbidity was observed in the one patient that underwent 
emergent endovascular repair. Thirty-day mortality for those undergoing open, 
emergent repair was 17 %. There was a trend toward longer hospital stays for those 
undergoing emergent open repair versus endovascular repair (22 days versus 9 days, 
P = 0.26). Overall, long-term patency rates of the iliac limbs were similar between 
the two groups and approached 98 % at 5 years.

 Conclusions

Common iliac artery aneurysms remain an ill-defined medical condition that we are 
continuing to develop an understanding of with regard to their natural history and 
timing of intervention. Common iliac artery aneurysm rupture is similar to AAA 
rupture with regard to clinical presentation and outcomes. Open repair remains a 
viable treatment option for these patients, but is rapidly being replaced by a variety 
of endovascular technologies. Outcomes for these techniques, both acute and long- 
term, may hinge on the ability to preserve at least on internal iliac artery. With 
advancements in technology, this will become increasingly easy with improved 
short- and long-term outcomes. These approaches will be readily applied to the 
emergent settings and may dramatically improve outcomes.

 Management of Ruptured Abdominal Aortic Aneurysms 
in Association with Aortic Dissection

Sira M. Duson and Edward Y. Woo

 Introduction

Abdominal aortic aneurysm (AAA) rupture and aortic dissection combined are the 
most common cause of aortic death in the United States [194]. AAA rupture is the 
15th leading cause of death overall and 10th in men greater than 55 years of age 
[195]. Thirty to 50 % of these patients die before reaching the hospital. Another 
30–40 % die after reaching the hospital without ever having surgery. The operative 
mortality rate is 30–50 % and the overall mortality rate approaches 80–90 % [196]. 
There are 9,000 new cases of descending thoracic aortic dissections (TBAD) reported 
per year in the United States with an incidence of 0.5–4 cases per 100,000 per year 
[196]. Uncomplicated TBAD treated with best medical management have survival 
rates of 85 %, 71 %, 38 %, and 20 % at 1, 5, 10, and 15 years, respectively [197]. 
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These aortic pathologies are independently devastating. Together, ruptured abdomi-
nal aortic aneurysm in association with aortic dissection (rdAAA) presents an espe-
cially challenging situation. Principles of aneurysm and dissection management 
must both be considered, in order to facilitate effective and durable intervention.

The purpose of this chapter is to present potential management options for an 
rdAAA. As mentioned, this condition is especially challenging to treat since ade-
quate repair of the dissection and ruptured aneurysm must be achieved. Dissection 
results from a tear in the intimal layer of the aorta, permitting blood flow within the 
medial layer [194, 195]. A false lumen is created in the intramural space as a result 
of the cleavage plane that develops between the layers of the intima and media 
[198]. Meanwhile, aneurysm formation involves a complex process of destruction 
of the aortic media and supporting lamina through degradation of elastin and col-
lagen [199]. This leads to a decrease in tensile strength in the aortic wall, which can 
then lead to aneurysm formation and potential rupture [199]. In addition, aneurys-
mal degeneration can occur in aortic dissections due to the weak wall of the false 
lumen. In the case of rupture, the goal is to control hemorrhage by sealing the rup-
ture and/or replacing the injured aorta.

Concurrent aortic dissection and AAA was once thought to be rare [200] 
(Fig. 13.39).

Recent studies reveal a subset of patients with type B aortic dissection, at an 
increased risk for later development of AAA and thus eventual potential rupture. 
The patients at highest risk include those with COPD and those 69 years of age or 
older [201]. Male gender, history of smoking, and chronic dissection were also 
associated with AAA, but to a lesser degree [201]. Other studies have determined 
predictors of aortic growth in the setting of acute thoracic dissection; however, 
these studies are not limited to abdominal aortic growth. It may be important to 
be aware of these predictors of aortic growth, since the abdominal aorta may also 
be affected. Van Bogerijen et al. [202] conducted a systemic literature review and 
summarized several predictors of aortic growth in uncomplicated acute type B 
aortic dissection. These factors include age <60year, white race, Marfan syn-

Fig. 13.39 Simultaneous 
abdominal aortic aneurysm 
and dissection
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drome, fibrinogen-fibrin degradation product level ≥20 ug/mL at admission, aor-
tic diameter ≥40 mm on initial imaging, proximal descending thoracic aorta false 
lumen (FL) diameter ≥22 mm, elliptic formation of the true lumen, patent FL, 
partially thrombosed FL, saccular formation of the FL, presence of one entry tear, 
large entry tear ≥10 mm located in the proximal part of the dissection, FL located 
at the inner aortic curvature, fusiform dilated proximal descending aorta, and 
areas with ulcer-like projections [202]. Perhaps the patients with these aforemen-
tioned characteristics warrant more intense serial observation to monitor for aor-
tic growth.

Several studies have demonstrated that endovascular repair of standard abdomi-
nal aortic aneurysms has more promising outcomes [198, 203]. Although, open and 
endovascular approaches can be utilized in treating a ruptured abdominal aortic 
aneurysm in association with dissection, the focus of this chapter will primarily be 
endovascular management.

 Diagnosis

Imaging modalities available to evaluate rdAAA include CT, MRI, and ultra-
sound. CT angiogram can be quickly obtained and useful in planning an endovas-
cular aortic intervention. MR angiography also provides information about the 
rdAAA, but in the setting of an aortic rupture, MRA is a lengthy exam to under-
take. Furthermore, MR offers little information on calcification and thrombus 
which is important especially for endovascular repair. Ultrasound is a quick 
screening tool that can be used at the bedside to help reveal the presence of a 
rupture. However, it does not offer the specific information that is seen on axial 
imaging. Intraoperatively, intravascular ultrasound (IVUS) is even more helpful. 
IVUS is able to differentiate the true and false lumens, demonstrating the proxi-
mal and distal extent of the dissection flap, in addition to offering information on 
the aortic anatomy.

 Preoperative Management

Similar principles of preoperative management should apply to rdAAA as in a rup-
tured abdominal aneurysm without dissection. If the patient is slightly hypotensive, 
without clinical signs of end organ ischemia, there is no need for aggressive hydra-
tion. Elevating the blood pressure increases chance of hemorrhage by overcoming 
the tamponade created during the initial rupture [204]. If there is evidence of 
decreased perfusion such as altered mental status or oliguria, resuscitation with 
blood is preferable to crystalloid fluid. Excessive isotonic fluid dilutes the blood 
volume leading to a decrease in red blood cells, platelets, clotting factors, and over-
all coagulation [205].
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 Open Surgical Management

Open repair of rAAA follows the tenets for standard open repair. However, if the 
dissection flap extends proximally or distally beyond the aneurysm, surgical fenes-
tration is required. Proximally, supraceliac control of the aorta should be obtained. 
The aortotomy still only involves the aneurysm sac, but resection of the dissection 
flap is performed with long scissors extending proximally. This then allows for sew-
ing the proximal anastomosis to one lumen. The fragile nature of the freshly dis-
sected aortic wall may require suture buttressing in the form of Teflon pledgets. 
Similarly, the distal anastomoses are treated in the same manner. Often, a bifurcated 
graft is needed to allow for the surgical fenestrations to be extended into each iliac 
artery distally. It is important to remember that the clamps need to be placed in a 
location far enough away from the planned anastomosis to allow for the fenestration 
to be performed.

 Endovascular Management

Endovascular management of rdAAA involves repairing the ruptured abdominal 
aortic aneurysm and working around a dissection flap. If the dissection is isolated to 
the aneurysm, then treatment is essentially the same as treating a standard 
AAA. When the dissection involves the sealing zones in the normal aorta and/or 
iliacs, treatment becomes more complicated (Fig. 13.40a, b). Standard procedures, 
such as balloon occlusion, for treating a rAAA should be implemented as needed.

Optimal planning is necessary to ensure appropriate exclusion of the aneurysm. 
Groin access with open surgical exposure is especially useful if the dissection 
extends to the distal external iliac arteries or common femoral arteries (Fig. 13.41). 
Intravascular ultrasound (IVUS) can be very helpful in differentiating the true and 
false lumens and confirming that access is within the true lumen (Fig. 13.42). It is 
also helpful in preventing the wire from traversing in and out of the true and false 
lumens during passage up the aorta. Deploying a stent graft within the false lumen 
of the aorta and/or iliac vessels could have devastating consequences. For this rea-
son, IVUS should be utilized, if possible, to confirm true lumen placement.

Choosing the type of stent graft is partially based upon individual experience and 
partially based upon anatomic considerations. Suprarenal fixation may or may not 
be desired depending on the dissection flap. In addition, utilization of a unibody 
versus a modular device versus an aorto-uni-iliac device should be determined by 
the extent of the dissection and how difficult management of the contralateral limb 
will be due to the dissection.

One of the most challenging aspects of treating rdAAA is obtaining a seal if the 
dissection extends beyond the aneurysm sac. In either situation, the flap prevents 
apposition of the endograft to the full aortic wall allowing for continued perfusion 
of the sac and rupture. Resolution of this issue can be approached from many differ-
ent means.
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Fig. 13.40 An aortic 
dissection extending to the 
proximal (a) and distal (b) 
endovascular seal zones

Fig. 13.41 A dissection flap 
extending into the left 
common femoral artery

M.W. Causey et al.



235

Fig. 13.42 Intravascular 
ultrasound of the aorta 
demonstrating an aortic 
dissection. Note the wire and 
IVUS probe in the true 
lumen

In an acute setting with a type B dissection, the flap may still be mobile. As a 
result, TEVAR to treat the dissection and entry tear with extension to the celiac 
artery in combination with EVAR to treat the infrarenal aneurysm could lend enough 
radial force to fully expand the true lumen and exclude the false lumen by shifting 
the flap completely. Uncovered balloon expandable stents can also be used, espe-
cially over the renovisceral segment, to maximize true lumen expansion. However, 
abdominal aortic aneurysmal formation and subsequent rupture is rare in the acute 
setting of a type B dissection. More commonly, patients will have a chronic dissec-
tion with chronic aneurysmal degeneration. In these circumstances, the flap is more 
fibrotic and immobile.

Under these circumstances, the goal is to achieve complete exclusion of the 
false lumen, and the extent of the dissection will mandate treatment. Proximally, 
if the dissection extends above the renovisceral segment, flow must be main-
tained to these branches (Fig. 13.43). Complete thoracoabdominal repair with 
branched or fenestrated devices is an option if available. The proximal and dis-
tal seal zones are obtained in the non-dissected vessels, and the remainder of the 
aorta is excluded with perfusion to the renovisceral segment via the branches/
fenestrations [206]. Alternatively, parallel graft construction can be used to 
maintain perfusion and exclude the rdAAA, but significant concern must be 
given to potential gutter leaks that can lead to continued hemorrhage in a rup-
tured situation [207].

Exclusion of the false lumen can also be achieved by covering all fenestrations 
between the true and false lumens. This entails aortic endografting in the thoracic 
and abdominal aorta to cover all aortic fenestrations. Covered stent grafts are also 
utilized in the branch vessels to eliminate true and false lumen connections 
(Fig. 13.44). If there are fenestrations in the aortic segment around the renal and 
visceral vessels, then this technique is not viable unless these fenestrations can also 
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be sealed. Furthermore, because this is a rupture, allowing for progressive false 
lumen thrombosis is not an option. Thus, immediate seal and exclusion must be 
achieved or one risks continued hemorrhage from the rdAAA.

Another technique to treat rdAAA is to eliminate the dissection flap and allow 
for endograft apposition to the full aortic wall. Tashiro et al. [208] proposed the 
“cheese wire” technique. Bilateral common femoral artery access is obtained and a 
wire is advanced into the true lumen on one side under IVUS and fluoroscopic guid-
ance. A catheter is advanced over the wire to the dissection flap. The wire is 
exchanged for a 16-gauge Ross Modified Colapinto needle [208]. A large compliant 
balloon is advanced into the false lumen from the opposite femoral artery and 
inflated. The needle is oriented toward the balloon and advanced until it punctures 
the balloon. This confirms that the needle is within the false lumen. A glide wire is 
placed through the needle and snared from the opposite side. Both ends of the wire 
are pulled inferiorly using a sawing motion to shear the intimal flap to a level 2 cm 
proximal to the aortic bifurcation. An endograft can then be placed in the single 
lumen aorta. It should be noted, however, that massive embolization of the dissec-
tion flap may result necessitating open surgical conversion.

Fig. 13.43 An aortic 
dissection extending above 
and involving the 
renovisceral segment
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Fig. 13.44 Placement of covered stent grafts into the  
celiac and left renal arteries to seal fenestrations between  
the true and false lumens

It is important to note that internal iliac artery can serve as a significant 
contributor of flow to the false lumen. Under circumstances where the dissec-
tion extends to the external iliac artery, hypogastric flow to the false lumen 
must be halted. Embolization with a large plug is optimal to induce immediate 
thrombosis. Access to the internal iliac artery can sometimes be challenging. In 
some situations, this can only be obtained by entering the false lumen first 
(Fig. 13.45).

Complete exclusion of the false lumen is ideal for treating rdAAA. However, as 
described above, this may be difficult to perform. As a result, false lumen emboliza-
tion to promote thrombosis may be useful. In addition, this may be helpful to pre-
vent any residual bleeding secondary to a type II endoleak. Norberto et al. [209] 
described entering the false lumen and depositing coils to induce thrombosis. Others 
have described using various glues as well [209]. Another technique described by 
Idrees et al. [210] involves the deploying an occlusion plug. In this case, the occlu-
sion plug is deployed into the false lumen through a distal fenestration [210, 211]. 
Ultimately, complete thrombosis of the false lumen is necessary for successful treat-
ment in the setting of an rdAAA.
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 Conclusion

A ruptured abdominal aortic aneurysm in association with aortic dissection is a rare 
condition. Treatment can be quite complex and difficult. Ultimately, open repair may 
offer the simplest solution to achieving hemostasis. However, this may be poorly toler-
ated in many patients. Endovascular solutions are evolving but must be tailored to the 
patient and the particular anatomy. Ultimately, false lumen exclusion is mandatory.

 Surgical Conversion for Rupture After EVAR

Sean P. Lyden

Key Points
• EVAR failure is growing in incidence.
• Identification of device features influences removal technique.
• Reason for failure influences repair type.
• Hybrid repairs lessen the surgical time when endograft is well 

incorporated.

Fig. 13.45 Accessing the 
internal iliac artery by 
entering the false lumen
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Endovascular abdominal aneurysm repair (EVAR) is now used in the vast majority 
of infrarenal aortic aneurysm repairs yearly in the United States [212]. Studies on 
anatomic criteria suggest that less than 60 % of patients have anatomy amenable for 
EVAR within approved device anatomic limitations [213]. This often forces physi-
cians to perform EVAR in patients outside the stent graft indications for use (IFU) 
[214, 215]. While successful in many instances, devices that are placed outside of 
the IFU have a higher risk of aneurysm growth and failure [215–218]. Although 
some EVAR failures are salvageable by endovascular methods [219–221], many of 
these failures will require open conversion [222, 223]. A 2015 study of Medicare 
patients who had EVAR between 2001 and 2008 found a 5.4 % risk of ruptured 
aneurysm through 8 years [224]. With increased utilization of EVAR, specially out-
side the IFUs, the likelihood of a surgeon emergently treating a ruptured aneurysm 
from a failed EVAR is growing as well. When converting ruptured EVARs to open 
repair, the ultimate goal is to fix the area of rupture, stop the bleeding, and have the 
patient survive.

 Preoperative Considerations

Identification of the type of endograft and the mode of failure is of critical impor-
tance when planning open surgical conversion after EVAR. The type of endograft 
may be discovered in patient’s medical record on a patient’s implant wallet card. In 
the absence of that, it is most accurately determined by plain abdominal x-ray. Plain 
film radiography can also be the best imaging modality to identify component sepa-
ration (type IIIb endoleak) or the previous use of Heli-FX EndoAnchors (Aptus, 
Sunnyvale, CA). When component separation is identified, endovascular repair 
with limb or cuff extension should be considered as a first-line repair (Fig. 13.46). 
The scout image or three-dimensional curved planar reconstruction from computer-
ized tomographic (CT) imaging can also be used but may be more difficult to dis-
cern the metal structure of the device. Some EVAR devices have active fixation, 
some have suprarenal fixation, and some have the stents on the outside of the device, 
while others on the inside. The presence of these various features should be noted 
as they may impact the approach or conduct of the repair (Table 13.3). Devices with 
active fixation can be more difficult to remove and may require cutting of the stent 
struts to allow removal without damaging the aortic wall. Suprarenal fixation is now 
common to many devices. The height of the stent strut above the fabric varies 
between devices from 11 to 35 mm. The higher the device extends into the visceral 
aortic segment will affect potential clamp positions and ability to remove the entire 
stent. The location of the stents on the outside of the fabric, especially on the limbs, 
can make removal of the device more difficult.

When possible CT imaging with intravenous contrast obtained with arterial and 
delayed imaging usually will allow identification of the cause of endograft failure. 
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Table 13.3 Fixation features of FDA-approved endografts

Guidant Ancurea Infrarenal Elgiloy stent with hooks
Medtronic AneuRxb Infrarenal radial force stents outside fabric
Gore Excluder/C3c Infrarenal nitinol stent with anchors
Cook Zenith/Flexd Stainless steel suprarenal stent with barbs
Endologix Powerlink/AFXe Infrarenal or suprarenal nitinol stent without anchors
Medtronic Talentb Suprarenal nitinol stent without anchors
Medtronic Endurantb Suprarenal nitinol stent with anchors
Trivascular Ovation Primef Suprarenal nitinol stent with anchors
Lombard Aorfixg Infrarenal nitinol stent with hooks

aGuidant, Menlo Park, CA
bMedtronic, Santa Rosa, CA
cW.L. Gore Flagstaff, AZ
dCook, Bloomington, IN
eEndologix, Irvine CA
fTrivascular, Santa Rosa, CA
gLombard Medical, Irvine, CA (Note: Ancure, AneuRx, and Talent are no longer sold in the United 
States)

Fig. 13.46 Cook Zenith 
Endograft with bilateral 
limb separation on plain 
film radiograph
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Close evaluation should be done for aneurysmal degeneration of the sealing zones, 
proximal or distal migration, component separation, presence and type of endoleak, 
and graft infection. The reason for failure may significantly alter the surgical 
approach, clamping positions, and reconstruction options including the ability to 
leave functioning components behind. Partial explanting of EVAR devices may 
limit the operative insult and can be successful in accomplishing repair [217, 223]. 
In a series of 100 patients treated with conversion, 22 stent grafts were not com-
pletely removed due to aneurysmal progression of the suprarenal segment with 
AAA exclusion and good distal fixation, difficulty removing a well-incorporated 
endograft both proximally and distally, or isolated limb problem with good proxi-
mal fixation [217].

 Operative Approach

The surgical exposure can be done through retroperitoneal, thoraco-retroperito-
neal, midline, and transverse abdominal incisions. All approaches can be effec-
tive with the key being the anticipated proximal clamp location and reason for 
rupture and conversion. The surgeon’s expertise should be the strongest influ-
ence on the approach taken. When comfortable with all approaches, the thoraco-
retroperitoneal approach offers the most flexibility in options for proximal 
control. This flexibility is more likely to be needed in cases with proximal fail-
ures from aneurysmal degeneration of the pararenal segment and repairs with 
proximal failures of suprarenal fixation devices. The exposure of the paravisceral 
aorta allows proximal extension of the aortotomy above the device to facilitate 
removal.

A midline approach can be better when imaging identifies distal seal failures or 
patients with large iliac aneurysms. This approach will allow better distal control of 
both iliac arteries. When a distal failure is identified in self-expanding EVAR 
devices and the proximal EVAR device remains securely attached in a long neck, 
the aortic neck can be clamped and the proximal portion left in situ.

 Technical Challenges

Case series documenting outcomes removing endografts stent grafts have identi-
fied several technical challenges encountered during removal of endografts 
including periaortic inflammation; removal of suprarenal components; removal of 
hooks, barbs, or endostaples; and endothelialization of uncovered stents 
[225–227].

Inflammation of the tissues around the endograft is found sporadically and can 
increase the difficulty of the exposure both proximally and distally. The etiology for 
this inflammation is not understood and has been identified with all graft types 
including grafts with active and passive fixation and internal and external stents. 
This finding is unpredictable and not always present and can be similar to the 
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inflammation found occasionally when dissecting out chronically occluded arter-
ies. The presence of EndoAnchors may also lead to inflammation as they extend 
through the aortic wall as well. Simple palpation of the aortic wall is adequate to 
identify the location and extent of the endograft components in most cases, but 
preoperative identification on axial imaging in relation to the renal, visceral, and 
iliac vessels is helpful. Devices with active fixation or EndoAnchors may be found 
to penetrate the aortic wall, and care should be taken not to injure one’s self on these 
barbs and hooks.

Proximal control and limiting bleeding is the first objective. Endoluminal proxi-
mal balloon occlusion can be helpful to stabilize the hypotensive patient and can be 
very useful prior to the induction of anesthesia. For endoluminal femoral balloon 
occlusion to be successful, support with a large diameter long sheath is critical to 
avoid distal migration of the balloon. A 12 French 40 cm sheath should be long 
enough to reach the level of the celiac artery and large enough to allow for place-
ment of any occlusion balloon.

When endoluminal control has not been used, proximal exposure should be 
obtained away from the area of rupture and above the endograft. The risk of inad-
vertent injury to adjacent structures is lessened in this fashion. Supraceliac control 
is most commonly used as none of the current iterations of infrarenal aortic endo-
grafts with suprarenal fixation have stents long enough that they should extend 
above the celiac artery.

Midline supraceliac control requires ligation and takedown of the falciform 
ligament, division of the left triangular ligament, and retraction laterally of the 
medial lobe of the liver. This is followed by opening of the gastrohepatic ligament 
and  lateral retraction of the esophagus. A nasogastric tube is helpful in identifying 
and retracting the esophagus. Sharp dissection of the division of the lateral dia-
phragmatic crura exposes the aorta. Dissection of the aortic wall will help avoid the 
clamp from sliding off the aorta during the remainder of the operation. 
Retroperitoneal supraceliac control requires transection of the crus of the 
 diaphragm. Relocation of the clamp position to a more distal location should 
be done once the hemorrhage is controlled, the proximal endograft is removed or 
the infrarenal aortic neck is no longer an issue. This can help limit renal and vis-
ceral ischemic time.

Distal exposure may require the ability to access the external and internal iliac 
arteries especially if the entire device is to be removed. An alternative distal control 
strategy is to clamp the endograft limbs once the aorta is opened or to use balloon 
occlusion of the endograft limbs once the graft is transected.

In the setting of rupture, after the proximal aorta is clamped, the infrarenal aortic 
wall should be opened and thrombus evacuated. If the patient is hemodynamically 
stable, a brief examination for securely fixed areas of the graft and the presence of 
type II and III endoleaks should be performed as this can alter how much of the 
device needs to be removed. Important factors when deciding when not to remove 
the entire endograft include location of endograft problem (proximal or distal), 
extent of problem, and prevention of native tissue injury. When the exact location of 
failure cannot be determined, the goal should be to remove as much of the device as 
possible.
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 Device Removal

Some devices with uncovered suprarenal stents and devices that have had a giant balloon 
expandable stent placed across the proximal fixation into the native aorta can become 
covered with neointimal hyperplasia, which will require endarterectomy of that portion of 
the aorta to allow removal. Collapse of self-expanding stents will help facilitate removal 
as well as clamping above the entire device. Many times stepwise removal is best. Wire 
cutters are useful tools to transect the stents allowing partial or stepwise removal.

The most commonly used maneuver to assist in successful removal of the aortic 
stent graft is a traditional “clamp and pull” method. This works well for all devices 
without suprarenal or active fixation. In aortic stent grafts with active fixation, the 
approach should be individualized. The Ancure ([212] Guidant, Menlo Park, CA) 
device hooks are commonly seen to extend through the entire aortic wall, and trac-
tion on the device can lead to aortic wall injury. Transection of the sealing stent with 
heavy scissors or metal cutters can facilitate removal of the stent with the hooks 
allowing the device to be peeled out. Extension of the aortotomy on the sealing stent 
has also been helpful. The barbs on the Excluder (WL Gore & Ass., Flagstaff, Az) 
device do not deeply penetrate the aortic wall and can usually be remove with simple 
traction alone. For Zenith devices (Cook Inc., Bloomington, IN), many have adopted 
the technique described by Koning which involves collapsing the device into a tran-
sected 20 ml syringe [227]. By cutting off the closed end of a syringe, the syringe 
cylinder can be then used as a sheath to recapture the proximal stent from the aortic 
wall. The device is collapsed sequentially from distal to proximal with constraining 
ties allowing advancement of the syringe and collapse of the device. The suprarenal 
portion is oftentimes covered with endothelium and advancing the sheath while 
applying traction on the endograft will perform an endarterectomy as the stents and 
barbs pull free from the aortic wall. A more recent publication advocated using a 
disposable rigid proctoscope instead of modifying a syringe [228]. The Endurant 
(Medtronic, Santa Rosa, CA) and Ovation Prime (Trivascular, Santa Rosa, CA) 
devices have much more robust suprarenal fixation and anchors, and I have not found 
that either device will collapse using a modified syringe. Staged partial removal of 
the suprarenal components using wire cutters is required (Fig. 13.47). In patients 
who have large balloon expandable stainless steel stents within the aortic neck, these 
stents can be crushed with a clamp to facilitate removal. When intima is removed 
with suprarenal components, care should be taken to assess for patency of the renal 
and visceral vessels after restoration of flow to this segment of the aorta. Devices 
with EndoAnchors used in the repair may transverse the entire aortic wall. When 
transaortic fixation of EndoAnchors is present, they could be unscrewed and extracted 
from the device and aortic wall or left intact as the situation warrants.

When the proximal stent graft fixation is secure and the aortic neck intact and of 
adequate length, partial device explant might be the best option. A new proximal 
anastomosis can be performed with the stent graft transected flush within the aortic 
wall and new surgical graft sutured together [217]. This provides permanent fixation 
to the native aorta, endograft, and surgical graft. This can be done with an aortic 
clamp on the infrarenal neck for self-expanding devices.
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 Limb Removal

Removal of endograft limbs is generally done with gentle traction on the limb. Some 
features of the device that seem to influence the ease or difficulty of removal include 
the material composition, diameter of the iliac vessel, and location of the stents relative 
to the fabric. In general, the farther an endograft limb extends into normal diameter 
iliac arteries, the harder it becomes to remove. The ePTFE (expanded polytetrafluoro-
ethylene) stent grafts tend to pull out easier that polyester fabric stent grafts. Designs 
with stents on the outside of the fabric also tend to be more difficult to remove.

When the iliac artery is easily exposed distal to the end of the endograft, transec-
tion of the artery and sewing to the native vessel can be a simple solution. When the 
limbs are not easily removable and extend far down into the normal iliac arteries, it is 
often easier to transect them at the aortic bifurcation and sutured to the repair 
(Figs. 13.48 and 13.49). Leaving behind limbs that are well-incorporated graft may 
potentially improve outcomes and by limiting the time needed to obtain more  extensive 
exposure and reducing blood loss. When possible, the remaining endograft portions 
should be suture fixed to the native vessels to reduce the risk of late migration.

 Hybrid Reconstructions

When portions of an endograft have been incorporated into the repair, closure of the 
aortic sac around the device may minimize potential device movement. Patients that 
have in situ retention of a portion of the endograft still require lifelong CT surveil-
lance as future complications of the remaining EVAR elements are possible. Late 
failure of hybrid repairs using transected endografts has been reported [222].

Treating the endoleaks as a cause of ruptured aneurysm without graft explantation is 
reasonable when patients will not tolerate removal. Transaortic graft sutures for fixation 
of type I endoleaks has been successfully performed as well as suturing through and 
through the proximal sealing stent and aortic wall with circumferential felt pledget 
reinforcement. Type II endoleaks have been treated with ligation of lumbar arteries or 

Fig. 13.47 Endurant 
endograft removed after 
wire cutter used to cut 
away incorporated 
suprarenal fixation
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inferior mesenteric arteries [222]. Unfortunately, there are also reports of failures of 
these methods with proximal migration as well as development of new endoleaks [222].

 Outcomes

The outcomes of stent graft explant and surgical reconstructions are dependent of 
the underlying indications for failure. Elective removal of aortic endografts has 
been shown to be performed with similar risk to open repair [223]. A series of 41 
explants noted an elective conversion 30-day mortality of 3.3 %. However, later data 
from the same group noted a higher elective mortality of 9.9 % attributing the 

Fig. 13.48 Operative 
photograph of suturing 
bifurcated aortic graft to 
AneuRx endograft limbs at 
the origin of normal iliac 
arteries

Fig. 13.49 Completed 
bifurcated aortic repair to 
iliac limbs of Excluder 
endograft
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increased risk to more aggressive treatments [217]. Both reports noted the influence 
of urgent and emergent repairs contributing to increasing mortality risk. Ruptures 
were found in 9 of 100 failed EVARs and had a 55 % 30-day mortality. Mehta et al. 
reported a series of 1721 EVAR patients, in which 27 patients present with rupture 
after EVAR; 58 % underwent open surgical repair, and 42 % had redo EVAR with an 
overall mortality of 15 % [221]. Chaer and colleagues noted conversion for rupture 
in 12 patients with a 33 % mortality, performing a complete explant in only five 
patients [222]. A large series from 17 US medical centers identified 15 late ruptures 
from 1736 patients who underwent EVAR. For patients who underwent repair for 
delayed rupture, mortality at 30 days and 1 year were 44.4 % and 66.7 %, respec-
tively [229]. A recent review of the world literature found only 152 ruptures after 
16,974 EVAR procedures. Open surgical treatment was undertaken in 61 % (95 % 
CI 53–68) of the patients who underwent treatment. The pooled estimate for periop-
erative mortality was 32 % (95 % CI 24–41). A significantly lower mortality was 
found with endovascular treatment than open surgical management (p = 0.027) 
[230]. The risk of late rupture is undoubtedly under reported in the literature as 
evidenced by the 5.4 % risk of late rupture seen in a recent publication of Medicare 
patients [224]. As more ruptured EVAR conversions are reported the optimal tech-
niques for repair will be better defined.

 Conclusions

EVAR has revolutionized the approach to aortic surgery with markedly lower early 
risk than open repair. Although rare, the risk of late rupture from EVAR persists 
and surgeons need to be familiar with techniques for stent graft explant and surgi-
cal reconstructions. The type of device and location of failure leading to rupture 
influence the approach taken. Partial removal can facilitate quicker repair in select 
circumstances. Overall mortality for conversion to open repair after rupture 
remains high.
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 Introduction

Open surgical treatment of a ruptured aortic abdominal aneurysm (rAAA) has his-
torically been the sole treatment modality available, and in many centers remains 
the only one offered despite the first endovascular repair being described in 1994 

Key Points
• Endovascular surgery for rAAA is clinically effective, cost-effective, and 

associated with shorter hospital stay.
• Endovascular repair should be offered to most patients that are anatomi-
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[17]. Widespread uptake of the technique has been slow, but the development by 
early adopters has allowed for the improvement of protocols and identification of 
logistical issues that have required specific solutions [9–11].

Over time the need for larger datasets and randomized controlled trial (RCTs) 
has been increasingly debated, largely prompted by the results of a pilot RCT [5] 
and analysis of national databases [4,6,16]. The latter studies analyzed the Medicare 
dataset and the hospital episode statistics (HES) data in the USA and UK, respec-
tively, demonstrating better 30-day mortality outcomes with endovascular repair of 
rAAA (between 21 and 30 %) when compared to open surgical repair. These results 
have been subject to some criticism due to a perception that there is an inherent 
patient selection bias and that these are mixed cohorts of symptomatic and ruptured 
aneurysms.

There are three main trials that will be discussed in this chapter, two trials in 
which patients were selected anatomically, AJAX [13] and ECAR [2], and one that 
represents a pragmatic clinical practice, IMPROVE [13]. The design and utility of 
these trials are discussed below.

 RCT Trials: AJAX, ECAR, and IMPROVE (Design)

 AJAX (Amsterdam Acute Aneurysm Trial)

The AJAX trial recruited patients between April 2004 and February 2011 in three 
centers in Amsterdam. Patients were mainly recruited from two academic medical 
centers and one teaching hospital but also recruited from seven regional hospitals 
where transfer was possible. Patients who were deemed fit and anatomically suit-
able for both EVAR and OSR were randomized. Those that could not undergo CTA, 
EVAR, or OSR were excluded.

A total of 520 patients with a clinical suspicion of rAAA were identified, and 466 
were admitted to one of the three trial centers. rAAA was confirmed by CTA in 395 
patients, and after exclusion due to anatomy and other factors, 116 patients were 
randomized. 59 were assigned to OSR and 57 assigned to EVAR (see Fig. 14.1).

The primary end point was the composite of death and severe complications at 
30 days.

The main findings were that there was no difference in mortality at either 30 days 
(EVAR 21 % vs OSR 25 % p = 0.66) or 6 months (EVAR 28 % vs OSR 31 % p = 0.84) 
between open and endovascular repair. The AJAX trial also found no difference in 
severe complications (cardiac, bowel ischemia, reintervention, stroke, amputation, 
or cord ischemia) between the EVAR and OSR group at 30 days and at 6 months. 
Renal insufficiency was found to be significantly lower at 30 days and at 6 months 
in the EVAR when compared with OSR (11 % vs 31 %, respectively, at 30 days, 
p = 0.01; 11 % vs 31 %, respectively, at 6 months). Encouragingly AJAX also found 
that mortality for OSR was lower than expected in comparison with a relatively 
contemporaneous meta-analysis (mortality of OSR = 48.5 %) [7].
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AJAX showed that mortality and severe morbidity were equal in EVAR and OSR 
at 30 days and at 6 months. The trial also presented lower than expected mortality, 
which was ascribed to the effect of performing surgery in centers with a high level 
of expertise, in patients with aortic anatomy suitable for endovascular repair (rela-
tively long aortic neck). Limitations of the study include that only aorto-uni-iliac 
endoprosthesis was used with femoral to femoral crossover grafts in all patients, 
which is not representative of current practice. Secondly only 22 % of patients with 
rAAA in the trial region were included, most being excluded due to unsuitable 
anatomy (46 %). This is likely to mean that the overall mortality rate was underesti-
mated as morphologically complex aneurysms were excluded. Due to the hypothe-
sis of a higher mortality with OSR, the study may not have been sufficiently powered 
to discriminate a smaller difference of mortality between OSR and EVAR in this 
particular group of patients with relatively favorable anatomy.

 ECAR (Ruptured Aortoiliac Aneurysm: Endo Versus Surgery)

The ECAR trial recruited from January 2008 to January 2013, and 107 patients 
were enrolled across 14 centers. 56 patients were assigned to the EVAR group and 
51 to OSR (see Fig. 14.2) [3].

The primary end point of this study was 30-day mortality, with secondary end 
points of 30-day rates of cardiovascular, pulmonary, gastrointestinal, renal, and neu-
rological morbidity. Time spent in ITU and volume of blood transfusion received 
were also end points.

rAAA
520 

underwent CT & exclusion criteria

116 included

59 OSR

57 EVAR

Fig. 14.1 Flowchart of 
AJAX recruitment
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The main outcome of the ECAR trial was similar to that of the AJAX trial, dem-
onstrating that 30-day (18 % EVAR vs 24 % OSR) and 1-year mortality (30 % EVAR 
vs 35 % OSR) was not statistically different between the OSR and EVAR groups. 
Analysis of secondary outcomes observed that EVAR was associated with less 
severe complications. There were reduced rates of pulmonary complications in the 
EVAR group (15.5 % vs 41.5 % in OSR p = 0.05), reduced requirements for blood 
transfusion (6.8 units EVAR vs 10.9 OSR p = 0.02), and less intensive use of hospi-
tal resources (significantly shorter ITU stay in EVAR vs OSR; 7 vs 11.9 days, 
p = 0.01).

As with AJAX this study only addressed the question of EVAR vs OSR in a 
stable group of patients with particular anatomy that would allow EVAR to occur, 
and once again the trial may not have been sufficiently powered due to better than 
expected outcomes with OSR.

 IMPROVE

The IMPROVE trial recruited from September 2009 to July 2013, recruiting patients 
from 29 British centers and one Canadian center. During this time 613 patients were 
randomized to OSR or EVAR (see Fig. 14.3), with randomization occurring at a 
clinical diagnosis of AAA and often before CTA to determine anatomical suitability 
for EVAR. These patients had varying levels of hemodynamic stability, but clearly 
moribund patients were excluded. The trial design meant that IMPROVE did include 
some patients without a diagnosis of ruptured aneurysm, but specified analyses 
defined that this was not a cause of bias in the trial.

suspected rAAA

underwent CT

107 patient 
included

56 EVAR

51 OSR

Fig. 14.2 Flowchart of 
ECAR recruitment
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Due to the differences in study design, IMPROVE was better able to assess the 
efficacy of an endovascular first strategy and was more generalizable to the entire 
ruptured aneurysm patient population. In addition the heterogeneity of trial hospi-
tals more accurately represented the variety of sites that a patient may present to as 
opposed to only selected expert centers.

Although the AJAX and ECAR trials may appear similar to the IMPROVE trial, 
they are in fact answering very different questions (see Table 14.1 for a comparison 
between the three studies). ECAR and AJAX as described above only address a 
small percentage of the target population, i.e., those that are hemodynamically sta-
ble and have undergone a CT which documents rupture and has favorable anatomy 
for EVAR.

 Analysis of Findings from the IMPROVE Trial

 30-Day Outcomes

The 30-day results from the IMPROVE trial demonstrated that the mortality for 
patients randomized to either EVAR or OSR was not statistically different. The trial 
observed that women benefit more from endovascular repair, and this was thought in 
part to be because women had a higher risk of mortality than men for OSR (57 % vs 
32 %) when compared to EVAR in which they were more comparable (37 % vs 35 %).

613 rAAA
included and

randomised pre-
CT

297 OSR
randomised

243 confirmed
rAAA

316 EVAR
randomised

259 confirmed
rAAA

Fig. 14.3 Flowchart of 
IMPROVE recruitment
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EVAR also demonstrated a trend toward better outcomes for the most seriously 
ill and older people, which was thought to be due to the minimally invasive nature 
of the surgery placing less of a physiological strain on these patients. Similarly local 
anesthesia was also shown to have better outcome than general anesthesia. Many 
have suggested that permissive hypotension may have a beneficial effect in patients 
with rAAA in the same way that it has been demonstrated in those with hypovole-
mic shock following trauma. Contrary to this, permissive hypotension with a sys-
tolic blood pressure of under 70 mmHg was associated with increased mortality 
(51 % if lowest recorded <70 vs 34 % >70) [12]. This finding should be interpreted 
with some caution as it is well known that patients who develop profound and 
refractory hypotension are less likely to survive than those in which this does not 
occur. Similarly, the finding that suggested a better outcome in patients treated 
under local anesthesia should be interpreted cautiously.

Hospital stay was reduced in the EVAR patients when compared to the OSR 
group (17 days vs 26 days), and significantly more patients were discharged home 
after their intervention in the EVAR group. This was part of the reason that 
IMPROVE also showed that an endovascular strategy was fiscally beneficial, with 
EVAR calculated to give an incremental net benefit of £3877 compared to OSR at 1 

Table 14.1 A comparison between AJAX, ECAR, and IMPROVE

AJAX ECAR IMPROVE

Number of 
randomized

116 107 613

Number of 
study sites

3 14 30

Randomized 
before or after 
CT

After After Before (mostly)

Primary end 
point

30-day composite of death 
and severe complications

30-day mortality 30-day mortality

Secondary end 
points

Length of hospital and ITU 
stay, duration of intubation/
ventilation, use of blood 
products

30-day 
cardiovascular, 
pulmonary, 
gastrointestinal, 
renal, and 
neurological 
morbidity; time 
spent in ITU and 
volume of blood 
transfusion

Reintervention, 
hospital discharge, 
health-related quality 
of life, cost, quality- 
adjusted life years, 
cost-effectiveness

Mortality of 
EVAR vs 
OSR, 30 days

EVAR 21 %
OSR 25 %

EVAR 18 %
OSR 24 %

EVAR 35 %
OSR 37 %

Mortality 
EVAR vs 
OSR, 1 year

(6 months) EVAR 28
(6 months) OSR 31

30 % EVAR
35 % OSR

41 % EVAR
45 % OSR
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year, despite an allowance of £4000–10,000 per device used and the possible 
increase in operative theater staff and other additional intervention costs.

IMPROVE did attempt to also include the cost of readmission and reintervention 
associated with EVAR, but this was performed using a health services questionnaire.

The IMPROVE investigators identified time of presentation as a factor that 
affected mortality with out-of-hours presentation being higher (odds ratio 1.47 
p = 0.048). Efficacy of EVAR vs OSR was unchanged however when randomized to 
in or out of hours [12].

 1-Year Follow-Up Data

The recently reported 1-year follow-up of the IMPROVE trial [14] has continued to 
reflect the 30-day data. There was no difference observed in all-cause mortality at 1 
year (41.1 % EVAR vs 45.1 % OSR) and also no difference in aneurysm-related 
mortality (33.9 % in EVAR vs 39.3 % in OSR). Of note half of these deaths occurred 
within 24 h and the majority of the rest within 30 days.

In the longer follow-up, patients randomized to EVAR had an improved health- 
related quality of life and reduced costs and were more likely to be discharged home 
sooner. A cost-effectiveness analysis demonstrated benefit to the EVAR first 
strategy.

 Morphology

Due to the randomization procedure in the IMPROVE study mostly occurring 
before CTA, the effect of morphology on mortality could be studied [8]. The effect 
of six morphological parameters (maximum aortic diameter, aneurysm neck diam-
eter, length and conicality, proximal neck angle, and maximum common iliac diam-
eter) was studied to see the effect on a 30-day mortality and reintervention. There 
were no significant correlations between the six morphological variables seen.

Analysis of these data demonstrated that by far the greatest predictor of mortality 
was aneurysm neck length and that each 15-mm increase in neck length equated to 
a reduction in 30-day mortality of approximately 20 %. This relationship could also 
be seen in the 24-h period, during which half deaths seen occurred. It was also the 
most likely factor to preclude EVAR.

The importance of neck length as a key factor may also go some way in explain-
ing why randomization after CT makes EVAR look more favorable in terms of early 
mortality in contemporary cohort studies, as without a suitable neck length, EVAR 
would not be technically possible. It also explains why to some extent women are 
seen to benefit so greatly from EVAR, as they often have shorter aneurysm necks 
[8]. One benefit of EVAR in women is that the distal landing zone is often in com-
mon iliac instead of requiring extension into the external iliac which reduces poten-
tial morbidity. This is due to a lower incidence of aortoiliac aneurysms in women as 
well as the smaller average diameter of the distal common iliac [8].
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Based on these findings it is clear that the relationship between neck length and 
mortality significantly confounds the influence of choice of repair strategy on early 
survival after rAAA.

 Individual Patient Meta-analysis of the Randomized Controlled 
Trials

The three RCTs discussed have been incorporated into an individual patient meta- 
analysis [15]. Due to the difference in design between AJAX and ECAR when com-
pared with IMPROVE, only the patients that were amenable to EVAR from 
IMPROVE were included in this analysis.

Part of the rationale of this study was that the three trials assumed higher rates of 
mortality in the OSR group than observed, meaning perhaps they were insufficiently 
powered to discriminate a smaller difference in mortality observed in comparison 
with EVAR. In addition it was felt that advances in perioperative care techniques 
could potentially have improved 30-day survival in comparison with earlier reports 
[1], and this was the reason the primary outcome of the meta-analysis was 90-day 
mortality.

The meta-analysis included 836 patients from the three trials and once again 
showed that there was no early mortality benefit to EVAR, although there was a 
weak trend toward EVAR at 90 days in those eligible for both OSR and EVAR (odds 
ratio = 0.74; 95 % CI 0.51–1.08). The meta-analysis also once again showed the 
benefit was particularly significant in women. The analysis also showed earlier hos-
pital discharges were seen in the EVAR group when compared to those who under-
went OSR (hazard ratio = 1.24 95 % CI 1.04–1.47), inferring that the incidence of 
serious morbidity was less.

 Conclusion

According to a recent trial evidence, EVAR did not achieve a significant mortality 
benefit in comparison with OSR at 30 days or 1 year. Despite this many other ben-
efits such as shorter hospital stay, better quality of life, possible increased benefit to 
women, and improved cost-effectiveness were observed. Based on these findings, 
all centers treating rAAA should be in a position to offer EVAR as the treatment of 
choice to anatomically suitable patients. This presents significant issues in terms of 
resources usage and staff training, but the reported increased mortality in patients 
presenting “out of hours” means that this would represent a useful investment of 
time and money. These factors reinforce the idea that the best way to reduce mortal-
ity following rAAA is to treat patients in specialist centers with sufficient resources, 
and this should be taken into account when planning services.
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 The Recent Randomized Trials of EVAR Versus Open Repair 
for Ruptured AAAs Are Misleading

Frank J. Veith and Caron B. Rockman

Many vascular surgeons are convinced that EVAR is superior to open repair for the 
treatment of ruptured abdominal aortic aneurysms (RAAAs) [18]. However, the 
issue of which form of repair is best remains controversial. Those who question 
the superiority of EVAR in this setting claim that much of the data showing superior 
outcomes for EVAR are flawed by patient selection [19]. This view is supported by 
reports of comparative series showing no improvement in operative mortality with 
EVAR compared to open repair [20]. Thus, the vascular community remains some-
what divided, and many have demanded level 1 evidence from randomized com-
parisons of the two procedures to settle the issue.

Three such randomized controlled trials (RCTs) have recently published or pre-
sented their results: the AJAX or Amsterdam (Dutch) trial [21], the ECAR or French 
trial [22], and the IMPROVE or UK trial [23]. All three trials concluded that 30-day 
mortality outcomes after EVAR for RAAA are no better than those after open repair. 
However, we are concerned that in all three trials these conclusions are rendered 
unjustified or misleading because of serious flaws or misinterpretation of the trial 
data. This communication addresses the specifics.

The AJAX trial enrolled 520 patients with ruptured AAA, of which only 116 
(22 %) were randomized over a 7-year period. The ECAR trial had similar limita-
tions in that it too randomized only 107 patients over a 5-year period. In addition to 
excluding many patients from randomization, both trials had the potentially serious 
flaw of excluding hypotensive or unstable RAAA patients who were treated by open 
repair or not treated at all. Such high risk patients are most likely to be the ones who 
would have better outcomes with EVAR than with open repair. In both trials, signifi-
cant delays in EVAR patients favored outcomes in open repair patients; EVAR 
patients in AJAX had a mean extra delay of 30 min, and EVAR patients in ECAR 
had a mean extra delay of nearly 90 min. Thus, exclusion of these high risk patients, 
and delays in EVAR patients receiving treatment, may have precluded these trials 
from demonstrating any advantage EVAR might have had over open repair in the 
overall population of patients with RAAAs. Moreover, in both of these trials, three 
adjuncts generally believed to improve EVAR outcomes in RAAA cases were used 
in a suboptimal fashion. Improved utilization of preoperative fluid restriction (hypo-
tensive hemostasis) [18], supra-aortic balloon control [24], and adjunctive open 
abdomen treatment of abdominal compartment syndrome [25] might have further 
improved the EVAR outcomes in both trials.

The larger UK IMPROVE trial was conducted in 30 high volume centers 
(including one from Canada). This trial was carefully planned and conducted [26], 
and much useful information was collected [27, 28]. However, its most important 
findings were detailed in the report of its 30-day outcomes [23]. In the IMPROVE 
trial, although 652 possible RAAA patients were excluded for various reasons, the 
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trialists did randomize 613 patients with a diagnosis of RAAA to either an 
“Endovascular Strategy” group (316 patients) or an “Open Repair” group (297 
patients). Patients were randomized before CT scans were performed. The 30-day 
mortality in the Endovascular Strategy group was 35 %; in the Open Repair group 
it was 37 % (p = 0.67). Obviously there was no significant difference between these 
two groups based upon these percentages, and therefore a primary conclusion of 
the main IMPROVE trial article was “A strategy of endovascular repair was not 
associated with significant reduction in 30-day mortality” [23]. This was unfortu-
nately paraphrased in various news report headlines as, “NO DIFFERENCE 
BETWEEN ENDOVASCULAR & OPEN REPAIR FOR RUPTURED 
ANEURYSMS” [29].

However, the detailed data from the IMPROVE trial must be examined closely to 
see why these conclusions may be misleading (Table 14.2) [23]. Of the patients 
initially randomized to the Endovascular Strategy group, only 154 (about half) were 
actually treated by EVAR; 112 had an open repair and 17 had no treatment. As 
patients were randomized to the Endovascular Strategy group before CT scans were 
performed, the most common reason for patients in this group to ultimately receive 
open repair was anatomic unsuitability for EVAR. The 30-day mortality for those 
patients ultimately treated by EVAR in this group was 27 % (42 of 154), while for 
those treated by open repair in this group it was 38 % (43 of 112) (p = 0.06). Of the 
patients randomized to the Open Repair group, 36 actually had EVAR, 220 had 
open repair, and 19 had no treatment. The 30-day mortality in this Open Repair 
group was 22 % (8 of 36) for those undergoing EVAR and 37 % (81 of 220) for those 
undergoing open repair (p = 0.09). Overall in the two randomized groups, taken 
together, the 30-day mortality for RAAA patients actually treated by EVAR was 
25 % (46 of 186), and for those actually treated by open repair, it was 38 % (128 of 
336) (p < 0.002).1

The superiority of EVAR over open repair within each of the two separate ran-
domized groups approached statistical significance, and was highly statistically sig-
nificant when data from the two groups were combined (when one takes into account 
the procedures that the patients actually had). Clearly the conclusion of the 
IMPROVE trial should have been, in patients with a RAAA, if they can be treated 
by EVAR, their 30-day survival will be superior to those patients who undergo open 
repair. If one adds that patients undergoing EVAR are less likely to receive expect-
ant or no definitive treatment [30], the conclusion is inescapable: EVAR, if it can be 
performed, is superior to open repair for the treatment of patients with RAAAs.

1 Four patients in the Endovascular Strategy group had an attempt at EVAR, but required conver-
sion to open repair. All 4 died within 30 days. These 4 patients were included in the EVAR deaths 
but not in the open repair deaths in the Endovascular Strategy group calculations. However, in the 
calculations of the overall 30-day mortality rates for the two randomized groups taken together, 
these 4 patients were excluded from the EVAR deaths and included in the open repair deaths. If 
these 4 patients were included in the EVAR deaths and excluded from the open repair deaths in the 
calculations for the combined groups, the 30-day mortalities would have been 26.3 % (50/190) for 
EVAR and 37.3 % (124/332) for open repair (p = 0.01).
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A secondary conclusion is equally inescapable. Those treating RAAA patients 
must learn how to perform EVAR in the RAAA setting, including acquiring exper-
tise in all the adjuncts and strategies that can improve EVAR outcomes in such 
patients. Further RCTs in this setting will be difficult to do and in our opinion are 
unnecessary.
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Chapter 15
Postoperative Intensive Care Unit Management 
After Ruptured Abdominal Aortic Aneurysm

John Kuckelman, Alexander Niven, and Matthew J. Martin

 Introduction

Among all vascular pathologies and emergencies, arguably the most dramatic and 
rapidly fatal is the rupture of an aortic aneurysm. Many of these patients do not 
survive long enough to be transported to an operating room or even to a hospital. 
Among those who do survive to a hospital, there is a wide spectrum of presentations 
ranging from relatively stable hemodynamics to impending cardiovascular collapse 
and arrest. Similar to stroke and myocardial infarction, the one factor that has 
 consistently been shown to reduce morbidity and mortality is minimizing the time 
from arrival to operative intervention (“door to OR” time). Despite this, operative 
mortality after a ruptured abdominal aortic aneurysm (AAA) has been reported to 
be 40–60 % [1–3]. Among the approximately 50 % who do survive, there is an 
equally high incidence of major postoperative morbidity and long-term debility. 
The incidence of postoperative complications is severalfold higher among this 
cohort when compared to elective AAA repair, and intensive care unit (ICU) and 
total hospital stays are typically longer and protracted.

The goal of this chapter is to provide a practical, chronological approach to the 
ICU management practices and principles in the critically ill patient following 
emergent repair of a ruptured abdominal aortic aneurysm (rAAA). Although endo-
vascular techniques have now been extended to many patients with rAAA and have 
been associated with significantly lower postoperative morbidity and mortality, a 
standard open approach is often necessary in these patients. This chapter will 
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 primarily focus on the ICU management following open emergent aortic  procedures, 
but the same basic principles of resuscitation, stabilization, and optimization will 
apply to all patients with major physiologic disturbance regardless of the surgical 
approach. Anticipation, rapid recognition, and immediate appropriate management 
of these common postoperative complications are essential to optimize and maxi-
mize the chances of a successful patient recovery and to avoid potentially prevent-
able deaths or complications.

 From Operating Room to ICU

Patients are frequently unstable following emergent AAA repair, and safe transport 
to the ICU requires the presence of a physician, transportable continuous monitor-
ing, resuscitation meds, a defibrillator, and either manual bag valve mask or battery- 
powered ventilator. On arrival to the ICU, a comprehensive handoff should be 
executed detailing the patient identification, pertinent general and cardiac history, 
and intraoperative events. Key intraoperative information includes the length of the 
case, hemodynamic stability during the case, amount and type of resuscitation used, 
as well as total blood product utilization and breakdown. Critical care management 
will be significantly impacted by type of rupture (contained vs uncontained) and 
type of repair (open vs EVAR), aortic cross clamp time and location (supraceliac, 
juxta-renal, iliac), and the type of aortic, renal, and mesenteric reconstructions.

Most patients on arrival to the ICU will have large-bore central venous access 
(cordis or similar trauma resuscitation catheter) which should be maintained until 
active bleeding is excluded and hemodynamic stability maintained. Arterial line 
monitoring and Foley catheter placement are common to provide continuous data to 
facilitate ongoing resuscitation efforts. The patient may often be receiving ongoing 
resuscitation, as well as on one or multiple continuous infusions of sedatives, anal-
gesics, inotropes, and vasopressors. All of these should be detailed and reported to 
the receiving team, including the current doses and the trends (increasing or decreas-
ing doses) prior to arrival. Respiratory therapy should be standing by to place the 
patient on the ventilator and appropriate levels of ventilator support as dictated by 
the clinical condition and the most recent settings from the operating room.

 Initial Assessment and Stabilization

Patients immediately following emergent AAA repair are frequently tenuous and 
hemodynamically labile. Variables to consider in acute perioperative management 
include intravascular volume status, baseline cardiopulmonary status, and clinical 
and laboratory evidence of coagulopathy and ongoing bleeding. Low-grade dis-
tributive shock may also be present in patients with massive blood loss and resusci-
tation. Initial clinical assessment in addition to continuous hemodynamic monitoring 
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should include a baseline cardiac, chest, and abdominal exam, careful assessment of 
lower extremity pulses and muscle compartments, electrocardiogram, and portable 
chest radiograph. Initial laboratory assessment should include CBC, PT/PTT, serum 
chemistry, and lactate at a minimum to assess for evidence of ongoing bleeding, 
coagulopathy, and end-organ perfusion.

 Intravascular Volume Assessment

Preoperative and intraoperative blood loss and intraoperative resuscitation volumes 
provide only a rough estimate of intravascular volume status, and urine output is 
frequently an insensitive marker of end-organ perfusion following prolonged hypo-
tension or suprarenal clamping. Accurate measurement of central venous pressure 
will require placement of a triple-lumen catheter through large-bore access devices, 
and other common available assessment tools include continuous assessment of 
stroke volume variation, ultrasound assessment of inferior vena cava diameter and 
collapsibility, or bedside echocardiography to assess baseline cardiac function and 
filling.

 Bleeding and Resuscitation

The immediate postoperative period is frequently marked by significant fluid shifts, 
and thrombocytopenia and coagulopathy are common. The incidence of clinically 
significant postoperative bleeding in the ruptured AAA patient ranges from 3 to 
25 %, with approximately 3 % of patients requiring reoperation. Massive transfu-
sion is defined as the administration of ten or more units of packed red blood cells 
(PRBCs) in less than a 24-h period. Many ruptured AAA patients will meet these 
criteria, and the accompanying risk of both consumptive and dilutional coagulopa-
thy – especially in the presence of hypothermia and acidosis – must be aggressively 
managed in subsequent critical care management. Blood products should be the 
initial resuscitation fluids of choice in patients who meet these criteria, and general-
ization of trauma data that had demonstrated reductions in mortality, organ failure, 
and blood product consumption with the implementation of a predefined massive 
transfusion protocol that rapidly provides specified types and numbers of blood 
products early in resuscitation in this setting is appropriate [4]. The appropriate ratio 
of PRBCs, fresh frozen plasma (FFP), platelets, and cryoprecipitate remains contro-
versial. The PROPPR trial demonstrated that initial empiric resuscitation with a 
ratio of 1:1:2 (three units FFP, 0 doses platelets, and six units PRBCs followed by 
alternating two units PRBCs and one unit plasma, with one unit of platelets with the 
second and subsequent even numbered containers) was not inferior to a 1:1:1 ratio 
(six units plasma, six units of pooled platelets, and six units of PRBCs) previously 
published in military trauma literature, although the latter group achieved 
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hemostasis more frequently and had less deaths from exsanguination in the first 
24 h [5]. The PROMITT trial also demonstrated that initial empiric resuscitation 
with a ratio of two units of packed red blood cells (PRBCs) to one unit of fresh 
frozen plasma was not inferior to traditional 1:1 resuscitation strategies described in 
the military trauma literature, and early platelet transfusions given after four–six 
units of PRBCs and FFP have been shown to reduce transfusion requirements and 
mortality in trauma patients following massive hemorrhage. Although there has 
been long-standing concern that the use of blood that has been stored for an extended 
period may be harmful in critical illness, a recent prospective randomized control 
trial has shown that there is no difference in the multiple organ dysfunction score for 
patients who received blood stored up to 21 days [6]. Aggressive correction of 
hypothermia and hypocalcemia is essential in these patients, and cryoprecipitate 
may be used in patients with fibrinogen levels (<100 mg/dl) [7].

Thromboelastography (TEG, ROTEM) can provide valuable information to aug-
ment information provided by traditional INR, PTT, hematocrit, platelet counts, and 
fibrinogen and help direct transfusion therapy [8]. TEG measures fibrinolytic index 
(a measure of fibrinolysis), r value (a reflection of the intrinsic clotting cascade), 
and the alpha angle and K values (measures of the speed of solid clot formation) 
using a pin hanging from a torsion wire that is inserted into a standardized volume 
of patient blood held in a continuously rotating container. Animal studies have 
shown that 30 min of aortic cross clamping does not result in thrombolysis, but does 
increase clotting activity and decrease speed of clot formation and fibrinogen levels 
especially after unclamping from a supraceliac location [9]. A number of studies in 
both cardiovascular surgery and mixed surgical critical care populations have dem-
onstrated reductions in intraoperative blood loss and transfusion requirements with 
the use of TEG to drive targeted transfusion therapy with blood components, fibrin-
ogen concentrate, four-factor prothrombin complex, and factor XIII concentrate. 
Algorithms employing targeted transfusion management using thromboelastogra-
phy and whole blood impedance aggregometry (Multiplate) have been proposed, 
but remain labor intensive with limited availability and still require validation in 
randomized controlled trials [10]. TEG has also been shown to effectively monitor 
adequate heparinization intraoperatively during vascular surgery and therefore may 
have a role in the critical care management of these issues in the postoperative set-
ting as well [11]. Limited data are available on the use of antifibrinolytic therapy in 
this setting, with concerns of thrombotic complications, acute kidney injury, and 
seizures limiting indications for use without further study on appropriate patient 
selection and dosing [12–15]. Targeted transfusion therapies therefore show prom-
ise to reduce transfusion requirements and reduce the risk of transfusion-related 
acute lung injury (TRALI), transfusion acute circulatory overload (TACO), and sub-
sequent negative immunomodulatory effects (TRIM) that may increase nosocomial 
infectious complications, but more work is needed in this area. Intraoperative auto-
transfusion is also an important consideration to mitigate these potential transfusion- 
related complications.

Anticoagulation can also be a compounding issue in the bleeding postoperative 
patient. Patients with elevated PTT from intraoperative heparin use may be reversed 

J. Kuckelman et al.



277

with protamine sulfate, although the short half-life of unfractionated heparin (30–
60 min) may obviate this need. Low-molecular-weight heparin compounds may 
also be reversed by protamine. Current guidelines advocate the use of four-factor 
prothrombin complex concentrate (PCC) with or without FFP for major bleeding 
associated with vitamin K antagonists and would be the preferred management in 
addition to vitamin K administration for patients on therapeutic anticoagulation pre-
senting with aortic rupture [16]. PCC is administered in stratified weight-based dos-
ing of 25, 35, or 50 IU/kg dosing based on initial INR. Currently there are no 
FDA-approved agents to reverse the factor Xa (apixaban, rivaroxiban) and IIa 
(bivalirudin) inhibitors. However, activated prothrombin complex concentrates 
(PCC), factor eight inhibitor bypassing activity (FEIBA), and recombinant activated 
factor VII have been used successfully in these patients with severe bleeding or 
trauma. Arapazine and Andexanet alpha have been developed as possible antidotes 
for the Xa inhibitors and Idarucizamab for IIa inhibitors. Modified thrombin has 
been suggested for reversal of the anticoagulant effects of dabigatran, a direct 
thrombin inhibitor [17].

In the absence of significant bleeding, judicious crystalloid administration 
remains the resuscitation fluid of choice to maintain adequate intravascular volume 
and renal perfusion. Lactated Ringers are typically the crystalloid of choice as its 
composition does not contain large amounts of chloride that may lead to hyperchlo-
remic acidosis and acute kidney injury [7]. Judicious administration of fluids is key 
in these patients and should be guided using a combination of the assessments listed 
above to guide intravascular volume status, as fluid overload contributes directly to 
length of stay, transfusion requirements, and complications such as pulmonary 
edema, post-op ileus, and cardiac complications [18].

 Evaluation and Management of Ongoing Hemodynamic 
Instability

The differential diagnosis of continued hemodynamic lability after bleeding has 
been excluded, and intravascular volume depletion has been treated with either 
blood products or crystalloids that include either cardiogenic or distributive shock. 
The release of pro-inflammatory cytokines following a massive surgical insult is 
well described and can frequently be best managed with low-dose norepinephrine to 
counter the predominantly vasodilatory effects that follow. Table 15.1 provides a 
comprehensive review of the different vasoactive medications. Vasopressin, a hor-
monal agent with strong vasoconstriction effects, should be avoided in the early 
resuscitation of ruptured AAA patient due to its effects on splanchnic circulation. 
As bowel ischemia is a major risk after emergent rAAA repair, strong unopposed 
vasoconstrictors such as vasopressin or phenylephrine should be avoided particu-
larly while the volume status has not yet been optimized [7, 19]. The most recent 
randomized trial of dopamine and norepinephrine in a mixed population of patients 
in shock showed no difference in outcomes but an increased incidence of 
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Table 15.1 Inotropic, vasopressor, and vasodilatory agents commonly used after cardiac surgery

Agent Class Effect(s) Indications

Epinephrine Catecholamine Inotrope Low CO
Vasopressor 
(higher doses)

Hypotension

Norepinepherine Catecholamine Vasopressor Hypotension
Excessive 
vasodilatation

Some inotrope Vasoplegia
Low CO

Dopamine Catecholamine Inotrope Low CO
Some 
vasopressor

Hypotension

Dobutamine Catecholamine Inotrope Low CO
Systemic 
vasodilator

Decrease LV afterload

Milrinone (Amrinone; 
enoximone)
Milrinone (Amrinone; 
enoximone)

Phosphodiesterase 
inhibitor

Inotrope
Systemic 
vasodilator

Decrease right 
ventricular afterload

Lusitrope Decrease LV afterload
Pulmonary 
vasodilator

Vasopressin Hormone Vasopressor Hypotension
Excessive 
vasodilatation
Vasoplegia

Levosimendan Calcium sensitizer Inotrope Low CO
Lusitrope

Sodium nitroprusside 
NO donor

cGMP stimulator Arterial 
vasodilator

Low CO with high BP
Decreased LV 
afterload
Decreased BP

Nicardipine Calcium channel blocker Arterial 
vasodilator

Low CO with high BP
Decreased LV 
afterload
Decreased BP

Nitroglycerin NO 
Donor

cGMP stimulator Venous 
vasodilator

Decreased LV preload
Decreased BP
Treat or prevent 
coronary vasospasm

Reprinted with permission from Stephens et al. [7]
See text for discussion
CO cardiac output, LV left ventricle, NO nitric oxide, cGMP cyclic guanosine monophosphate,  
BP blood pressure
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arrhythmias in patients receiving dopamine, making the latter agent less desirable in 
this setting [20].

Cardiovascular disease is common in patients with abdominal aortic aneurysms, 
and cardiac complications are common in the postoperative setting. Ongoing hemo-
dynamic instability should prompt a review of recent cardiovascular history and 
available data, and an echocardiogram can be helpful in the absence of this informa-
tion to identify evidence of heart failure with reduced ejection fraction and the pres-
ence of focal wall motion abnormalities that may suggest an underlying significant 
ischemic burden. After careful assessment to exclude an underlying acute coronary 
syndrome or arrhythmia, inotropic therapy with dobutamine or milrinone may be 
necessary to maintain adequate cardiac output and end-organ perfusion.

 Myocardial Infarction

The most common cause of death after successful repair of a ruptured AAA is post-
operative myocardial infarction. A large retrospective study of 1135 patients who 
underwent elective open AAA repair at the Cleveland Clinic identified active myo-
cardial ischemia on preoperative imaging in 16 % of this population and severe but 
correctable CAD in 29 % of patients who underwent coronary angiography. Despite 
this aggressive risk stratification, cardiac events still accounted for 23 % of late 
deaths following surgery [21]. The cumulative incidence of a late cardiac event after 
open AAA has been reported to be 14.9 % at 5 years and interestingly does not sub-
stantially differ between patients undergoing open or endovascular aneurysm repair 
(EVAR) (3.2 and 2.6 events per 100 person-years, respectively) [22, 23]. Although 
controversial, data continue to be published supporting reductions in long-term car-
diovascular risk with preoperative cardiovascular intervention [24].

Myocardial infarction can occur in AAA patients from acute plaque rupture (ST 
elevation MI or non-ST elevation MI type 1) or due to reduced myocardial oxygen 
supply and/or increased myocardial oxygen demand in the absence of a direct coro-
nary artery process (type II) [25]. Acute cardiac decompensation related to physio-
logic stress (Takotsubo’s or stress-induced cardiomyopathy) or embolic events from 
vascular manipulation are less common but also seen and can have a similar 
presentation.

Recognition of MI in these patients can be challenging, as postoperative pain, the 
use of sedation and analgesics, and other critical care interventions may distract 
from or obscure typical angina symptoms. The Vascular Surgery Group Cardiac 
Risk Index, a simple scoring system that recently was shown to outperform the 
Revised Cardiac Risk Index, is one method to help proactively identify patients at 
high risk for cardiac events (Table 15.2) [26]. In addition to age, aortic cross clamp 
duration, volume of blood transfusion, emergency operation, and use of vasopres-
sors during aortic cross clamp have also been identified as independent risk factors 
for postoperative complications [27].
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All patients following emergent AAA surgery should receive a baseline and 
serial daily ECGs on ICU arrival, recognizing that the greatest risk of myocardial 
ischemia is in the first 5 days. ST segment changes on ECG are sensitive but not 
specific for the diagnosis of a MI and will be present without active cardiac isch-
emia in approximately one third of patients undergoing major vascular surgery. 
Cardiac enzyme evaluation using a troponin I assay should be performed whenever 
cardiac symptoms and new ECG changes are present, and some have argued that 
this should be done routinely in the postoperative period. This is because troponin I 
elevations are very specific for MI and have been associated with increased risk of 
mortality over the next 18 months and may benefit from more intensive manage-
ment of their coronary artery disease [28]. Bedside transthoracic echocardiogram 
can also be helpful to identify focal wall motion abnormalities with or without a 
depressed ejection fraction that may increase clinical suspicion for clinically signifi-
cant ischemia.

Rapid recognition and management is the key to the treatment of an acute myo-
cardial infarction. Supplemental oxygen should be administered immediately, along 
with sublingual nitroglycerin with an additional intravenous infusion, if signs and 
symptoms of ischemia persist. Oral or intravenous beta-blocker therapy should be 
strongly considered provided there is no evidence of heart failure or shock or high- 
grade conduction abnormalities on ECG. High-intensity statin therapy should be 
initiated and continued in all patients, and antiplatelet therapy with aspirin is typi-
cally safe. Anticoagulation with unfractionated heparin is also generally acceptable 
should there be concern for acute plaque rupture and still provides the option of 
reversal should bleeding occur. An ACE inhibitor should be started and continued 

Table 15.2 The Vascular 
Surgery Group Cardiac Risk 
Index (VSG-CRI) scoring 
system

Risk factor # points

Age ≥80 years 4
Age 70–79 3
Age 60–69 2
CAD 2
CHF 2
COPD 2
Creatinine >1.8 2
Insulin-dependent diabetes 1
Long-term beta-blockade −1

Risk of adverse cardiac events

VSG-CRI score
Risk of adverse cardiac 
outcome (%)

0–3 2.6
4 3.5
5 6
6 6.6
7 8.9
8 or more 14.3
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indefinitely in all patients with a left ventricular ejection fraction of <40 %. As the 
risk of thrombolytics is generally not acceptable in the setting of recent aortic sur-
gery, patients with STEMI or refractory ischemia despite aggressive medical inter-
vention will require urgent revascularization with either PCI using a radial artery 
approach or coronary bypass. The use of intra-aortic balloon pump counterpulsation 
for patients in cardiogenic shock in this setting is contraindicated [7, 25, 29].

 Atrial Fibrillation

Atrial fibrillation is reported to occur in approximately 10 % of open abdominal 
aortic aneurysm surgery postoperatively. Risk factors include a history of cerebro-
vascular disease, myocardial ischemia, fluid shifts, electrolyte abnormalities, and 
withdrawal from home meds such as beta-blockers, occult thyroid disease, and 
untreated sleep apnea. Patients who develop atrial fibrillation are more likely to 
develop congestive heart failure and have a longer length of stay [30]. Rate control 
is the most important intervention in this setting to preserve adequate left ventricu-
lar filling and reduce the risk of progressive myocardial ischemia and can generally 
be accomplished with beta-blockers in patients with a preserved left ventricular 
ejection fraction. Calcium channel blockers or digoxin may be used as added ther-
apy in cases that are difficult to control. Amiodarone can also be effective in refrac-
tory cases and should be considered first-line therapy in patients with a severely 
reduced ejection fraction. Hemodynamically unstable patients should undergo 
timely electrical cardioversion, but success rates with this intervention can be 
reduced even with coadministration of an antiarrhythmic due to the high sympa-
thetic tone frequently present in these cases.

 Ventilator Management

The majority of patients following emergent AAA repair will remain intubated and 
sedated upon ICU transfer until they can demonstrate stable hemodynamics and no 
evidence of clinically significant bleeding that requires aggressive management. 
Extubation within the first 6 h of ICU arrival correlates with less nosocomial com-
plications and shorter ICU stay and should be strongly considered if no contraindi-
cations exist [7]. Endovascular techniques are associated with less time on the 
ventilator due to less overall physiological insult as well as decreased requirement 
of sedation for pain control [29].

An ICU admission portable chest radiograph is helpful to both confirm place-
ment and exclude complications from central lines placed emergently in the operat-
ing room and to identify potential barriers to early extubation. Most AAA patients 
have a history of tobacco abuse and are at risk for chronic obstructive pulmonary 
disease. Patients with clinically significant COPD may have evidence of hyperinfla-
tion (more than nine posterior ribs completely visible) or hyperlucency in the upper 
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lung fields due to air trapping and upper lobe predominant emphysema most com-
mon in smoking-related lung disease. Chest radiograph can also identify pulmonary 
infiltrates that may suggest TRALI, TACO, or underlying left ventricular dysfunc-
tion and when present should prompt early and aggressive assessment of intravas-
cular volume and examination for myocardial ischemia.

Assist-control ventilation is generally preferred initially to minimize patient 
work of breathing until hemodynamics stabilize. Typical starting tidal volume and 
respiratory rate are 6–8 ml/kg and 12–15, respectively, which should be adjusted 
based on initial pH and initial peak and plateau pressures measured on the ventila-
tor. The vast majority of these patients will have a metabolic acidosis on initial ICU 
presentation, and management of this finding should focus on continued resuscita-
tion with mechanical ventilation simply serving as an adjunct to stabilize pH and 
reduce the risk of arrhythmia [31, 32]. Elevated peak pressures with a low plateau 
pressure should prompt suctioning to clear the endotracheal tube and central air-
ways of mucus plugging, followed by bronchodilator administration if persistent for 
likely underlying obstructive lung disease. Severe COPD patients may benefit from 
slower respiratory rates and low tidal volumes to reduce the risk of dynamic air trap-
ping and barotrauma. Elevated peak and plateau pressures combined with diffuse 
infiltrates on chest radiograph are concerning for problems with lung compliance 
and should prompt a lung-protective ventilator strategy (tidal volumes of <6 cc/kg 
ideal body weight, titrated to keep the plateau pressure less than 30 cmH2O, and 
consideration of higher levels of PEEP). FiO2 should initially be set at 100 % and 
then weaned to a PaO2 of 70 mmHg or greater, with an initial PEEP of 5 cmH2O.

Attempts at ventilator liberation should begin as rapidly as possible once hemo-
dynamics have stabilized and pain, bleeding, acidosis, and myocardial ischemia 
have been addressed. Patients who are alert enough to protect their airway and dem-
onstrate an appropriate rapid shallow breathing index (RSBI, frequency/tidal vol-
ume in L) of <105 should be considered for a spontaneous breathing trial using 
either CPAP or T piece and extubated in 30 min if doing well. Multiple studies have 
shown that the prophylactic use of noninvasive positive pressure ventilation imme-
diately post-extubation, especially in patients with COPD, can reduce the risk of 
reintubation [33].

 The Early Postoperative ICU Course

The first 24–48 h of ICU care in the critically ill patient generally focus on initial 
resuscitation, support, correction of immediately life-threatening physiologic or 
metabolic abnormalities, and stabilization. This period will set the stage for the next 
phase of care and will play out over the first 3–5 days of the ICU stay, and the ulti-
mate outcome will largely depend on the amount and degree of end-organ dysfunc-
tion that results from both the initial insult (rAAA with shock) and the initial 
resuscitation (reperfusion syndromes). It is important to note that the resuscitation 
can play an equal (or even greater) part in many of the complications and organ 
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failure syndromes that are seen after rAAA. As described above, a balanced and 
judicious resuscitation using reliable and meaningful end points and avoiding mas-
sive over-resuscitation (particularly with standard crystalloid solutions) has been 
shown to result in significantly lower morbidity and potentially even lower mortal-
ity. Following this initial period of intensive care and resuscitation, patients will 
generally sort into one of three possible categories: (1) rapid stabilization and 
immediate recovery of end-organ function, (2) continued and progressive deteriora-
tion despite maximal efforts, or (3) stabilization but evidence of developing or 
ongoing single or multi-organ dysfunction syndromes (MODS). It is this third pop-
ulation where most of the gains with attentive and evidence-based ICU care can be 
realized.

 Abdominal Compartment Syndrome

Abdominal compartment syndrome (ACS) is one of the most feared complications 
among all surgical patients and particularly after emergent abdominal aortic sur-
gery. All rAAA patients regardless of the method of repair should be considered to 
be at high risk for developing ACS, and we recommend routine focused monitoring 
postoperatively in this patient population. Although ACS is primarily thought of as 
a complication after open abdominal surgery, there is a significant risk of ACS even 
among patients who undergo endovascular repair. Epidemiologic studies have dem-
onstrated an incidence of ACS in 30–50 % of patients after open rAAA repair and in 
up to 30 % of emergent endovascular repairs [34–36]. The etiology and causes of 
ACS after rAAA repair are multifactorial and have been related to the amount of 
fluid resuscitation, the presence and depth of presenting shock, the volume of retro-
peritoneal hematoma, the duration of ischemia, and the development of postopera-
tive abdominal complications such as ischemic bowel [37]. Understanding these 
factors and the common causes of ACS allows the ICU physician to anticipate and 
potentially even prevent the development of ACS. Diagnostic clues to developing or 
frank ACS can range from subtle physiologic changes to complete cardiorespiratory 
collapse, and the key to avoiding unnecessary morbidity or death is always earlier 
recognition and intervention.

The most important diagnostic strategy is to appreciate the potential risk for 
developing ACS in an individual patient by identifying the presence and number of 
risk factors as described above. These patients should then be closely monitored for 
the early physiologic indicators of developing ACS combined with routine serial 
monitoring of intra-abdominal pressure. Early clues to developing intra-abdominal 
hypertension include progressive tachycardia, tachypnea (if spontaneously ventilat-
ing), decreasing urine output, and decreasing mean arterial pressures. Unfortunately 
these are all relatively nonspecific signs of ACS, but should prompt at least consid-
eration of the diagnosis. More specific indicators of ACS include worsening 
 abdominal distension and firmness on exam, steadily decreasing pulmonary compli-
ance, decreasing mean arterial pressures (MAP), and sudden oliguria or anuria that 
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is not responsive to volume expansion. It is important to also understand that the 
signs of decreasing pulmonary compliance will depend on the mode of ventilation, 
with rising peak or mean airway pressures on a volume-controlled mode or decreas-
ing tidal volumes on a pressure-controlled mode. Early changes in pulmonary com-
pliance may be less obvious in the patient on ventilator modes that automatically 
compensate for compliance changes (such as pressure release volume-controlled 
ventilation). Similarly, decreases in blood pressure may be less appreciated in the 
patient on vasopressor agents that are being titrated to a certain MAP, so the dose of 
vasopressor should also be followed closely. Systemic markers of perfusion or met-
abolic acidosis (lactate, base deficit) may be elevated late in the course of ACS, but 
they are not reliable early indicators. The best indicators of ACS include rising peak 
airway pressures, decreasing MAP and/or increased vasopressor requirement, and 
decreased urine output in the setting of increasing abdominal distension and abdom-
inal pressures.

There are now published international consensus guidelines on ACS that have 
standardized the diagnostic criteria and provide evidence-based recommendations 
for interventions and therapeutic options [38, 39]. The preferred method of assess-
ment of intra-abdominal pressure (IAP) is via bladder pressures obtained with the 
patient supine, relaxed, and measured at the midaxillary line. Intra-abdominal hyper-
tension is defined as a sustained intra-abdominal pressure (IAP) ≥12 mmHg, while 
ACS is characterized by a sustained IAP ≥20 mmHg. Some have proposed that cal-
culating an actual abdominal perfusion pressure (defined as MAP-IAP) is superior to 
the above definition, with a perfusion pressure <60 mmHg indicating ACS [39]. We 
recommend routine serial assessments of IAP via the bladder catheter in all patients 
after emergent repair of a rAAA and that these be continued until the patient is out of 
the early high-risk period (initial 2–3 days) and has no clinical signs of elevated 
IAP. If the patient develops elevated IAP, then initial interventions to present progres-
sion to ACS include diuresis or dialysis/hemofiltration for volume overload, a trial of 
intravenous paralytic agents, and assessment for any abdominal complications (such 
as hemorrhage, bowel ischemia) [38, 40]. There is also a select subgroup of patients 
that will develop ACS due to massive ascites, and these patients can often be treated 
successfully by large-volume paracentesis and either repeat paracentesis as needed or 
placement of a temporary drainage catheter for continuous evacuation of fluid.

Although some of these temporizing maneuvers can delay or even prevent pro-
gression to ACS, the majority of patients that develop true ACS will require an emer-
gent decompressive laparotomy. The key technical steps to successful decompression 
are to widely open the skin and abdominal fascia, to perform a thorough exploration 
to identify any pathologic process underlying the ACS (such as bleeding, ischemic 
bowel, bowel obstruction with massive dilation), and to perform a temporary abdom-
inal closure with enough laxity to avoid recurrent ACS. However open abdomen and 
temporary closure techniques are not without complications. There is a higher risk of 
infection, fistula formation, skin necrosis, and abdominal wall retraction with loss of 
domain following decompressive laparotomy. Mortality is also significantly higher 
among patients who develop ACS after ruptured AAA repair. In one recent series, 
mortality with ACS was 62 % among patients who had undergone open repair and 
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was a strikingly high 83 % among the endovascular group [34]. The high rates of 
postoperative ACS and the associated morbidity/mortality have prompted some to 
propose prophylactically leaving the abdomen open at the time of initial open repair, 
with delayed closure performed once the patient is out of the high-risk time window. 
We would recommend strong consideration of this approach in any patient undergo-
ing open repair who is requiring ongoing fluid and vasopressor resuscitation, with 
significant bowel distension/edema or with undue fascial tension or elevated airway 
pressures during fascial closure [37, 40, 41]. In the patient with elevated IAP that 
progresses after an endovascular repair, decompressive laparotomy should be consid-
ered before the development of ACS. The results of a study by Choi et al. are shown 
in Fig. 15.1 and display what factors most commonly weighed into a surgeon decid-
ing to progress to decompressive laparotomy [40]. As the ACS in this patient popula-
tion is often attributed to the large retroperitoneal hematoma that would otherwise be 
evacuated with an open approach, an alternative-described treatment modality is the 
placement of a percutaneous image- guided catheter into the hematoma and infusing 
thrombolytics to break up and evacuate the clot [42]. Finally, the decision to perform 
a decompressive laparotomy must also be made with consideration of the patient’s 
overall status and likelihood of survival, aligned with any known advanced directives 
and the wishes of the patient or their surrogate decision-makers.

 Acute Kidney Injury

The incidence of acute kidney injury (AKI) in all patients undergoing elective and 
ruptured AAA surgery has been reported to be 15–22 % and likely underestimates 
the risk in the latter population [43–45]. Another recent retrospective review of 140 
patients undergoing emergent AAA repair identified an incidence of acute kidney 

Fig. 15.1 Choi et al. evaluated factors influencing a surgeon’s decision of prophylactic laparot-
omy for suspected ACS in rAAA for abdominal compartment syndrome (Reprinted with permis-
sion from Choi et al. [40])
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injury of 75.7 %, for example, with 78.3 % of which occurring in the first 24 h in the 
ICU [46]. Postoperative AKI has been associated with a higher risk of death and 
prolonged hospitalization in this population, with only 63.4 % of survivors at 1 year 
demonstrating complete kidney recovery.

Risk factors for AKI in emergent AAA procedures include baseline chronic kid-
ney disease, greater intraoperative blood loss and transfusion requirements, need for 
mechanical ventilation and vasoactive therapy, higher illness severity scores, and 
detectable postoperative troponin I values [46]. Other associated factors identified 
from elective AAA repair include diabetes, procedural duration, kidney ischemic 
time during aortic cross clamping of >100 min, rhabdomyolysis, low cardiac output, 
intravenous contrast administration, rhabdomyolysis from lower extremity reperfu-
sion, and athero-embolization during aortic manipulation [43, 44, 47]. In some cir-
cumstances it is acceptable to intraoperatively sacrifice the left renal vein for 
exposure during these emergent repairs. If the gonadal vein is not preserved, then 
renal failure is more likely to develop from venous congestion; acute renal failure is 
associated with 60–80 % mortality after repair of ruptured AAA [48].

Oliguria and anuria with a rise in creatinine despite appropriate resuscitation are 
the first markers of AKI in this setting and should be evaluated with urine studies to 
exclude prerenal etiologies using the factional excretion of sodium and urea (FENa, 
FEUrea) and urine microscopy. A FENa of >1 % and the presence of muddy brown 
casts in the urine sediment are highly suggestive of acute tubular necrosis from an 
ischemic renal injury.

Prevention and management strategies for AKI are limited. Efforts should be 
taken in all patients to maintain adequate intravascular volume to ensure appropriate 
renal perfusion and minimize vasopressors and other nephrotoxic medications when 
possible. Daily review and appropriate dosing adjustments of all medications with 
renal metabolism and excretion are important in the setting of a reduced creatinine 
clearance. Forced diuresis using loop diuretics or mannitol is not encouraged, as 
these interventions increase the risk of volume depletion and further renal injury. In 
patients with preexisting kidney disease, the use of renal vasodilators such as 
fenoldopam may decrease risk of concomitant AKI postoperatively [7, 49]. Renal 
replacement therapy should be initiated early in the setting of acidosis, electrolyte 
disorders, volume overload, or uremia symptoms that are refractory to medical 
management, and more severe AKI is associated with a lower incidence of renal 
recovery (OR 5.01, 95 % CI 2.34–19.7, p < 0.001) [50].

 Acute Limb Ischemia

High mortality is also associated with the development of critical limb ischemia 
following ruptured AAA repair. Development of acute limb ischemia can poten-
tially be caused by multiple different etiologies including postoperative thrombo-
embolic disease, prolonged preoperative and intraoperative ischemia, extremity 
compartment syndrome from reperfusion, or distal embolization of plaque or clot 
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from aortic clamping and intraoperative manipulation. In addition, aortic manipu-
lation can put the patient at risk for dislodgement of cholesterol particles with 
resultant cholesterol emboli. These differ from atherothrombotic emboli in that 
they are typically smaller and cause ischemia more distally in smaller vessels. 
Virtually any end organ may be affected by cholesterol emboli, and the true inci-
dence is unknown. Physical signs of this phenomenon can go well beyond limb 
ischemia and may include fever, skin petechiae, and signs of end-organ damage 
such as renal azotemia, worsening respiratory distress, or even neurologic changes. 
The presence of livedo reticularis in this setting is strongly associated with choles-
terol emboli syndrome. Blue toe syndrome or ischemia to distal extremities follow-
ing both elective and emergent aortic surgery has also been associated with 
cholesterol emboli [51]. The importance of rapid identification and intervention for 
postoperative limb ischemia is well described in the available literature. In one 
series of 46 emergent ruptured AAA repairs (all done open), there was a 17 % inci-
dence of postoperative critical limb ischemia [52]. These required a variety of 
interventions including attempts at operative repair, thrombolysis, or catheter 
embolectomy. Ultimately, 63 % of the patients who developed limb ischemia pro-
gressed to frank limb necrosis. The overall mortality due to critical limb ischemia 
for the entire cohort was 11 %, and among those who developed limb ischemia, the 
mortality rate was 83 % [52].

As with abdominal compartment syndrome, all patients who undergo emergent 
repair for a ruptured AAA should have routine postoperative monitoring done to 
identify any signs of impending or current limb ischemia. This can be complicated 
by the multiple factors in these patients that can compromise the reliability and 
accuracy of the physical exam of the extremities. These can include hypotension, 
vasopressors, preexisting vascular disease, edema, venous stasis changes, and obe-
sity. It is critical for the operative team to assure that there is adequate distal flow to 
the extremities following the rAAA repair and to establish a new baseline extremity 
vascular exam that can be reliably compared to subsequent examinations for any 
significant change. The other key component is to then accurately communicate 
(and preferably demonstrate) the key parts of that exam to the ICU team who will 
be involved in the patient’s postoperative care. This should include documentation 
of both the pulse and Doppler exam for the femoral, popliteal, and all three pedal 
vessels to characterize which have a palpable pulse, which have only a Doppler 
signal, and which have neither. Subsequent vascular checks should be done on these 
patients hourly during the initial resuscitation and stabilization period and should 
preferably be done by the same person during each shift. There should be clear 
instructions to notify the ICU and operative team immediately for any significant 
change in the exam indicating worsening perfusion. This includes the loss of any 
palpable pulse, the change from palpable to Doppler signal only, and of most con-
cern the complete loss of pulse and Doppler signals in any vessel. It is important to 
recognize developing limb ischemia as early as possible in order to initiate prompt 
interventions to improve or restore flow. As the development of limb ischemia is 
associated with a high mortality in addition to a high rate of limb loss, this monitor-
ing and early intervention process can be lifesaving in addition to limbsaving.
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Interventions for the development of limb ischemia can include any of the fol-
lowing alone or in combination: chemical anticoagulation, thrombolysis, catheter- 
based lysis or thrombectomy, infusion of vasodilators, endovascular angioplasty 
and/or stenting, operative thrombectomy/embolectomy, revision or repair of anasto-
moses, and operative revascularization of the affected extremity. A full description 
of all of these options is beyond the scope of this chapter, but meticulous attention 
to proper ICU care and management may minimize the time to identification and 
intervention of this postoperative complication or may even prevent it from devel-
oping. Avoidance of both over- and under-resuscitation can help reestablish steady 
perfusion and avoid repeat periods of relative low-flow or no-flow ischemia. 
Although correction of coagulopathy is often emphasized in the critically ill postop-
erative patient, there is a growing appreciation of the multiple phenotypes of coagu-
lation abnormalities during and after shock, including a predisposition to thrombotic 
complications rather than hemorrhagic complications. Complete normalization of 
all coagulation parameters should not be used as a target in the non-bleeding patient 
after a major vascular reconstruction. The increasing use of thromboelastography 
(TEG) may allow for better appreciation of the current dynamic clotting and clot 
lysis function in an individual patient and avoid over- or undertreating coagulopathy 
based off of standard coagulation parameters such as the prothrombin time and 
partial thromboplastin time. If acute postoperative limb ischemia or threatened limb 
ischemia develops, then therapeutic anticoagulation with heparin should usually be 
started immediately for suspected thromboembolism. This may be effective alone in 
improving perfusion and effecting resolution of any partially obstructing thrombus, 
but if gross loss of tissue is impending or occurring, then immediate endovascular 
or operative intervention is typically necessary. In the event that tissue loss is too 
advanced or extremity revascularization is not possible or will not be tolerated due 
to the severity of illness, then an amputation should be considered. In rare cases 
with extremity necrosis in patients who are too unstable to tolerate any operative 
intervention, a temporizing “medical amputation” can be performed by placement 
of a proximal extremity tourniquet to occlude both inflow and outflow or by placing 
the extremity in dry ice until they are stable enough to tolerate a formal surgical 
amputation [53–55].

Extremity compartment syndrome deserves special mention in any discussion of 
the ICU and care and monitoring in this patient population. All post-op ruptured 
AAA patients are at risk for development of compartment syndrome of the lower 
extremities, and in addition to the limb concerns, it can impact multiple areas of 
their ICU care including the cardiovascular and renal systems. Patients at 
 particularly high risk include those with prolonged shock, longer durations of pre-
operative and/or intraoperative limb ischemia (>4–6 h), lack of palpable pedal 
pulses after surgery, and those with concurrent venous thrombosis and decreased 
venous return. Regardless of the individual risk factors, all patients should be 
closely monitored for compartment syndrome following an emergent rAAA repair. 
The classic early signs of compartment syndrome including severe pain, sensory 
deficits, loss of toe/foot extension are frequently not reliable in this patient 
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 population as the exam is compromised by narcotics, sedation, and often mechani-
cal ventilation. Serial examination of the calf compartments, preferably by the 
same person or groups of people, should be performed to detect increased swelling 
and tenseness. Soft compartments with an intact distal vascular exam do not require 
any further evaluation. If there is increasing concern for a compartment syndrome 
based on the physical exam, then either compartment pressures should be measured 
at the bedside or operative fasciotomies should be performed. Similar to abdominal 
compartment syndrome, compartment pressures above 15 mmHg should raise con-
cern, and those above 20–25 mmHg should prompt intervention. Although several 
authors have proposed using a perfusion pressure (MAP-compartment pressure) to 
diagnose compartment syndrome, this has primarily been validated in isolated 
orthopedic trauma and not in the vascular or ICU patient population. Several others 
have examined the use of a cutaneous near-infrared spectroscopy monitor to moni-
tor for compartment syndrome and have reported increased sensitivity and specific-
ity when compared to standard clinical criteria and physical examination [56–58]. 
In addition to providing earlier warnings of impending compartment syndrome, 
this technology has the advantage of being noninvasive, portable, and continuous. 
The risk of postoperative extremity compartment syndrome is almost exclusively 
limited to the calf, although rarely thigh and gluteal compartment syndromes have 
been reported and should be considered for the patient with evidence of rhabdomy-
olysis and an unconcerning calf exam. For the patient with failed attempts at resto-
ration of perfusion or irreversible major tissue loss, emergent amputation may be 
necessary and lifesaving. This is crucial in the setting of a post-op ruptured AAA 
patient as any increased metabolic demand such as tissue necrosis may be the incit-
ing cause of additional cardiopulmonary stress with resultant major morbidity or 
mortality [52].

In addition to evaluation of the extremity, any suspected or proven compartment 
syndrome should prompt immediate assessment for rhabdomyolysis, myoglobin-
uria, and acute kidney injury with serial laboratory studies (serum CPK, urine myo-
globin, and BUN/creatinine). Fluids should be titrated to maintain UOP of at least 
30–50 cc/h, and if the CPK is greater than 5000, then we recommend increasing the 
goal UOP to 80–100 cc/h. Although mannitol and bicarbonate administration are 
commonly advocated adjuncts for rhabdomyolysis, there is no high-quality evi-
dence demonstrating any benefit to these therapies above standard fluid resuscita-
tion. We reserve these therapies for the patient with a CPK >10,000 and that is rising 
despite standard fluid resuscitation and positive urine myoglobin. The most com-
mon error we see in this area is underestimation of the amount of bicarbonate 
required to truly alkalinize the urine. We will typically give an immediate bolus of 
1–2 ampules (50–100 meq) of sodium bicarbonate (NaHCO3), followed by a 
 continuous infusion of D5W with 100–150 meq NaHCO3/l running at 100–150 cc/h. 
Confirmation of urine alkalization can be obtained with a simple bedside urine dip-
stick for pH. Intermittent mannitol boluses may also be given if the patient is failing 
to adequately respond to the measures above, but should not be given to the anuric 
patient.
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 Adrenal Insufficiency

The physiologic stress and relative hemodynamic instability that often accompanies 
the presentation of a ruptured AAA create a decidedly vulnerable environment for 
the adrenal gland. The incidence of adrenal insufficiency (AI) is approximately 
30 % overall after ruptured AAA repair, and it is reported that up to 67 % of patients 
with unexplained postoperative hypotension have underlying AI. Table 15.3 high-
lights the systemic physiologic impact of AI on overall outcomes between those 
who have AI during recovery after rAAA and those who do not [59]. The stress of 
the vascular event and major surgery can increase cortisol production tenfold and 
cease the typical diurnal cycling of cortisol production. The robust blood supply to 
the adrenal gland is protective from supraceliac clamping; however, the combina-
tion of blood loss, mechanical interruption, and microvascular thrombosis or emboli 
make adrenal ischemia and AI a real possibility that should be considered in all 
patients [59]. Additional important factors that are critical to elucidate are any his-
tory of prior AI, current or recent use of steroid medications, prior adrenal surgery 
or radiation, and whether any medications have been administered that can interfere 
with adrenal glucocorticoid and/or mineralocorticoid production. One of the more 
commonly used medications that can suppress adrenocortical function is etomidate, 
a commonly used induction agent for rapid sequence intubation. Among patients 
with septic shock, the incidence of AI was found to be 76 % after etomidate admin-
istration versus 51 % with no etomidate [60]. Several other series in shock states 
(including hemorrhagic shock) have confirmed these findings and also suggest a 
possible adverse impact on survival [60–62]. However, others have challenged 
these findings, particularly with a single dose of etomidate [63, 64]. We prefer to 
avoid etomidate if possible in this patient population and also assume that some 
degree of adrenal insufficiency is likely in the post-op patient with hypotension 
despite adequate volume replacement and who received etomidate for intubation or 
during surgery.

Table 15.3 Effect of adrenal insufficiency on outcomes

AI group Non-AI group

N % N % P value

Bowel ischemia 1 17 3 21 1
Respiratory failure 3 50 8 57 0.63
Myocardial infarction 1 17 3 21 1
Acute renal failure 2 33 5 35 1
Wound problems 1 17 3 21 1
Sepsis 3 50 8 57 0.2
Death 1 17 2 14 0.21
Discharge status
Home 0 0 4 29 0.04
Extended care 5 83 8 57

Reprinted with permission from Parikshak et al. [59]
AI adrenal insufficiency, N number
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It is well understood that cortisol production is intimately involved in the pro-
duction and activation of catecholamines that regulate not only vascular tone but 
cardiac function as well. The classic clinical picture of AI is profound hypotension 
that is not responsive to intravenous volume expansion and pressor medications. 
Individuals with unidentified AI are therefore at risk of requiring a larger amount of 
fluid resuscitation, higher doses of vasopressor medications, and the expected resul-
tant increase in complications, organ failures, and mortality [59]. However, these 
factors can be difficult to isolate and attribute to AI in the complicated post-op 
rAAA patient who is hypotensive and requiring large-volume resuscitation. The 
criteria for diagnosis of AI and for initiation of supplemental low-dose (or “stress 
dose”) steroids have undergone a number of changes and modifications over the 
past decade as new high-quality controlled data has become available [65–67]. 
Previous recommendations for diagnosing AI in critically ill patients focused on 
laboratory testing to evaluate serum cortisol levels, cortisol response to a corticotro-
pin stimulation test, or both. Although these results have been shown to be predic-
tive of outcomes, they have not been shown to be reliable for guiding initiation or 
continuation of therapy [67–69]. The most widely accepted current guidelines in 
critically ill patients come from the Surviving Sepsis Campaign (www.surviving-
sepsis.org), and although they focus on septic shock, their algorithms have been 
widely adopted among diverse ICU populations with shock from varying etiologies 
[70, 71]. For suspected AI, therapy should be initiated with low-dose hydrocorti-
sone (200–300 mg/day intravenously) based on clinical assessment alone and 
should not rely on or be delayed for the results of laboratory testing of cortisol levels 
or a corticotropin (ACTH) stimulation test. Adrenal insufficiency should be sus-
pected in all patients with hypotension despite adequate or ongoing volume expan-
sion and requiring high dose or increasing doses of vasopressor medications and in 
the absence of another identified cause of the refractory shock. Empiric steroid 
therapy should be immediately initiated in these patients using hydrocortisone (or 
equivalent agent) at a dose of 50–100 mg every 8 h. Specific additional mineralocor-
ticoid supplementation (typically with fludrocortisone) is not recommended unless 
there is some etiology or concern for severe mineralocorticoid deficiency that is 
being inadequately supplemented by the hydrocortisone. Exogenous steroid treat-
ment should be implemented for the improved outcomes for these patients when 
hypotension remains unexplained after the first 24 h. Boluses of hydrocortisone are 
typically used initially with 100 mg immediately followed by 50–100 mg IV every 
8 h. Hydrocortisone is typically preferred over dexamethasone or other  formulations 
because of its added benefit of mineralocorticoid activity, although some intensiv-
ists advocate adding a specific mineralocorticoid agent (such as fludrocortisone).

 Ischemic Colitis

Ischemic colitis is one of the most feared and morbid conditions or complications after 
abdominal aortic surgery and is particularly well described after both elective and 
emergent AAA repair. Although the etiology is often assumed to be simple interruption 
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of the colon blood supply, typically in the inferior mesenteric artery distribution, the 
actual cause is frequently multifactorial. It can include preexisting atherosclerotic or 
thrombotic disease of the mesenteric vessels, anatomic variation or absence of collat-
eral vessels to the colon, ligation or exclusion of the hypogastric arteries, hypotension 
with low-flow states, medications, vasopressor use, and infection. The risk of ischemic 
colitis is substantially higher in ruptured AAA patients in comparison to those under-
going elective repair and will also vary highly depending on the aggressiveness of 
screening. Clinically significant ischemic colitis is demonstrated in approximately 5 % 
of elective open AAA repairs, with an increase to 35 % in emergent ruptured AAA 
repairs [72, 73]. When routine or aggressive endoscopic surveillance is employed, up 
to 65 % of patients will have some evidence of ischemic colitis after open repair of a 
ruptured AAA [72, 74]. Much less data is available on ischemic colitis after endovas-
cular repair, but several series have described an incidence of 1.4–1.7 % for all endo-
vascular AAA repairs [75, 76]. The incidence in EVAR for rAAA is undoubtedly 
higher, but has not been well characterized. Of interest, the presence of atheroemboli 
as the primary source of colonic ischemia is much more common following endovas-
cular repair and carries an overall poor prognosis. The presentation and clinical signifi-
cance of postoperative ischemic colitis exists along a broad spectrum, from relatively 
asymptomatic disease limited to the mucosa and identified on endoscopy to full-thick-
ness colon necrosis with perforation. However, there is a clear and significant increase 
in overall mortality among patients with clinically evident ischemic colitis to 40–60 % 
and up to 90 % in the presence of necrosis with perforation [77, 78].

A detailed discussion of the identification and management of this complication 
is comprehensively discussed separately in this book. Of specific importance to the 
ICU physician caring for these patients is to maintain a high index of suspicion for 
ischemic colitis, as a delay in diagnosis is one of the strongest factors associated 
with poor outcomes. The diagnosis should be considered in any patient who is fail-
ing to respond to resuscitation or who demonstrates rapid decompensation after an 
initial 24–72-h period of stability. More specific signs such as worsening abdominal 
distension, abdominal pain and fevers, bloody and/or frequent bowel movements, 
and leukocytosis should prompt a focused evaluation, typically with flexible endos-
copy to assess the colonic mucosa. Because this entity almost universally involves 
the left colon in the inferior mesenteric artery territory, a bedside flexible sigmoid-
oscopy is sufficient to evaluate the primary areas at risk (Fig. 15.2). Medical 
 management is the preferred treatment for mild to moderate ischemia without evi-
dence of full-thickness involvement, colon necrosis, perforation, or peritonitis. This 
consists of bowel rest, intravenous volume expansion, intravenous antibiotics, and 
close monitoring for progression versus resolution. Any patient who develops evi-
dence of an acute abdomen or abdominal compartment syndrome should be pre-
sumed to have ischemic colon with necrosis until proven otherwise and should 
undergo immediate laparotomy and segmental versus total abdominal colectomy. 
Other interventions that may have benefit are avoiding the use of vasopressor agents 
with strong or unopposed vasoconstrictive effects that preferentially affect mesen-
teric flow and withholding full-dose enteral feeding to allow bowel rest and muco-
sal recovery and healing.
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 Standard Daily Critical Care Principles and Practice

The acute care issues and complications of a ruptured AAA have been addressed as 
they will appear during a typical postoperative ICU stay. More generalized standard 
ICU “best practices” still very much apply to the post-op ruptured AAA patient and 
should briefly be reviewed. One of the most important factors in providing consis-
tently high-quality ICU care is to have a standard and systematic approach to the 
initial evaluation and all subsequent daily evaluations of the ICU patient. This is 
even more important in the complicated vascular patient who often has multiple 
preexisting comorbidities, medications, several consulting services, and more than 
one active ICU issue or problem. Methods to simplify, protocolize, and automate 
the care of these patients, and particularly the aspects of care with strong evidence- 
based support, have been consistently found to result in improved outcomes and 
decreased errors or “near misses.” The use of standardized data collection systems, 
preformatted rounding sheets, ICU care protocols or “bundles,” and daily care 
checklists are key components to enhance care and to ensure that important things 
aren’t overlooked or forgotten (i.e., DVT prophylaxis, nutrition, oral care, position-
ing, etc.). Finally, the ultimate impact of this process will be significantly lessened 
or even nullified if the information is restricted to only the physicians on either the 
ICU or the surgical team. Daily rounds should also include the key nonphysician 
personnel who will be involved in the care of the patient, including the ICU nurse 
and any nursing assistants, respiratory therapy, etc. Additional benefit will be 
derived through having larger multidisciplinary rounds at least weekly, with involve-
ment of key personnel including nutrition, physical and occupational therapy, 
speech pathology, an ICU pharmacologist, social work, and case management.

Daily ICU rounds can often be characterized as a large “data dump” followed by 
discussion and planning and then execution. Although actions and interventions are 
often emphasized, it is important to be able to distinguish between doing things to 

Fig. 15.2 Examination of 
the sigmoid colon via 
flexible endoscopy 3 days 
after open repair of a 
ruptured abdominal aortic 
aneurysm reveals pale 
mucosa, vascular 
congestion, and large 
ulcerations consistent with 
ischemic colitis
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 “optimize” the patient versus doing things to try and “normalize” them. The history 
of critical care is littered with abandoned practices that attempted to intervene to 
make some parameter in the ICU patient look like it does in a healthy patient. 
Table 15.4 contains several key examples of these, such as tight glucose control 
(targeted to glucose level of 90–110 mg/dl), that in the end turned out to be more 
harmful than helpful. This section will be presented in a system-based fashion, 
which has become the preferred organizational framework for standard ICU rounds 
at most major medical centers.

 Neurologic/Pain Management

Neurologic management and care can be broken down to analgesia, sedation, and 
delirium prevention or management. Patients should be monitored closely to ensure 
adequate pain control, and a validated system of pain measurement should be 
 utilized. Specifically, it is recommended that post-op ruptured AAA patients have a 
thoracic epidural in place if at all possible, which can provide superior pain control 
with lower doses of narcotics and/or local anesthetic infusion. Opioid analgesia is 
the first line for intravenous or oral analgesia, but must be balanced against the 
known side-effect profiles including respiratory depression, worsening of delirium, 
urinary retention, and constipation. This should be supplemented with nonnarcotic 
medications such as nonsteroidal anti-inflammatory drugs and acetaminophen 
whenever possible. The combination of scheduled intravenous ketorolac and acet-
aminophen can work wonders in reducing musculoskeletal pain and decreasing the 
total narcotic requirement, particularly among elderly patients. If there is concomi-
tant neuropathic pain, then gabapentin or similar agents can be added [79]. For 
patients with refractory pain despite all of the above, or with significant side effects 
or intolerance to narcotics, a low-dose ketamine infusion (2 ug/kg/min) will almost 
always be effective and is well tolerated without the hemodynamic effects or respi-
ratory depression seen with higher doses of narcotics [80, 81].

Sedation of the ICU patient remains one of the more challenging and frequently 
misunderstood aspects of ICU care. There is a common assumption that all intu-
bated patients need to be heavily sedated and that sedation must be delivered as a 
continuous intravenous infusion. This approach has now been clearly shown to 
result in avoidable morbidity and even mortality and should be abandoned. The first 
question that must be asked for every patient is whether they require sedation at all, 
and if so, whether it can be achieved with intermittent dosing of short-acting agents. 
In many cases, patients felt to be “difficult to sedate” due to agitation actually will 
respond to improved pain control and do not require heavier sedation. All ICU seda-
tion should be managed via a protocolized approach that includes options for con-
tinuous versus intermittent dosing, contains a validated and objective sedation 
scoring system that is used to titrate the sedation, and provides for daily “sedation 
holidays” to better assess the patient’s neurologic status and whether they require 
continued sedation at all. There are multiple readily available and validated sedation 
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scoring systems, such as the Ramsay sedation score (RSS) and the Richmond 
Agitation-Sedation Score (RASS), and sedation orders should be written to titrate to 
a specific score and not to meaningless categories such as “titrate to moderate seda-
tion” [82, 83]. In select cases where deeper sedation is required or sedation assess-
ment is compromised by either medications (such as paralytic agents) or organic 
brain disorders, advanced neuromonitors such as the bispectral index system (BIS) 
can provide continuous and objective data on depth of sedation [84, 85].

There is significant debate in the literature regarding the optimal choice of sedat-
ing agents, and each class of medications has its own pros and cons in this patient 
population. The choice of agent should depend on the level of sedation that is 
required, the anticipated duration of sedation, the patient’s age and renal/liver func-
tion, the desired dosing schedule (continuous versus intermittent), and the individ-
ual sedation and side-effect profile of the medication. Benzodiazepines are common 
first-line agents for ICU sedation and can produce effective and sustained sedation 
as well as amnestic effects. Side effects can include decreased blood pressure, para-
doxical increased agitation (particularly in elderly patients), and significant depres-
sion of respiratory drive. Midazolam and lorazepam are the two most commonly 
utilized agents for ICU sedation, and both are effective agents with relatively short 
durations of onset and action when given intermittently. However, there is a wide-
spread misperception that midazolam is a superior agent for continuous infusion 
due to the short duration of action and ability to quickly awaken the patient after 
stopping the infusion. After 24–48 h of continuous infusion, midazolam has similar 
long-term effects as the other long-acting benzodiazepines due to the systemic 
accumulation of the drug and its active metabolites. We recommend intermittent 
dosing of benzodiazepines when possible, with repeated additional small doses as 
needed for inadequate sedation or intermittent agitation. These agents should be 
minimized or altogether avoided in the patient at high risk for delirium or with 
established delirium [79].

Alternative agents such as propofol and dexmedetomidine (Precedex) have 
gained widespread use and acceptance in all ICU populations, primarily due to their 
advantages over benzodiazepines in terms of rapid onset and clearance (propofol) 
and less hemodynamic and respiratory effects (dexmedetomidine). Propofol infu-
sion has particularly gained favor as the preferred agent when a short duration of 
sedation is anticipated (typically less than 72 h). It has a rapid onset when initiated 
and similarly rapid clearance when held, even after continuous infusion for >24 h. 
However, its use may be limited in the post-op ruptured AAA patient with hypoten-
sion or with labile hemodynamics. Continuous infusion should not be continued 
beyond 3–4 days, and patients should be monitored for the rare but frequently fatal 
“propofol infusion syndrome,” characterized by lactic acidosis, heart failure, rhab-
domyolysis, hyperkalemia, and renal failure [86]. Dexmedetomidine is a newer 
agent that induces sedation as well as analgesia via central alpha-2 adrenergic ago-
nism and has no respiratory depressant effects. Patients are typically easy to arouse 
from sedation on this agent, and its use has been associated with significantly shorter 
times to extubation versus standard agents such as benzodiazepines [87, 88]. Similar 
to propofol, this agent does have negative cardiovascular effects such as hypoten-
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sion and bradycardia and should not be used during periods of hemodynamic insta-
bility or lability [89].

Delirium is one of the more morbid but simultaneously preventable complica-
tions of prolonged ICU care. The first principle of delirium is that it should be a 
diagnosis of exclusion, and alternative metabolic or physiologic causes for confu-
sion/agitation (such as hypoxia, hypercarbia, uremia, etc.) should be sought out and 
treated. Daily implementation of early mobilization, consistent schedules of care 
and activity, and day-night cycling is paramount in the prevention of ICU delirium. 
Delirium should be monitored with scoring tools such as the Confusion Assessment 
Method for the ICU (CAM-ICU) or the Intensive Care Delirium Screening Checklist 
(ICDSC) [79]. Ruptured AAA patients are at significant risk for developing postop-
erative delirium due to multiple factors including their typically advanced age, mul-
tiple comorbidities, polypharmacy, requirement for frequent pain medication, and 
their overall severity of illness. Furthermore patients with preexisting dementia or 
history of smoking or alcoholism will be at a compounded risk for ICU delirium and 
should be closely monitored for early signs. Treatment of delirium is largely based 
on the above measures as well as the minimization of narcotics, avoidance of ben-
zodiazepines (unless alcohol withdrawal related) or other sedating medications, and 
avoidance of other central nervous system medications. Implementation of rivastig-
mine is not advised. The use of select atypical antipsychotics and dexmedetomidine 
are preferred and may reduce the duration and length of ICU delirium. All regularly 
administered home medications should be restarted as soon as is appropriate [79]. 
Finally, acute mental status changes or encephalopathy related to thromboembolic 
or ischemic events throughout the initial treatment and repair of a ruptured AAA 
should stay high on your differential. New ischemia, intracranial hemorrhage, or 
cerebral vascular disease may be detected with computed tomography or magnetic 
resonance imaging and should be considered to rule out an anatomic lesion before 
attributing abnormalities to simple delirium. Treatment for the majority of these 
postoperative CNS events is largely supportive; however, certain circumstances 
(such as a focal embolism) may benefit from neurovascular intervention.

 Cardiac

The majority of cardiac concerns and management have been addressed in the first 
parts of this chapter. Daily rounding and routine ICU cardiovascular care should 
focus on optimization of postoperative cardiac performance, judicious resuscitation 
and hemodynamic support, identification of cardiovascular complications (such as 
myocardial infarction), and prevention of additional complications. Two of the most 
common cardiovascular concerns in the post-op rAAA patient are myocardial 
infarction (described in detail above) and congestive heart failure or volume over-
load syndromes. Obtaining a formal bedside echocardiogram in the postoperative 
period can be very helpful to assess the volume status and cardiac performance after 
the stress of the aneurysm rupture and surgical repair and to establish a new baseline 
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for future comparisons. Many surgeons and intensivists are becoming facile at sim-
plified bedside echocardiography which can provide reliable estimates of cardiac 
performance and volume status, which can help to guide resuscitation and avoid the 
need for invasive monitoring [90]. Although the priority during the initial resuscita-
tion and stabilization period is supporting organ perfusion and avoiding hypoten-
sion, patients on preoperative beta-blockers should have these continued or resumed 
(usually in intravenous form) as soon as possible. After the initial resuscitation and 
stabilization period, home medications such as oral beta-blockers and statins should 
be restarted as soon as possible and have been associated with a decreased incidence 
of adverse cardiac events during not only the hospital admission but over the initial 
months to year after surgery. Although invasive hemodynamic monitoring with a 
pulmonary artery catheter was routinely used in the past to guide postoperative 
resuscitation, they have largely been abandoned in favor of simpler and more reli-
able measures or “end points,” such as lactate, central venous O2 saturation, and 
bedside echocardiography. It should again be highlighted that myocardial infarction 
and cardiac arrhythmias are the most common causes of death in these patients, and 
we routinely assess rAAA patients with serum troponin measurements as well as 
electrocardiograms following surgery. In patients with suspected volume overload, 
serial measurements of serum BNP can be helpful to confirm the diagnosis and to 
guide the initiation and response to diuresis or to dialysis/hemofiltration for volume 
removal.

 Pulmonary

The key aspects of postoperative pulmonary evaluation and management have been 
described above in the section on ventilator management. Following emergent sur-
gical intervention for ruptured AAA, patients are at significantly increased risk of 
major pulmonary complications. Two of the most common in the ICU population 
are acute respiratory distress syndrome (ARDS) and ventilator-associated pneumo-
nia (VAP). Although pulmonary support with mechanical ventilation is almost uni-
versally required for at least 24 h after emergent surgery for rAAA, the overriding 
principle in minimizing the risk of additional pulmonary morbidity should be sepa-
ration of the patient from mechanical ventilation at the earliest opportunity. This 
does not mean premature extubation, which itself carries a risk of additional mor-
bidity, but means early and aggressive attempts at ventilator weaning and extubation 
as soon as reasonable criteria are met. If it appears that prolonged mechanical ven-
tilation will be required or if the patient fails one or more attempts at extubation, 
then consideration of a tracheostomy should be entertained.

ARDS is characterized as a diffuse and heterogeneous alveolar and interstitial 
lung injury characterized by vascular permeability leading to pulmonary edema, 
loss of pulmonary compliance, and refractory hypoxemia. The previously utilized 
consensus conference definitions distinguished the milder acute lung injury from 
the more severe ARDS based primarily on the PaO2/FiO2 ratio. The newer and now 
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widely adopted Berlin criteria for ARDS has eliminated the diagnosis of ALI and 
instead provides clear criteria for diagnosing ARDS and then subcategorizing the 
severity. The Berlin criteria for ARDS includes the following: hypoxia occurring 
within 1 week of a clear inciting event or new onset of respiratory distress, charac-
teristic chest x-ray findings of diffuse bilateral interstitial infiltrates that is not 
caused by cardiogenic fluid overload, and a decrease in the PaO2/FiO2 ratio to less 
than 300. The severity of ARDS is further subcategorized by the PaO2/FiO2 ratio 
into mild (200–300), moderate (100–200), or severe (less than 100) with a normal 
PEEP level of 5 mmHg [91].

Lung-protective strategies are key in the management of ARDS and include low 
tidal volumes (4–6 ml/kg), low plateau pressures (<30 mmHg), permissive hyper-
capnia, and appropriate PEEP. PEEP should be started at a lower level [5–10] and 
then titrated up only as needed to accomplish appropriate oxygenation (PaO2 
55–80 mmHg or SpO2 of 88–95 %) (Table 15.5) [92]. A meta-analysis by Gu et al. 
has shown that these lung-protective strategies should be employed from the time of 
initial intubation and mechanical ventilation to improve outcomes in surgical 
patients [31]. Permissive hypercapnia to a pH of 7.2 is safe and well tolerated and 
helps to achieve low plateau pressure and low tidal volumes. Sodium bicarbonate or 
THAM may be utilized for patients whose pH decreases below 7.2, or a different 
ventilator mode may be attempted. Early prone positioning of patients with severe 
ARDS was recently found to significantly decrease 28- and 90-day mortality and 
should be utilized if there is difficulty achieving minimal levels of oxygenation with 
supine positioning [93].

Rescue or salvage mechanical ventilation may be required in severe ARDS. High- 
frequency oscillatory ventilation (HFOV) has been used in attempts to improve 
oxygenation in these patients. This type of strategy employs constant inflation with 
oxygen with minute exchanges of CO2 with 2–5 Hz oscillation. Although recent 
studies have shown no mortality benefit with HFOV, it will almost always improve 
oxygenation and should be used selectively for patient’s failing standard modes 
[94]. Venovenous extracorporeal membrane oxygenation (ECMO) is the use of 
machine-directed blood oxygenation and carbon dioxide extraction, while the lungs 
are bypassed to promote ventilation-free time to heal. Indication for ECMO includes 
one of the following: severe refractory hypoxemia, severe hypercapnia, or continue 

Table 15.5 A simplified conservative fluid management protocol in ARDS

CVP 
(recommended)

PAOP 
(optional)

MAP ≥60 mmHg and off vasopressors ≥12 h

UOP <0.5 ml/kg/h UOP >0.5 mL/kg/h

>8 >12 Furosemide; reassess in 
1 h

Furosemide; reassess in 4 h

4–8 8–12 Fluid bolus; reassess in 
1 h

Furosemide; reassess in 4 h

<4 <8 Fluid bolus; reassess in 
1 h

No intervention; reassess in 
4 h

Recommended furosemide dosing = begin with 20 mg bolus or 3 mg/ml infusion or last known 
effective dose
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high plateau pressure despite optimal standard management. Anticoagulation is 
required and any contraindication to this is an absolute contraindication to 
ECMO. Recent evidence taken from the H1N1 pandemic and other randomized 
control trials has displayed a survival benefit in severe refractory ARDS [95, 96].

Ventilator-associated pneumonia (VAP) and hospital-acquired pneumonias 
(HAP) are the second most common nosocomial infections and are associated with 
the highest mortality. VAP should be expected in all patients that have had at least 
two episodes of fever, leukocytosis/leukopenia, purulent sputum, or hypoxia. 
Empiric antibiotic therapy should be initiated within the first 24 h of diagnosis, 
which should be based on clinical findings as well as results of bronchoalveolar 
lavage quantitative cultures. The most common bacteria include Streptococcus spe-
cies, MRSA, Enterococcus, Pseudomonas, Haemophilus, Enterobacter, Proteus 
species, E. coli and Klebsiella. Antibiotic treatment should be tailored as specific 
microbial agents are identified through cultures, and the majority of VAP can be 
treated with an 8-day course of antibiotics [97, 98]. It is important to note that 
antibiotic-resistant organisms are more common with VAP/HAP. Risk factors that 
should be minimized in the ICU patient include colonization of the oropharynx, 
nasogastric or endotracheal tubes, and use of acid-suppressing medications [99, 
100]. Additional preventive efforts include elevation of the head of the bed (particu-
larly with enteral feeding), weekly circuit changes, closed suction drainage of secre-
tions, and the use of oral chlorhexidine [101].

 Renal and Genitourinary

Aside from the previously discussed recognition and treatment of acute kidney 
injury – daily electrolyte, acid base, and Foley catheter management should be 
closely monitored throughout the initial period of critical illness. However, after 
stabilization there is little role for routine daily labs unless there is some clinical 
concern or ongoing process such as diuresis, electrolyte imbalance or active replace-
ment, bleeding or hemodynamic change, or for adjustment of parenteral nutrition 
formulas or additives. Automatic electrolyte replacement protocols should be used 
to promptly manage deficiencies rather than relying on daily review and recogni-
tion, unless there is some critical range deficiency or worsening imbalance despite 
protocolized replacement. Electrolyte homeostasis is important for cardiac myocar-
dial stabilization, acid-base regulation, and will promote faster return and mainte-
nance of GI motility. Foley catheters should be removed as soon as possible to 
prevent urinary tract infections (UTI) and should not be left in simply for conve-
nience or for “monitoring” outside of ongoing resuscitation or large-volume diure-
sis. If urinary tract infections do occur, they should be considered a complicated 
UTI, urine should be cultured and appropriate antibiotic therapy should be initiated 
and later tailored. A repeat urinalysis should be obtained after completion of treat-
ment to confirm resolution.
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 Gastrointestinal/Nutrition

Post-op ileus will always occur after open repair of a ruptured AAA, especially 
those repairs done through an open transabdominal approach. However, a major 
ileus can be seen with any type of critical illness and can certainly occur even with 
an endovascular rAAA repair. In addition, the presence of a large retroperitoneal 
hematoma can cause significant abdominal pain, distension, ileus, and even obstruc-
tive symptoms for up to 1–2 weeks after repair. This does not mean that prolonged 
periods of NPO are required, but full early enteral nutrition within the first 24–48 h 
will rarely be tolerated in this patient cohort. A prolonged ileus may present with a 
significantly delayed return of bowel function, persistent nausea with or without 
vomiting, and recurrent bouts of abdominal distension. Dilated bowel with air fluid 
levels and gas distally may be seen on acute abdominal series and can be difficult to 
distinguish from an early postoperative small bowel obstruction. This should be 
managed with bowel decompression with placement of a nasogastric tube, correc-
tion of electrolyte abnormalities, and patient observation. Nearly all post-op ileus 
will resolve, and even most early post-op small bowel obstructions are successfully 
managed nonoperatively. However, this can have significant impact on the delivery 
of adequate postoperative nutritional support.

A full discussion of the complex issues around ICU nutrition is beyond the scope 
of this chapter, and two excellent sources for evidence-based guidelines are the 
Canadian Critical Care Nutrition Guidelines and the Society of Critical Care 
Medicine Nutrition Guidelines [102–104]. One of the common misconceptions in 
ICU care is that patients require and will benefit from aggressive delivery of supra-
normal levels of calories and protein, based on the fact that they are severely 
“stressed” and the well-recognized syndrome of critical illness protein wasting. 
During the acute phases of severe critical illness, there is a systemic inability to 
properly process large amounts of nutrients, so overfeeding with protein and carbo-
hydrates will generally lead to increased nitrogenous waste product production, 
hyperglycemia, increased fat mass, and little impact on protein accumulation. This 
has been confirmed by multiple controlled trials that have demonstrated little to no 
benefit to providing higher levels of protein or caloric intake [102, 105]. A second 
area of debate centers around the route of administration: enteral versus parenteral 
(TPN). It has become generally accepted that enteral feeding is preferred over TPN, 
but this appears to primarily be due to its ability to enhance gut barrier function 
rather than any nutritional superiority. Current evidence-based guidelines support 
the early initiation of enteral feeds within 24–48 h of ICU admission if possible and 
that these should be started at a slow rate (20 cc/HR) and not rapidly advanced until 
tolerance has been demonstrated for 24–48 h. A reasonable early caloric goal for the 
critically ill patient is 10–20 kcal/kg/day and protein of 1–1.5 g/kg/day, and this can 
then be advanced based on tolerance and as the acute illness is improving. In the 
patient who cannot tolerate enteral feeds, there is no benefit to starting early TPN 
unless there is moderate to severe preexisting malnutrition. For all others, current 
guidelines are to start TPN at day 5–7 if enteral is not possible or not tolerated after 
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several trials [102, 106]. If TPN is initiated, there should be strict attention paid to 
electrolyte balance and contents, aseptic line placement and care techniques, and 
resumption of oral or enteral nutrition at the earliest possible time [107].

 Endocrine

Euthyroid sick syndrome or low T3 syndrome is a relatively newly discovered and 
researched area for critically ill patients. This can be characterized as abnormal 
thyroid lab values to include low T3, high rT3, with normal or low levels of T4 and 
TSH. Euthyroid sick syndrome has associated with increased mortality in critically 
ill patients; however no good evidence currently exists as to why and the effect of 
thyroid supplementation. Thus thyroid levels should not be evaluated in an ICU 
patient unless there is a specific concern related to the patient’s thyroid. Moreover, 
TSH alone is not sufficient in the evaluation of the thyroid in the critically ill patient 
and T3, rT3, and T4 should also be measured [108].

Glycemic control in the critically ill patient has been well studied. Hyperglycemia 
is associated with increased risk for infection, impaired wound healing, and sepsis, 
although the directionality and causality of this relationship are still unclear. It can 
be difficult to control blood sugar in the setting of elevated physiologic stress, pre-
existing diabetes, administration of enteral or parental nutrition, and catecholamine 
use, and this will typically require either an aggressive intermittent regimen of insu-
lin or a continuous infusion with frequent titration. Very tight glucose control (goal 
of 90–110 mg/dl) using continuous infusions and frequent adjustments became 
widely accepted after initial studies demonstrated a potential benefit in reduction of 
infections and improved mortality [109]. Subsequent larger randomized studies 
such as the NICE-SUGAR trial demonstrated the superiority of less strict mainte-
nance of blood glucose with a target of less than 180 mg/dl. This resulted in 
decreased complications and improved survival in comparison to tight control and 
with significantly fewer episodes of severe hypoglycemia [110].

 Prophylaxis

Patient who have undergone repair of a ruptured AAA are categorized by the ACCP 
as high risk for development of deep venous thrombosis. However, they are also at 
increased risk of major bleeding or significant complication from a major bleed. 
Therefore, until major risk of bleeding has subsided, mechanical prophylaxis with 
sequential compression devices should be used. Once there is no longer considered 
to be a high risk of major bleeding, then it is prudent to start chemical prophylaxis 
with either low-molecular-weight heparin or unfractionated heparin. In almost all 
cases of rAAA repair, this can safely be initiated within 24–48 h of surgery unless 
there are signs of ongoing bleeding or a clinically significant coagulopathy. This 
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should be continued throughout their hospital stay and continued in select patients 
after discharge based on their individual risk factors, mobility level, and comorbid 
conditions [111].

GI prophylaxis with acid-suppressing medications has been showed to prevent the 
development of stress-induced ulcers in patients with coagulopathy, burns, or respira-
tory failure requiring >48 h of mechanical ventilation. The majority of patients who 
undergo repair of a rAAA will fall into this patient population (typically due to the 
mechanical ventilation criteria) and should receive stress ulcer prophylaxis from 
the time of ICU admission. Arguably the most effective stress ulcer prophylaxis is the 
administration of enteral feeding, and there is debate about whether these medications 
need to be continued once enteral feeding is initiated. Although there is ample evidence 
that proton pump inhibitors are more effective at acid suppression than older histamine 
receptor blockers, there is no difference in survival or other outcome measures among 
the different acid-suppressing medications. The choice can be based upon local formu-
laries, cost analysis, and ease of administration. These medications should not be rou-
tinely continued beyond the ICU stay, and stress ulcer prophylaxis is safe to discontinue 
once the previously mentioned independent risk factors have resolved [112].

 Daily Checklist

A daily rounding checklist should be routinely completed every day for patients 
recovering from ruptured AAA repair. This should include an account of all tubes, 
lines, and drains and consideration of removal. Nutrition status should be addressed 
daily as well as a plan for implementation. Quality skin care and checks need to be 
done daily to identify any areas of skin breakdown. Early mobilization should be 
reviewed daily and the use of physical therapy involved early. Coordination of care 
among the multiple services that are likely involved is crucial to the successful mul-
tidisciplinary management of these complex patients. Given the significant morbid-
ity associated with ruptured AAA, a comprehensive and honest discussion should 
be done with the patient and patient’s family to decide goals of care, code status, and 
potential for transition to a more comfort or palliative-based care.
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 Ischemic Colitis After Ruptured Abdominal Aortic Aneurysm 
Repair

Kevin Kniery and Scott R. Steele

 Introduction

Ischemic colitis is one of the most feared complications following an abdominal 
aortic aneurysm (AAA) repair. At a very basic level, it occurs when blood flow to 
the colon is interrupted or diminished and supply does not equal colonic demand 
(Fig. 16.1). Although Shaw and Green [1] were the first to report a case of ischemic 
colitis in 1953 following ligation of the inferior mesenteric artery during an abdom-
inal aortic aneurysm repair, alterations to the colon secondary to a lack of adequate 
blood supply have been recognized for over a century. The evolution in understand-
ing this disease process continued over the next few decades, with Boley in 1963 
[2] being first to report that colonic ischemia was a reversible process secondary to 

Fig. 16.1 Intraoperative photo demonstrating full-thickness serosal changes in ischemic colitis

Key Points
• Endovascular repair has dramatically decreased the incidence of ischemic 

colitis following elective and even ruptured abdominal aortic aneurysm repair.
• Ischemic colitis remains a wide-ranging disease process with variable pre-

sentation and severity.
• The key to good outcomes remains a high index of suspicion, early diagnosis, 

and initial supportive care (NPO, intravenous fluids, intravenous antibiotics).
• Surgery is reserved for those patients with perforation, gangrene, sepsis, 

(chronically) smoldering disease, and/or stricture.
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vascular occlusion and Marston and associates coining the term “ischemic colitis” 
3 years later after depicting its three stages of evolution (transient ischemia, late 
ischemic stricture, and gangrene) along with the natural history of the disease [3].

The causes of ischemic colitis are numerous, though the exact etiology of the 
initial insult is often difficult to pinpoint—especially in elderly, debilitated patients 
with multiple contributing comorbidities. In addition, the differential diagnosis 
remains vast, with inflammatory and infectious colitis heading the list and often with 
similar presentations. Regardless of its etiology, patient outcome depends markedly 
on the severity and extent of the ischemic insult and is largely influenced by the clini-
cian’s ability to make a prompt diagnosis and initiate appropriate management.

Historically, ischemic colitis following vascular surgery was associated with 
mortality rates approaching 45–67 % [4]. Unfortunately, even more recent reports 
have demonstrated only modest improvements. Currently, ischemic colitis is the 
most common form of gastrointestinal ischemia, accounting for 50–60 % of all 
cases, translating to ~1 in 2000 hospital admissions [5]. The incidence of colonic 
ischemia specifically following repair of a ruptured AAA (rAAA) is 4–5 times 
higher than an elective repair, increasing from ~1–6 % to ~17–35 % [6]. Not surpris-
ingly, the outcomes are significantly worse in patients that have a delayed diagnosis 
or present with a more advanced state of ischemic colitis, such as those patients with 
a concomitant perforation. In these cases, mortality rates have been reported to be 
>90 % [7]. In one retrospective study of 222 patients after a rAAA repair, ischemic 
colitis was the most common cause of death, even above multi-organ system failure 
and myocardial infarction [8]. It is easy to then understand why early diagnosis is of 
chief importance. Unfortunately, clinical parameters to identify patients with 
colonic ischemia lack specificity, which is even more limited in the rAAA popula-
tion. In this chapter, we will review the pathophysiology, risk factors, diagnostics, 
and treatment options for patients who suffer ischemic colitis after a rAAA.

 Pathophysiology

Regardless of the underlying etiology, the pathophysiology of ischemic colitis 
revolves around an inadequate blood supply to the colon. In patients suffering from 
a rAAA, there are numerous potential etiologies of this decreased blood flow includ-
ing perioperative hemorrhage resulting in a loss of overall blood volume, prolonged 
hypotension, splanchnic vasoconstriction due to shock and vasopressors, and cross 
clamping or balloon occlusion of the aorta. The surgical repair itself, for both the 
open and endovascular (EVAR) approaches, occludes blood flow (at least temporar-
ily) through the inferior mesenteric artery (IMA), which directly supplies the left 
colon. In addition, embolization of debris (thrombus and plaque) may occur from 
opening the aneurysmal sac or manipulation of the graft and wires inside the sac. 
These embolic phenomena can cause a less predictable variation of ischemic colitis, 
with numerous reports of right-sided colonic and even small bowel ischemia [9].

However, there is an intrinsic protective mechanism already in place. Although 
the colon derives its blood supply from branches of the major vessels [i.e., superior 
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mesenteric artery (SMA) and inferior mesenteric artery (IMA)], it is the extensive 
collateral circulation that allows this ischemic process to be avoided in many cases. 
The two main collateral routes are via the marginal artery of Drummond that paral-
lels the colon and gives rise to the vasa recta, and the meandering mesenteric artery 
(or arc of Riolan) which, while not always present, can represent another potential 
connection between the SMA and IMA systems. In addition, the IMA and internal 
iliac arteries communicate via the superior and middle hemorrhoidal arteries, while 
the left colic branch of the IMA contributes to overlap of the transverse colon that is 
supplied mostly by branches of the SMA. In an otherwise healthy patient, the vast 
vascular network would prevent any significant degree of colonic ischemia after 
ligation of the IMA. Yet, patients who suffer a rAAA generally have severe vascular 
comorbidities and are often in physiologic extremis, which explains why there is 
such a higher rate of colonic ischemia despite this collateral circulation. Certain 
parts of the colon are more prone to fluctuations in blood flow, leading to the all-too- 
common “rounds” question with answers consisting of the splenic flexure (i.e., 
Sudeck’s) and rectosigmoid junction (i.e., Griffiths). It is felt that these are the most 
vulnerable segments given that there is incomplete anastomosis of the marginal 
artery in these two locations. The next most common area affected is the cecum, 
likely secondary to low blood flow in the terminal branches of the ileocolic artery 
combined with varying presence and competency of the right colic artery [10–12].

Ischemic colitis is not an all or nothing process. The earliest manifestations are 
witnessed at the mucosal level, those furthest away from the vasa recta [10, 13] 
(Fig. 16.2). As such, there is a progression in the stages of ischemic colitis: (a) 
Grade I, transient mucosal ischemia; (b) Grade II, mucosal and muscularis involve-
ment that may result in healing with fibrosis and stricture formation; and (c) Grade 
III, transmural ischemia and infarction which results in gangrene and perforation 
[14] (Fig. 16.3). Importantly, sepsis can occur in the absence of transmural isch-
emia, as an ischemic mucosa loses its barrier function and allows bacterial translo-
cation to occur, which may result in sepsis.

Fig. 16.2 Mucosal changes with ischemic colitis
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 Risk Factors for the Development of Ischemic Colitis

There are certain risk factors that clearly put a patient with an AAA at higher risk of 
suffering ischemic colitis. The greatest risk factor is the focus of this chapter; a 
patient with a rAAA has a two- to fourfold increased risk for ischemic colitis. 
Interestingly, those underdoing surgery with a symptomatic aneurysm (even in the 
absence of rupture) have higher rates of ischemic colitis than elective repair based 
on size criteria alone in the absence of symptoms. Other independent risk factors for 
colonic ischemia include renal insufficiency, open versus endovascular repair, oper-
ative time >4 h, prolonged cross clamp, preoperative hypotension, aorto-bifemoral 
graft placement, and postoperative acidosis [15, 16].

Many of these make intuitive sense. Others have second- or third-order ramifica-
tions that promote the onset of ischemic colitis. For example, renal insufficiency 
itself results in a decreased ability to handle changes in volume, clear toxins, and 
recovery from any physiological insult. Yet, in addition, it is thought to be a marker 
of systemic atherosclerotic disease, which would be reflected in the mesenteric ves-
sels that directly supply the colon, therefore decreasing the colon’s tolerance to 
hypotension. Worsening of renal insufficiency following repair may also represent 
a reflection of the severity of hypotension the patient endured perioperatively.

While the exact operative time that correlates with the onset of ischemic colitis 
is likely more variable, when the length of surgery is over 4 h, studies have shown a 
four- to sixfold increase in incidence [16]. This is likely related both to the technical 
difficulty of the surgery and associated hypotension and blood requirement needed 
during the operation. Open repair is another independent risk factor for colonic 
ischemia, as demonstrated in one large national database review that showed that 
open elective AAA repair had a rate of 2.2 % versus 0.5 % with elective EVAR 
repair [4]. A small randomized trial comparing open and endovascular repair in 
patients with rAAA found half the rate of colonic ischemia (8 % vs. 4 %) when 

Fig. 16.3 Full-thickness changes with gangrenous ischemic colitis
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using EVAR, but it was underpowered to reach significance [17]. However, it is 
remarkable to witness the drastic drop in onset with the use of endovascular 
approaches, even in the setting of rupture.

Some surgeons have recommended reimplanting the IMA to allow restoration of 
direct “forward flow” from the aorta to the left colon. While controversial, IMA 
reimplantation with an open repair has multiple studies, including a randomized 
controlled trial, that have failed to show a decreased rate of colonic ischemia with 
IMA reimplantation when compared with ligation of the IMA and maintenance of 
normothermia and normal blood pressures. On the other hand, common vascular 
surgery dogma is to do whatever possible to prevent pelvic ischemia because once 
it occurs, it is likely not reversible and is associated with high morbidity rates [18]. 
With this in mind, many surgeons will reimplant based on intraoperative findings 
such as poor backflow from the IMA (<40 mmHg) or decreased antimesenteric 
vasculature Doppler signals [16, 19]. An additional tool used in the past was laser 
Doppler flowmetry, which measures the erythrocyte flux to bowel segments and has 
been specifically shown to be a successful tool to determine the necessity of reim-
planting the IMA [20]. More recent advances, such as the intraoperative availability 
of indocyanine green [21, 22] that can demonstrate real-time perfusion, may soon 
find its way into this intraoperative algorithm for evaluating colonic ischemia—
even though it still not applicable to EVAR cases. Other more traditional operative 
tools such as Doppler or Wood’s lamp with fluorescent dyes can only be used in 
open surgery to help determine bowel viability. In contrast, there is a device avail-
able that can be used in open and endovascular aneurysm repairs that utilizes a 
probe placed in the rectum and measures tissue oxygen saturation. It has been shown 
to be sensitive in predicting colonic ischemia if the saturation drops below fifty 
percent of baseline. This tool can provide objective evidence to allow the opportu-
nity to revascularize the IMA or the hypogastrics [23]. While promising, the current 
data is limited, and ultimately only longer-term data with a wider experience will 
determine its role in the evaluation and treatment of ischemic colitis.

The importance of hypogastric preservation also appears to be predicated highly on 
the method of repair—endovascular versus open. In open surgery, there are higher 
rates of colonic ischemia when hypogastric aneurysms are present or if both hypogas-
trics are ligated [24]. With endovascular repair, there is literature that states there are 
only minimal complications associated with embolization of the hypogastrics [25–27] 
and other series reporting increased risk of colonic ischemia if they are not preserved 
[28, 29]. In the setting of rAAA, there is only anecdotal evidence when discussing 
preserving hypogastrics, but given the extremis that patients are often in, it is likely 
prudent to preserve any potential collaterals to the colon, if possible. Yet, the surgeon 
must take into account the stability of the patient and weigh any downside that may 
occur with the additional operative time that another procedure would require.

Additional risk factors for the development of ischemic colitis that have no ran-
domized data, but have been reported in small retrospective studies, include previ-
ous colonic surgery and pelvic irradiation. This should also make sense, as patients 
who have had previous colonic surgery have likely had the collaterals between the 
SMA and IMA disrupted. While there was a substantial rate of colonic ischemia in 
this subset of patients, these reports have been largely underpowered [16]. Yet, even 

K. Kniery et al.



317

a patent meandering marginal artery (arc of Riolan) has been shown to have some 
protective effects against ischemic colitis [30].

Finally, pelvic irradiation leads to obliteration of the microvasculature to the 
sigmoid and rectum, creating conditions ripe for small vessel ischemic changes. 
Furthermore, these radiation effects are cumulative and progressive, a fact often 
overlooked. Although it has not been widely studied, this appears to be a real asso-
ciation with patients at a higher risk of developing ischemic colitis [31]. Furthermore, 
this may be a precipitating factor not only in early disease but helps to explain the 
underlying disorder that leads to chronic changes such as colonic stricture.

 Diagnosis

The key to diagnosing ischemic colitis first and foremost involves a high degree of 
suspicion by the treating provider, especially given the drastic improvements in 
outcomes for patients that are recognized and treated promptly. Unfortunately, the 
signs and symptoms vary drastically and are remarkably inconsistent from patient 
to patient. Occasionally, ischemic colitis is recognized intraoperatively; however, 
that tends to be way too late. Despite a somewhat “textbook” presentation for more 
severe forms, the mean time to diagnosis remains ~5.5 days [14].

This delay is secondary to the wide-ranging spectrum of disease—from mild muco-
sal sloughing to severe (perforation and sepsis). In some cases, the majority of symp-
toms are often self-limited and nonspecific. The most common symptoms encountered 
are left lower quadrant pain, bloating, and diarrhea. The diarrhea is a consequence of 
mucosal sloughing which causes colonic peristalsis. Depending on the extent and 
severity of the ischemia, patients can present with melena, hematochezia, watery diar-
rhea, or even no diarrhea at all. The abdominal pain may be limited to the hypogastrium 
or left lower quadrant or in more severe cases present with frank peritonitis and diffuse 
pain. Similar to the symptomology, the imaging and laboratory studies are generally 
nonspecific. Plain films may show colonic dilatation and/or fluid levels. More advanced 
cases may have pneumatosis, portal venous gas, or pneumoperitoneum.

Historically, barium enemas were used, often showing mucosal edema suggested 
by thumbprinting or colonic strictures with more chronic disease. In general, bar-
ium should be avoided in this setting. Water-soluble enemas may demonstrate simi-
lar findings but are much less commonly used. The workhorse of radiology tests 
remains the CT scan. Although they are not initially as sensitive, later in the course, 
they can be more helpful showing colonic wall thickening and an inflamed 
 edematous mesentery/fat stranding. CT also provides the ability to evaluate the 
bowel as well as the surrounding tissue. In this light, mucosal enhancement, intra-
mural air, bowel dilatation, or even more ominous signs such as portal venous gas 
can be visualized. It can also be a very useful test in ruling out other diagnoses [32]. 
In general, angiography does not help in patients with acute ischemic changes and 
is rarely used for vessel patency (embolic/thrombotic) or to rule out other sources.

Laboratory examinations are similarly nonspecific for ischemic colitis, and no 
marker exists to date that is specific in identifying colonic ischemia. For more 
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advanced cases, a leukocytosis and metabolic acidosis may be present. Occasionally, 
electrolyte and renal abnormalities (i.e., hypokalemia, rising BUN/Cr) may be 
 present due to severe diarrhea combined with a lack of oral intake. Serum lactate 
levels may be elevated, though generalized systemic hypoperfusion or tissue 
hypoxia may also cause this, and is therefore not a specific marker. Unfortunately, 
many of these concerning lab values such as lactate, creatinine, acidosis, or leuko-
cytosis are all commonly seen postoperatively after a rAAA. A small prospective 
study of 12 patients who underwent open AAA repair reported an elevated d-lactate 
(uncommon isomer of more common L-lactate) could be detected within 2 h post-
operatively in patients with ischemic colitis compared to patients without ischemic 
colitis [13]. Yet, this has yet to achieve widespread clinical use.

Colonoscopy remains the most sensitive and specific study available for diagno-
sis of ischemic colitis (Fig. 16.4). Some suggest that any concern for colonic isch-
emia warrants an endoscopic evaluation and even argue routine endoscopy after 
rAAA using a flexible sigmoidoscopy should be performed within 24 h of the sur-
gery. Endoscopy has a diagnostic accuracy of 78–98 % for ischemic colitis [33], in 
part due to the wide extent of changes and characteristics ischemia has when 
viewed endoscopically. In the acute phase, the bowel will demonstrate hyperemia, 
edema, friable mucosa, ulcerations, and petechial hemorrhages. As the ischemia 
progresses, evidence of submucosal edema and hemorrhage may appear as bluish-
black blebs or nodules protruding into the lumen of the bowel [34]. When full-
thickness transmural ischemia occurs, the mucosa typically appears gray or black, 
indicating gangrene. If the ischemia is more chronic, changes such as strictures and 
fibrosis would be endoscopy also allows the examiner to sample the colonic mucosa 
for pathologic assessment to help differentiate inflammatory, infectious (e.g., C. 
difficile), and ischemic etiologies. In reality, biopsy (Fig. 16.5) is rarely useful and 
is more likely to demonstrate either nonspecific ischemic or inflammatory changes 

Fig. 16.4 Ischemic colitis seen on colonoscopy
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and rarely shows the ghost cells that are classic for ischemia [11]. It is important to 
recognize that endoscopy is not without its own potential hazards. Air insufflation 
may result in distention of the bowel, diminishing colonic blood flow and may actu-
ally worsen the colonic ischemia [9]. In addition, the ischemic wall of the colon is 
fragile and at an increased risk of perforation. Chronically, endoscopy will demon-
strate a smooth stricture without an associated mass, consisted with the fibrotic 
process that occurs over time [35].

 Endoscopic Surveillance Following rAAA

There have been two prospective studies that have evaluated the effectiveness of 
routine colonoscopic screening in all patients who survive after the initial repair of 
a rAAA (Figs. 16.6 and 16.7). The first study by Megalopoulas et al. [36] identified 
preoperative risk factors (hypotension, temperature, pH, > 6 units PRBCs, fluid 
sequestration >5 L) that correlated with the presence of ischemic colitis. The authors 
concluded that when less than four were present, they were unlikely to develop 
colonic ischemia and therefore did not need routine endoscopic screening. One 
criticism of this study was that it is difficult to extrapolate to outside hospitals, as 
many of the parameters depend on the overall management of the patient apart from 
the use of endoscopy. To address this deficiency, Tottrup and colleagues prospec-
tively screened 41 patients who survived a rAAA with colonoscopy in the first 24 h 
following surgery. Only nine of their patients developed colonic ischemia, and there 
were no perioperative or intraoperative clinical or biochemical parameters that were 
sufficiently reliable to distinguish patients with colonic ischemia versus those with-
out [6]. Their conclusion was that the worse outcomes associated with a delayed 
diagnosis of colonic ischemia after rAAA warrant all patients to undergo routine 
endoscopic surveillance [37].

Fig. 16.5 Histology of ischemic colitis demonstrating sloughing of the mucosa and inflammatory 
cells
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Fig. 16.6 Mild changes seen on colonoscopy with early ischemic colitis

Fig. 16.7 Gangrenous changes seen on colonoscopy
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Conversely, routine surveillance has been questioned by those who feel colonos-
copy does not necessarily change the management of patients and can even exacer-
bate the problem by placing a scope in a friable segment of bowel and filling it with 
pressurized air. They argue that if a patient has suggestive symptoms along with 
radiologic and examination findings concerning for severe ischemic colitis, they 
should undergo an exploration. On the other hand, if a patient has clinical signs of 
ischemic colitis but lacks peritoneal signs or sepsis, they should undergo supportive 
therapy alone. This argument is supported by a study that showed that clinicians are 
unable to differentiate mucosal versus transmural necrosis reliably with colono-
scopic evaluation [38].

 Treatment Options

Once ischemic colitis is identified, treatment falls into two categories depending on 
the degree of injury: supportive therapy and colectomy. As most patients present 
with only mucosal ischemia, their clinical course is often relatively benign and war-
rant supportive therapy alone. Supportive therapy consists primarily of fluid resus-
citation, blood pressure support, bowel rest, and antibiotics. Broad-spectrum 
antibiotics should typically be started due to risk for bacterial and endotoxin trans-
location following disruption of the mucosal membrane. Vasopressors should be 
used cautiously and only in septic patients. Alpha agonists are likely to worsen 
colonic ischemia by further reducing splanchnic blood flow. Beta-adrenergics can 
be considered as a first-line option if fluid therapy is inadequate to maintain blood 
pressure. However, pressor requirement should prompt the physician to consider if 
an abdominal exploration is warranted. The majority of these patients have a poor 
nutritional status at baseline and a high metabolic demand and will likely have a 
prolonged time that they will be NPO; therefore, early parenteral nutrition is often 
required.

Serial abdominal exams, laboratory testing, and plain film labs should be per-
formed to monitor for worsening in their condition. Approximately 10 % of patients 
will fail supportive therapy and ultimately require a colectomy. Failure of support-
ive therapy can be obvious with signs of peritonitis, or it can be more insidious. 
There are patients that will continue to have persistent pain, leukocytosis, low-grade 
fevers, tachycardia, tender abdominal exam, but not frank peritonitis. After ruling 
out other sources of sepsis, abdominal exploration with colectomy is often under-
taken, as the devitalized colon serves as the source for persistent problems. Decisions 
on when to repeat flexible endoscopy vary, but likely should be repeated if there are 
no resolution in symptoms, an acute change in symptoms, or prior to beginning an 
oral diet.

When Grade III or transmural/gangrene is identified, emergent colectomy is 
almost always indicated. This subset of patients, even with colectomy, have mor-
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tality rates >50 %. Patients who suffer a rAAA, compared to an elective AAA 
repair, and develop colonic ischemia are more likely to undergo a colectomy [4]. 
This is due to the larger physiologic insult that occurs with rupture. Interestingly, 
one study found patients undergoing colectomy for ischemic colitis after elec-
tive EVAR had significantly higher mortality than patients undergoing colec-
tomy for rAAA or open AAA repair. This should not be misinterpreted; however, 
as EVAR is generally much safer and associated with lower rates of ischemic 
colitis. More likely, this finding reflects the delay in diagnosis, as suspicion is 
generally lower after elective EVAR, or the differing mechanism of the ischemic 
insult (i.e., cardiac) [4].

With rare exceptions, all patients with evidence of bowel infarction or perfora-
tion require surgical exploration. The greatest challenge associated with abdominal 
exploration is determining which portion of bowel is salvageable and which is non-
viable. When evaluating the bowel intra-abdominally, it is important to remember 
that the serosa may appear healthy, even when there is actually full-thickness muco-
sal and muscularis necrosis. It is often helpful to combine an endoscopic evaluation 
to help determine the level of bowel viability (even despite its relative lack of accu-
racy). Laser Doppler flowmetry and spectrophotometry are all techniques that can 
assist clinical judgment in deciding bowel viability and what requires resection and 
what can be salvaged. Furthermore, palpation of mesenteric pulses, detecting 
Doppler signals on the antimesenteric portion of the bowel wall, and Wood’s lamp 
evaluation of the bowel wall following administration of fluorescein dye intrave-
nously are all described techniques to help separate perfused from non-perfused 
bowel. Some surgeons will routinely perform a second look operation in 24–48 h, 
whereas others will perform it selectively when there is higher concern for intestinal 
viability (see Algorithm).

Suspected Ischemic Colitis

Immediate indication to go
to OR (i.e., peritonitis,
unstable patient)

Stable for further
evaluation

Plain films, labs, CT,
Endoscopy 

Ischemic colitis present

Positive for
Ischemic Colitis

Negative

If need for Damage Control
procedure--Perform

ICU care, re-warm,
resuscitate

Back to OR for
definitive treatment

Stable patient Intermittent Instability,
comorbidities, technical
problems, surgical
judgment

Resection & Primary
anastomosis or
proximal diversion

Resection and
Hartmann’s

Observe

Indication to go to OR
(e.g., gangrenous colon,
unstable patient)

To OR for Resection &
Primary Anastomosis
or Diversion

YES NO

Close Monitoring,
Nothing per os,
Intravenous Antibiotics,
Resuscitate 
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Operative therapy must consider both the need for bowel resection and vascular 
reconstruction. The surgeon must balance the need to avoid leaving behind necrotic 
bowel with the potential morbidity of overzealous resection leading to short bowel 
syndrome, although the intraoperative judgment of the well-trained surgeon remains 
one of the most important factors. In most cases, surgical resection involves a total 
abdominal colectomy with end ileostomy (Fig. 16.8). Although primary anastomo-
sis after a subtotal or partial colectomy (Fig. 16.9) with a proximal diversion may be 
considered in isolated hemodynamically stable patients with healthy bowel mar-
gins, this is often a poor choice [34]. Regardless of the approach, the need for an 
exploration and bowel resection in the acute setting has been associated with mor-
tality rates as high as 40 %, particularly when the patients has multiple underlying 
comorbidities [39].

Finally, vascular repair involves first determining the patency of the vessel sup-
plying the at risk portion of the colon. In addition, determining whether there is 

Fig. 16.8 Total abdominal 
colectomy for colonic 
ischemia

Fig. 16.9 Segmental 
resection for demonstrating 
colonic ischemia
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antegrade flow to the iliac vessels that may provide potential pelvic collaterals is 
crucial. While the technical aspects of vascular reconstruction are beyond the scope 
of this chapter, options for dealing with the inferior mesenteric artery or other major 
visceral vessels include resection of the base of the vessel along with a small cuff of 
aortic wall (Carrel patch) and reimplanting it in the aorta or graft, patch angioplasty 
of the stenotic opening, bypass grafting, or endarterectomy of the atherosclerotic 
plaque [40–42]. In either light, embarking on a complex vascular reconstruction 
should not be undertaken lightly and again needs to be weighed against the potential 
downside of prolonged operative time, excess blood loss, and failure of the repair.

 Conclusion

Ischemic colitis is the leading cause of death after repair of a rAAA. With few 
operative or clinical parameters that are sensitive or specific for colonic ischemia, 
suspicion must remain high in the postoperative period. Early identification and 
treatment of this feared complication is the only clear way to help reduce morbidity 
and mortality.

 Abdominal Compartment Syndrome Following Ruptured 
Abdominal Aortic Aneurysm

Martin Björck and Anders Wanhainen
Martin Björck is a member of the Executive Committee of the World Society of Abdominal 
Compartment Syndrome (website: wsacs.org)

 Introduction

The knowledge that a tense abdomen is a life-threatening condition is very old, with 
observations from ancient Greece and during the Middle Ages. The twentieth cen-
tury was a golden age of understanding human physiology, including the importance 
of intra-abdominal hypertension (IAH) and the abdominal compartment syndrome 
(ACS). It is often a consequence of aggressive resuscitation after major bleeding, 
thus partly an iatrogenic condition [43, 44]. In the first paper naming the condition, 
the vascular surgeon Irving Kron described it following ruptured abdominal aortic 
aneurysm (rAAA) [45]. The association between IAH/ACS and colonic ischemia 
following rAAA repair was demonstrated in multiple investigations [46–51]. 
Survival can be improved if the hypoperfusion of the abdominal organs created by 
IAH/ACS is prevented or reversed timely [46, 50, 51]. The purpose of this chapter 
is to offer guidance how that can be accomplished.
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 Definition of IAH/ACS

“IAH is defined by a sustained or repeated pathological elevation in intra-abdominal 
pressure (IAP) >12 mmHg.” This is the definition of IAH, as first stated in the 2005 
Consensus document [43], and unaltered in the 2013 Updated Consensus Definitions 
and Clinical Practice Guidelines [52]. It was shown in basic research, and in clinical 
studies, that an IAP above 12 mmHg affects organ function negatively. In particular 
renal function is affected at this relatively low pressure. Please note the words “sus-
tained or repeated.” A single elevated value, maybe the result of the patient being in 
pain, is not sufficient. This threshold for negative effects on organ function is impor-
tant to consider in patients operated on for rAAA, since multiple prospective clini-
cal studies have shown that it is uncommon that the IAP is less than 12 mmHg in the 
early postoperative period after open surgery [49, 50, 53, 54]. The situation after 
EVAR for rAAA is less well studied [55], but if hemodynamically instable patients 
are treated with EVAR, there is no reason to believe the situation to be different 
[51]. Although the evidence-based approach used in the revision of the guidelines 
did not find support for a subdefinition of low abdominal perfusion pressure 
(APP = MAP-IAP <60 mmHg), it is a clinical observation that hypotensive patients 
are more sensitive to IAH.

ACS is defined as a sustained IAP >20 mmHg (with or without an APP 
<60 mmHg) that is associated with new organ dysfunction/failure [52]. Again, the 
exact wording is important: “a sustained IAP >20 mmHg” means that the measure-
ment has to be repeated at least once, and it needs to be associated with a “new 
organ dysfunction/failure,” with a timely deterioration of vital organ function. ACS 
is never defined as a mere measurement of IAP but the combination of this high IAP 
and its effect on vital organ function!

There are many ways to measure IAP. Almost everyone measures IAP in the 
bladder, intermittently or continuously. For details, please consult the guide-
lines [44, 52]. Our preferred method is the Foley manometer method, with the 
advantage that it can easily be applied outside of the ICU, which is a great 
advantage after EVAR for rAAA, since those patients seldom need to stay in the 
ICU after surgery.

 How Common Is IAH/ACS After rAAA Repair?

One of the problems in answering this question is the fact that prior to 2005 [43], 
there was not a consensus definition of ACS, and even after 2005, some investiga-
tors have continued to use “homemade” definitions of ACS. The incidence will 
depend on several factors. The routines for resuscitation are of paramount impor-
tance. Balogh et al. showed that the administration of crystalloids is an independent 
risk factor for ACS in abdominal trauma patients [56]. We have reasons to believe 
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that this is true in any bleeding patient. A policy of preoperative permissive hypo-
tension may decrease the risk of IAH/ACS.

Mell et al. showed that patients who received less than one unit of plasma for 
every two units of red blood cells during rAAA repair had a four times higher mor-
tality than those given more plasma [57], highlighting the importance of a massive 
transfusion protocol. Massive transfusion protocols, which are discussed in another 
chapter of this book, do not only reduce mortality, they also reduce the risk of fluid 
overload and risk of ACS.

The introduction of endovascular aneurysm repair (EVAR) [58, 59] by Volodos 
in 1985 transformed aortic surgery. The application of EVAR on patients with 
rAAA was first described by Veith in 2000 [60]. Although it has not been possible 
to show an advantage in survival of this technique in randomized trials, it is natural 
that the surgical technique used for elective surgery that surgeons feel comfortable 
with will also be used in emergencies. How the use of EVAR on patients with rAAA 
affects the incidence of IAH/ACS is controversial, however.

If measured consistently, IAP >20 mmHg occurs in about half of the patients 
after open repair (OR) of a rAAA, and 20 % develop ACS [53, 54]. In many series 
on patients operated on for rAAA with EVAR, a selection of more circulatory stable 
patients took place, however, resulting in a lower incidence of IAH/ACS [55]. The 
Zürich group that treats virtually all ruptured patients with EVAR and monitors IAP 
on a regular basis reported a higher incidence of ACS, however: 20 % (20/102) [51], 
similar to the results after OR. In a prospective cohort study in four Swedish hospi-
tals, the risk to require treatment with open abdomen (OA) was similar after EVAR 
(3/86, 3.4 %) and OR (14/115, 2.5 %) [61].

In a nationwide, population-based study during 2008–2013 in Sweden, 6612 aor-
tic repairs were studied, 1341 (20.3 %) of them for rupture and 28 % of them with 
EVAR. [62] ACS was registered prospectively in the national vascular registry 
(Swedvasc) and developed in 6.8 % after OR and in 6.9 % after EVAR, p = 1.0. 
Among those with ACS, decompression laparotomy (DL) was performed in 77.3 % 
after OR and in 84.6 % after EVAR, p = 0.433. Interestingly, the abdomen was not 
closed at OR in 10.7 %. Adding these figures approximately 15 % were treated with 
OA, one in seven patients. In conclusion, IAH/ACS is a common problem after 
rAAA repair, irrespective of which surgical technique used.

 Risk Factors for ACS After rAAA Repair

Although most patients develop IAH after surgery for rAAA, the risk to develop the 
ACS increases when one or multiple of the risk factors given in Table 16.1 are pres-
ent. These factors were either identified as general risk factors for ACS, described in 
the Guidelines from the World Society of the Abdominal Compartment Syndrome 
[44, 52] (www.wsacs.org), or they were identified in the already mentioned nation-
wide, population-based study [62].

K. Kniery et al.
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 Can ACS Be Prevented? Medical Management?

Being aware of the risk factors (Table 16.1), and if possible avoiding them, is an 
obvious preventive strategy. It is also possible to treat IAH in a proactive way, pre-
venting further deterioration of the patient and development of ACS. This treatment 
is sometimes referred to as “medical management,” or “conservative management,” 
which is not an appropriate label since it can be quite aggressive.

The therapeutic alternatives are described in Table 16.2. There are two mecha-
nisms through which the IAP can be reduced. One mechanism is volume reduction 
of the intra-abdominal cavity. Evacuation of the retroperitoneal hematoma after 
EVAR for rAAA has been attempted using surgical approach through the lateral/
dorsal part of the abdominal wall. Another alternative was described by Hörer et al. 
who inserted tissue plasminogen activator (tPA) through a 20 F catheter placed in 
the hematoma with CT guidance, in 13 patients [63]. None of these techniques are 
truly minimally invasive, and major bleeding was reported. Although we lack per-
sonal experience of these techniques, decompression laparotomy seems both safer 
and more effective.

Table 16.1 Risk factors for ACS after rAAA repair

Preoperative risk factors Intraoperative risk factors Postoperative risk factors

Hypotension
Unconsciousness
Massive fluid resuscitation 
(>5 L)
No permissive hypotension
Preoperative intubation
Morbid obesity (BMI > 35)

Massive transfusion 
(>10U/24 h)
Coagulopathy
No massive transfusion 
protocol
Hypothermia (<33o C)
Acidosis (pH < 7.2)
Intraoperative bleeding 
>5 L
Prolonged operation
Prolonged cross clamping
Need of occlusion balloon 
(EVAR)

Continued need of transfusions
Continued bleeding (e.g. through 
endoleakage after EVAR)
Fluid overload (capillary leakage)
Renal failure
Respiratory failure (especially if 
elevated intrathoracic pressure)
Intestinal failure/Ileus
Liver failure/ascites

These risk factors were identified in the references [44] (general risk factors for ACS) and [62] (a 
large population-based cohort study)

Table 16.2 Nonsurgical treatment of intra-abdominal hypertension

Reducing intra-abdominal volume Improving compliance of the abdominal wall

Evacuating the retroperitoneal hematoma:
 (a) Lumbectomy
 (b) tPA-assisted hematoma evacuation
Drainage of free intra-abdominal fluid
Drainage of intragastric contents
Enema, drainage of fecal contents
Reducing fluid overload

Pain relief
 (a) Avoid opioids, if possible
 (b) Epidural analgesia
Neuromuscular blockade
Reducing fluid overload
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Drainage of gastric content is important, but early enteral nutrition should not be 
halted [64], since bowel movements are of strategic importance. We initiate enteral 
feeding the first postoperative day, even in the presence of IAH, but the gastric con-
tents are drained twice daily to avoid accumulation. Enemas and other activities to 
stimulate the fecal flow are seldom effective after rAAA repair. Early enteral nutri-
tion and avoiding opioids are more effective. It is common that the IAP increases 
hours before the first bowel emptying, when bowel movements start, after which the 
IAP drops substantially. Free drainable fluid in the abdominal cavity is uncommon, 
but may occur if there is hepatic or pancreatic pathology.

Abdominal compliance (AC) measures the ease of abdominal expansion, 
expressed as a change (delta = Δ) in intra-abdominal volume (IAV) per change in 
intra-abdominal pressure (IAP): AC = ΔIAV/ΔIAP. This is a dynamic variable depen-
dent on baseline IAV and IAP, as well as on reshaping and stretching capacity of the 
abdominal wall. The first phenomenon is that the abdomen transforms from an oval 
into a circular shape (reshaping, see Fig. 16.10), followed by stretching and finally 
followed by a rapid increase in IAP. In a recent review of AC the most important 
conclusion was that patients with high IAP have a reduced AC, making the IAP very 
sensitive to small changes in IAV. [65] A critically ill patient with IAH may have a 
reshaped and quite rigid abdominal wall, where a small increase of IAV results in 
ACS. Inversely, a small decrease in IAV may result in a substantial decrease of IAP.

One of the most effective ways of decreasing the IAP is pain relief, but it is also 
strategically important to avoid opioids. During rAAA repair, there is seldom time to 
apply an epidural catheter prior to surgery, and after surgery, the patient often has coagu-
lopathy. We routinely discuss with the anesthesiologists, postpone LMWH medication, 
give thrombocytes if necessary, and then apply epidural analgesia whenever possible.

Neuromuscular blockade (NMB) is an effective way of immediately reducing 
IAP when the patient is on the ventilator, which is often the case after rAAA repair 
with massive bleeding and transfusion, even if EVAR was used. It reduces IAP by 
30–50 %, which is often sufficient to improve renal function, reduce fluid overload, 
and reverse the situation of increasing IAP before ACS develops. In a study on 191 
trauma patients undergoing damage control laparotomy, 92 who were on NMB the 
first 24 h had higher primary fascial closure rate [66]. A large randomized French 
trial showed that NMB during 48 h was safe and improved survival in patients with 
acute respiratory failure, in 340 mixed ICU patients [67]. There are no published 
specific data on rAAA patients, but in our experience, it works well.

Reducing the fluid overload acts through both mechanisms, reducing intra- 
abdominal volume and making the abdominal wall more compliant, as the edema 
decreases. How this shall be best achieved is probably worth a special chapter, writ-
ten by an intensivist. This issue is highly controversial, however. Many argue that 
colloids are beneficial in this situation, others that they only leak into the  extracellular 
space, adding further to the fluid overload and affecting renal function negatively. 
We tend to use plasma in the first postoperative phase, when the patient often is 
coagulopathic, and hypertonic 20 % albumin combined with furosemide or renal 
replacement therapy later. If the patient is on the ventilator, an increased PEEP may 
help to recruit fluid from the lungs.
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The fluid overload is often more iatrogenic than what is recognized. The Uppsala 
protocol is very restrictive with the administration of crystalloids from early resus-
citation. Not all are aware of the fact that when we give fractionated blood products 
(erythrocytes, plasma, and thrombocytes, 1:1:1), to compensate for one liter of 
blood loss, 4–500 ml of saline solution is also added. Thus, even if only blood 
 products are given, the transfusion to compensate for 10 l of blood loss will 
 automatically result in a fluid overload of 4–5 l, making further administration of 
crystalloids dangerous.

 Decompression Laparotomy (DL)

When ACS is incipient, or even manifest, the only effective treatment is DL. It 
should preferably be performed in the midline, from the costal arch to the symphy-
sis pubis. If the primary laparotomy was a transverse incision, which fortunately is 
very rare after rAAA repair, that may need to be used again, but it will be less effec-
tive. To not open the entire abdomen is a classical beginner’s mistake, less effective, 
and more difficult to close.

Fig. 16.10 A 70-year-old man was treated with EVAR electively despite an unfavorable anatomy 
because of obesity (110 kg) and chronic obstructive pulmonary disease. There was an acute rupture 
of the aneurysm, secondary to a distal type I endoleak. There was a long transport with helicopter 
to Uppsala. The patient was treated with an extension of the endograft covering the internal iliac 
artery, with a good result, but had increased his body weight to 125 kg. He had a MAP of 70 and 
an IAP of 18 and developed anuria. Despite not fulfilling the criteria of ACS, a DL was performed, 
resulting in improved renal function, with urinary outputs of 300 ml/h, the first hours post DL. This 
picture was taken during the first redressing, when a VACM was applied. Despite unfavorable 
conditions, the patient survived and the abdomen was closed with delayed primary fascial closure 
after 30 days. No incisional hernia developed
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The timing of DL is important but a difficult subject to discuss. Ideally, the two 
strategies of early or delayed DL should be compared in a randomized design. It 
does not make sense to await severe organ dysfunction/failure before DL, but OA 
treatment is a morbid procedure associated with both morbidity and mortality.

When a decision to perform DL has been taken, often in the middle of the night, 
there may be a waiting list for OR. Other patients may have high priorities, in which 
case NMB can reduce the ischemic injury to the abdominal organs during waiting. 
It is important to inform the anesthesiologist that the patient needs to have an extra 
bolus of fluids prior to DL, to avoid hypotension, which is common during DL.

The effect of DL is often dramatic, reducing IAP, and improving oxygenation 
and urinary output. Effects on multiple organ failure scores (SOFA, APACHE) are 
not as quick, however, since multiple organ failure is not reversed quickly. In a 
recent multicentre study on 33 patients undergoing DL for overt ACS, with different 
pathologies including rAAA, the IAP decreased from 23 mmHg (range 21–27) to 
12 mmHg (9–15) after 2 h [68].

 Prophylactic Open Abdomen Treatment

Is it best to leave all patients open as a routine after OR of a rAAA, or is it better to close 
most patients (who do not have a very tense abdomen) and follow them closely in the 
postoperative period? This issue should ideally be investigated in a randomized study, 
but that has not taken place. The Mayo Clinic reported having left 19 % open after 
AAA repair (43/223) [69], and a similar experience was reported from Zürich [51].

Based on a systematic EBM review of the literature, the updated consensus doc-
ument favors primary closure and IAP measuring [52]. They recommend “measur-
ing IAP when any known risk factor for IAH/ACS is present in a critically ill or 
injured patient” and “use of protocolized monitoring and management of IAP ver-
sus not.” Furthermore, “we could make no recommendation regarding the prophy-
lactic use of the open abdomen”.

The policy in Uppsala is to leave the patient open primarily after OR of a rAAA 
only if the abdomen is tense and difficult to close, in approximately 5–10 %. Most 
patients with rAAA are treated with EVAR. We monitor IAP every 4 h in all patients, 
more frequently the first hours and when IAH, early medical treatment and DL on 
demand. An algorithm was published [70]. In the largest study ever on ACS after 
rAAA repair, 1341 operations were studied. Among the 72 % operated on with OR, 
10.7 % were left open [63].

 Management of the Patient with Open Abdomen (OA)

Managing a patient with OA after rAAA repair is a vast topic; many review 
articles have been written on this subject [70–72]. The first issue is how to 
optimize the management of the open abdomen itself. It is important to 
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maintain a sterile environment, to keep the intestines moist and protected from 
injury, and to protect the abdominal wall. A classification system of the open 
abdomen was developed, in order to facilitate training and research [73]. 
Preventing and controlling contamination, as well as lateralization of the 
abdominal wall, are key elements to enable to close the abdomen as soon as 
possible [52, 73, 74].

The importance of closing the abdomen as soon as possible was illustrated by the 
results of a recent publication from Helsinki, Finland [75]. They used a temporary 
abdominal closure (TAC) device including continuous negative pressure (the VACM 
method, see below), yet the open abdomen of their patients was progressively colo-
nized so that 80 % of the patients had positive bacterial cultures after 2 weeks of OA 
treatment.

The choice of TAC has attracted much attention, and multiple solutions were 
developed [76]. The first to treat patients with OA were the pediatric surgeons, 
who started to repair omphalocele in the 1940s, using silastic coverage of the 
intestines. A similar system was later popularized in trauma surgery by the 
Colombian invention of the Bogotá bag, using the plastic bag from a drip that is 
sutured to the skin or the fascia. This system works well for a few days, but during 
a more prolonged treatment (which is necessary after rAAA repair), three major 
problems develop. Two of those were solved by the later development of the vac-
uum pack technique, developed in 1995 by Barker in Philadelphia, USA [77]: the 
active suction prevented leakage of fluids from the OA, and the surgical towels 
covered with plastic prevented adhesions to form between the intestines and the 
abdominal wall. This system was further refined by a commercially available 
ready-made system (V.A.C.® Abdominal Dressing System; KCI, San Antonio, 
Texas, USA).

A third problem, the lateralization of the abdominal wall, remained however, 
making it difficult to close patients who had been treated with OA >5 days. This 
was the reason why we developed a novel combination in Uppsala and Malmö, 
Sweden, the vacuum-assisted wound closure and mesh-mediated fascial traction 
(VACM) method, published in 2007 [78]. This is a combination of the commer-
cially available VAC system with a prolene mesh that is sutured to the fascial 
edges to permit an active traction toward the midline. A multicenter study with 
this technique (including only patients with a need of OA during >4 days) showed 
an 89 % primary delayed fascial closure rate after a median time of 15 days with 
OA [79], and in a subgroup analysis of those treated for aortic disease, this figure 
was 100 % [61]. These results have been repeated independently at other major 
centers [80, 81] and is now the preferred TAC method in many centers 
worldwide.

The problem of lateralization was defined in the updated consensus document 
[52]: “Lateralization of the abdominal wall is the phenomenon where the muscula-
ture and fascia of the abdominal wall, most exemplified by the rectus abdominis 
muscles and their enveloping fascia, move laterally away from the midline with 
time.” It is also included in the classification system of OA [73].

The Uppsala algorithm summarizing the management of patients after rAAA 
repair, regarding preventing and treating ACS, is summarized in Fig. 16.11.
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 Prognosis

The overall mortality in the aforementioned international multicenter study on 
decompression laparotomy for ACS (including but not exclusively rAAA patients) 
was 28 % at 28 days and 55 % at 1 year; non-survivors were older (63 vs. 53 years) 

Serial IAP measurements every 4 hours in all
patients at risk for IAH/ACS 

IAP 12-20 mmHg
(IAH grade I-II)

IAP >20 mmHg
(IAH grade III-IV)

Abdominal
Decompression

Medical treatment
to reduce IAP 

Organ failure

IAP >30 mmHg 

Persistent
IAP >20 mmHg 

Yes

YesNo

Intensified medical
treatment and

IAP measurements  

Yes

No

No

IAP < 12 mmHg
(normal IAP)

Fig. 16.11 The Uppsala algorithm to prevent and treat ACS
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[69]. The large population-based cohort study from Sweden, including 1341 rAAA 
repairs, showed the great impact that ACS has on the prognosis after rAAA [62]. 
Thirty-day mortality rate was 42.4 % with ACS versus 23.5 % without ACS, 
p < 0.001, at 1 year 50.7 % versus 31.8 %, p < 0.001. Furthermore, all registered 
complications, such as myocardial infarction, renal failure, multiple organ failure, 
ICU care >5 days, intestinal ischemia, bowel resection, and reoperation for bleed-
ing, were all four to six times more common among the 94 patients who developed 
ACS after rAAA repair. Those results are actually rather encouraging, since 
untreated ACS has a mortality approaching 100 %, and maybe the fact that ACS has 
been recognized and treated for many years in Sweden is one of the explanations 
why survival after rAAA has increased over time [82].

 Spinal Cord Protection in Emergency Aortic Surgery

Anthony M. Roche, Hernando Olivar, and Koichiro Nandate

 Introduction

Spinal cord ischemia during endovascular repair of aortic aneurysms can lead to 
devastating neurological deficits including complete paraplegia. Depending on the 
type of aortic surgery, it has a quoted incidence of 2.5–13 % [83]. This variation dif-
fers based on extent of surgery, elective or emergency surgery, open versus endovas-
cular techniques, as well as perioperative management. The available literature 
implicates an overall spinal cord injury (SCI) rate of 6–13 % [83] for open proce-
dures, with thoracic endovascular aneurysm repairs (TEVAR) having an associated 
rate of 3–4 %. In a systematic review of SCI associated with TEVAR and cerebrospi-
nal fluid drainage, Wong et al. found 46 eligible studies totaling 4936 patients. They 
discovered an overall SCI rate of 3.89 % [84]. There is a paucity of literature on SCI 
in emergency aortic surgery, and no studies specifically relating to SCI in emergency 
EVAR surgery. Since there is such a paucity of literature specifically on SCI in emer-
gency endovascular aortic repairs, we present our institutional approach to spinal 
cord protection based on current literature with emphasis on overall patient safety.

 Pathogenesis and Risk Factors

The pathogenesis of SCI is multifactorial; however, most injuries are the result of 
ischemia or ischemia–reperfusion injury. Spinal cord perfusion is a dynamic process, 
which is dependent on major segmental arteries and vast networks of collateral blood 
flow. In most circumstances of open or endovascular abdominal aortic aneurysm sur-
gery, there is usually limited to no occlusion of major segmental arteries. The picture 
changes somewhat when a thoracic repair is indicated. In such scenarios, segmental 
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arteries are usually implicated, especially with longer grafts or previous aortic proce-
dures. This results in the spinal cord perfusion being increasingly dependent on the 
vulnerable and often inadequate collateral circulation. Hemodynamic disturbances 
and fluctuations inevitably lead to a reduction in collateral circulation flow.

Part of patient preparation for surgery, be it elective or emergency, should include 
some form of risk stratification for adverse perioperative outcomes. As is the case 
for adverse cardiac outcome risk assessment and subsequent stratified management 
bundles, it is prudent to assess the risk for SCI in aortic surgery. This enables the 
surgical team to better quantify the risk of SCI, improve patient counseling, and 
plan stepwise spinal cord protection strategies [85, 86].

Known risk factors for SCI in TEVAR include the following: previous aortic 
interventions; long aortic coverage, especially if the left subclavian and/or hypogas-
tric arteries are covered; renal insufficiency (with creatinine levels greater than 
1.5 mg/dL); and prolonged periods of hypotension (mean arterial pressures less than 
65–70 mmHg) [87]. Furthermore, age, comorbidities (e.g., hypertension, hyperlip-
idemia, diabetes mellitus), and increasing number of aortic stents may also increase 
risk of SCI [83, 85, 88, 89]. Symptomatic disease or rupture has also been impli-
cated, especially in open thoracic aortic surgery.

 Spinal Cord Protection

As described above, an important first step is recognizing the risk of SCI. Based on 
that risk assessment, a stepwise approach can be employed to reducing the risk of 
spinal cord ischemia.

It is recommended as a minimum that hypotension be avoided during aortic 
surgery [87]. The basis of spinal cord perfusion rests with the simple 
equation:SPP = MAP – ITPLegend: SPP is spinal perfusion pressure, MAP is mean 
arterial pressure, and ITP is intrathecal pressure.

The goal of spinal cord perfusion pressure management is to remain as close to 
each patient’s baseline as possible [83, 90]. This is less of a problem in mostly 
abdominal aortic surgery, regardless of open or endovascular technique, where it is 
less likely that segmental branches to the spinal cord will be covered or ligated. 
Fastidious control of SPP is especially important in circumstances of longer stents/
grafts and in patients determined to be at higher risk of SCI. The underlying prin-
ciple is to maintain spinal blood flow and oxygenation, thereby reducing the risk of 
ischemia or ischemia–reperfusion injury.

The avoidance of hypotension, although self-explanatory, can be described espe-
cially as reducing duration thereof. Sustained hypotensive periods, with MAPs 
below 65–70 mmHg for longer than 5–15 min, are associated with higher incidence 
of SCI. Strict BP management is therefore a crucial first step in reducing SCI [91]. 
This is a difficult goal to achieve, especially in compromised patients undergoing 
emergency procedures. One of the most effective measures that we perform at our 
institution during the initial surgical approach of patients with aortic emergencies is 
to achieve endovascular control of the aorta. Once the balloon is in place,  intravascular 
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accesses and invasive blood pressure monitoring as well as fluid resuscitation are 
initiated. If the patient does not tolerate light sedation, general anesthesia is induced. 
Permissive hypertension is described as a potential management strategy for patients 
with symptomatic SCI [91].

Our center uses the following algorithm for blood pressure management:

• Maintain intraoperative MAP >80 mmHg.
• Increase MAP to greater than 80–90 mmHg at the moment of graft deployment.
• Maintain the MAP greater than 80–90 mmHg postoperatively for 24–48 h.
• If neurologic symptoms are present at any time point, increase MAP to greater 

than 100 mmHg using vasopressors and/or inotropes.
• Lumbar CSF drainage (description to follow)

Although controversial, lumbar CSF drainage has been shown to be effective in 
the prevention and management of SCI during TEVAR and open thoracoabdominal 
aneurysm repair [90, 92–95]. As a result, it has been recommended as part of spinal 
cord protection algorithms. The rationale is, like MAP management, to improve 
spinal cord blood flow and oxygenation. In addition to increasing MAP, reducing 
CSF pressure (ITP) increases SPP. Lumbar CSF drains should be placed preopera-
tively, following existing national guidelines for neuraxial block placement and 
anticoagulants/patient coagulation status (see Table 16.3). Reasonable ITP pressure 
goals are be as follows:

• Less than 15 mmHg prior to graft deployment.
• Reduce ITP to less than 10 mmHg after graft deployment.
• Reduce ITP to less than 8 mmHg if neurologic symptoms develop.
• Allow rates of CSF drainage of 10–20 ml per hour.
• Discontinue lumbar CSF drains 24–72 h postoperatively (also following national 

guidelines regarding anticoagulants/patient coagulation status) (see Table 16.3).

Significant variation exists among centers regarding lumbar CSF drainage. 
Also, there is paucity of literature about the use of lumbar drains in emergency 
endovascular treatment of aortic pathology. Our center recommends placement 
in all TEVAR patients identified as high risk for SCI, and as a rescue measure 
when blood pressure management alone does not reverse SCI symptoms, and 
that have cardiovascular stability, which is sufficient enough to tolerate drain 
placement [83, 94, 96]. One important exception to this is patients with trau-
matic thoracic aortic injury to be treated with shorter thoracic endografts (less 
risk of SCI).

It is worth noting that lumbar CSF drains are not without risk; there are numer-
ous complications described [97]. Potential risks include catheter breakage and 
retention of fragments in the intrathecal space, postdural puncture headache, epi-
dural and subdural hematomas with or without cauda equina syndrome, meningitis, 
intracranial hemorrhage, and traumatic puncture [97]. In the setting of traumatic 
preoperative puncture (significant bleeding from the needle or catheter), elective 
TEVAR or open aortic surgery should be delayed. Although the incidence of these 
complications is low, they lead to high morbidity rates and potential independent 
mortality risk.
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Carotid to left subclavian artery transposition/bypass (CSCT) is a recognized and 
extremely useful technique for patients identified preoperatively as high risk for 
development of SCI [98]. It is especially of use in those undergoing TEVAR with 
long or multiple endografts, as well as those potentially requiring left subclavian 
artery occlusion by the endograft. In such patients, there are a number of preopera-
tive imaging techniques to evaluate the left-sided vertebral arterial system. The main 
evaluation techniques are computed tomography (CT), magnetic resonance imaging 
(MRI), or angiography. If the left vertebral artery arises from the left subclavian 
artery, and the anterior spinal artery is left vertebral artery dominant, it is recom-
mended to perform a pre-TEVAR CSCT. It is important to note that the anterior 
spinal artery arises superiorly from the vertebral arteries, other segmental arteries, 
as well as the hypogastric arteries, yet its most important anatomic/physiologic 
function is to supply two-thirds of spinal cord blood flow.

An intervention of potential benefit is distal aortic perfusion/bypass, through 
venoarterial cardiopulmonary bypass, with distal access to the femoral arterial sys-
tem. This lessens the effect of the cross clamp on the hypogastric to spinal artery 
circulation, as bypass maintains a blood pressure in the hypogastric circulation. 
Some authors have advocated the use of axillo-femoral artery bypass to achieve 
similar effects in the femoral/hypogastric circulation.

Managed intentional hypothermia is described as a protection strategy in central 
nervous system (CNS) protection; however, there are little data to guide TEVAR or 
emergency EVAR surgery [99]. It is important to consider the potential benefit of 
hypothermia on CNS protection versus the potential adverse effects on the coagula-
tion system, especially in the setting of aortic leak/rupture undergoing emergency 
EVAR. Some authors have recommended local hypothermia of the spinal cord, by 
circulating cold 0.9 % saline in the subarachnoid space. This has been reported to be 
of benefit; however, it is markedly invasive, extremely difficult to perform, and a 
technique which could have catastrophic complications if not performed well. As 
such, it is not something we would recommend unless a developing body of evi-
dence suggests otherwise.

Multiple pharmacologic approaches have been studied for decades, among oth-
ers steroids, naloxone, barbiturates, and papaverine. Although some of these inter-
ventions have shown some promise, none have been shown to be reliably effective 
in preventing or managing SCI.

Staged procedures have been reported to increase the development of the collat-
eral circulation in circumstances of patients with combined thoracic and abdominal 
aortic disease. This development of the hypogastric and lumbar arteries allows 
improved aortic blood flow less dependent on the segmental artery of Adamkiewicz 
(arteria radicularis magna), present in over 80 % of the population. This artery usu-
ally arises from segmental vessels from T9 to T11.

Spinal cord monitoring is a modality which is showing significant promise. 
Neurophysiologic monitoring involves two main types of evoked potentials, 
 somatosensory and motor. Somatosensory evoked potentials (SSEP) monitor and 
assess the function of the ascending sensory pathways from arms and legs to cranial 
scalp leads. Transcranial motor evoked potentials (tcMEP) are induced by the 
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 cranial scalp leads to assess function and signal conduction of the descending motor 
pathways. These modalities provide sensitive assessment of spinal cord function 
and can provide an early sign of developing SCI, especially intraoperatively when a 
patient may be under general anesthesia and unable to report changes in sensation 
or motor function [99]. Such early signs from SSEP and/or tcMEP enable clinicians 
to make early intraoperative precise interventions aimed at reducing or managing 
SCI, for example, blood pressure and ITP management.

 Conclusion

SCI is a devastating complication of aortic surgery, most commonly in TEVAR 
surgery. Its incidence greater than 1 % necessitates centers to (a) preoperatively pro-
actively assess risk of SCI, (b) have distinct protocols and guidelines in place for 
spinal cord protection by avoidance of perioperative hypotension, consider other 
management strategies in higher risk patients, (c) develop guidelines for emergent 
management of patients developing or with suspected SCI, and (d) consider newer 
monitoring strategies, e.g., SSEP and/or tcMEP [100].

Fastidious attention to detail, strict management guidelines, or early intervention 
in patients with developing or suspected SCI increases the risk of either avoiding 
SCI or improving partial or full recovery. These all require a system which is atten-
tive to the risks, provides seamless communication and skillset in aiding early inter-
vention, and one which follows current evidence of best practice.

 Multisystem Organ Failure After Ruptured Abdominal Aortic 
Aneurysm

Shahram Aarabi, Surbhi Mathur, and Joseph Cuschieri

 Introduction

Ruptured abdominal aortic aneurysm (rAAA) is the most lethal vascular surgical emer-
gency. Without repair, rAAA is almost uniformly fatal [101]. With modern techniques 
of resuscitation and surgical management, the majority of patients presenting with 
rAAA survive [102]. This is in contrast to just 20 years ago where upwards of 50–70 % 
of patients with rAAA died despite arriving at a tertiary referral center alive [103]. 
Given the hemodynamic and circulatory factors of the disease and the associated isch-
emia–reperfusion injury, it is not surprising that rAAA has a high incidence of multi-
system organ failure (MSOF) [104]. As a result of this improvement in overall initially 
mortality, an increased risk of MSOF and the subsequent challenges due to organ 
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dysfunction continue to plague subsequent morbidity and recovery. Once MSOF 
develops, complications due to organ dysfunction and need for increased resource 
utilization occur leading to prolonged ICU stays, high resource consumption for 
organ failure support, and increased mortality, all at considerable financial and human 
cost [105].

 Pathogenesis

rAAA is associated with a systemic inflammatory response syndrome (SIRS), char-
acterized by increased microvascular permeability, neutrophil sequestration, and 
innate and adaptive immune dysfunction that leads to direct and indirect organ 
injury. Central to the development of this constellation of conditions is ischemia–
reperfusion injury that characterizes rAAA. The initial control and subsequent 
resuscitation with both crystalloid and high-volume blood products further exacer-
bate immune dysregulation and dysfunction associated with rAAA. Ischemia–
reperfusion injury following aortic hemorrhage, subsequent cross clamping, and 
resuscitation leads to activation of inflammatory pathways and their eventual dys-
regulation resulting in inflammatory-mediated injury to both local and distant 
organs. The two major organ systems most profoundly affected are the lungs, dem-
onstrated by development of acute respiratory distress syndrome (ARDS), and the 
kidneys, demonstrated by development of acute kidney injury (AKI). In addition to 
the development of ARDS and AKI, all other organs are at risk due to this dysregu-
lated immune state [104].

Clinically, ischemia–reperfusion injury is identified through the progressive 
development of coagulopathy, acidosis, and hypothermia. The development of this 
triad of clinical symptoms known as the “lethal triad” is a sequential and progres-
sive clinical state leading to further disruption of the inflammatory response. 
Subsequent stressors (e.g., reintervention or infection) lead to a so-called “second- 
hit” phenomenon that causes further activation of inflammatory pathways. This 
second-hit hypothesis, however, has been recently challenged by a series of investi-
gations evaluating severe hemorrhagic shock following injury similar in magnitude 
to that seen in rAAA [106–109]. This data would argue that the initial dysregulation 
in both innate and adaptive immunity occurs early following ischemia–reperfusion 
and these secondary hits are merely manifestations of altered immunity and estab-
lished organ dysfunction [106–109]. Several inflammatory mediators liberated by 
this dysregulated immune state play an important role in this process (Fig. 16.12) 
and may serve as prognostic markers for the extent of injury. Further, there has been 
basic research that demonstrates modulating this immune response may be benefi-
cial after rAAA repair. Among these studies, Harkin and colleagues have shown 
that C5a receptor antagonism can reduce local intestinal and remote lung injury in 
a model of rAAA [110]. However, clinically individual blockade of C5a or other 
inflammatory mediators has not been demonstrated to be beneficial in ischemia–
reperfusion injury due to the remarkable redundancy of the immune system.
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Fig. 16.12 Cytokine response to AAA repair and the pathogenesis of multiple organ dysfunction 
syndrome (MODS) [104]
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 Incidence

MSOF among rAAA patients has been defined in various ways. Most of these require 
two or more of the following organ systems to meet criteria for severe dysfunction 
within a 24 h period: cardiovascular, respiratory, renal, hematologic, and neurologic. 
Historically, that is, in the pre-endovascular era, causes of death after rAAA repair 
included MSOF (37 %), cardiac or cardiorespiratory failure (26 %), transmural colon 
infarction (18 %), renal failure (10 %), and other unspecified causes (9 %) [103]. In a 
large contemporary series by Mehta and colleagues, causes of death among patients 
who died within 30 days of endovascular or open repair of rAAA were described [111]. 
These included myocardial infarction, bleeding, coagulopathy, MSOF, abdominal com-
partment syndrome (ACS), colon ischemia, acute respiratory distress syndrome 
(ARDS), gastrointestinal hemorrhage, pulmonary embolism, and acute hepatic failure 
[111]. Following either open or endovascular repair, the development of MSOF Once 
MSOF develops after rAAA repair is associated with a 50–70 % increased mortality rate 
[105]. Among survivors of endovascular repair for rAAA, complications included ACS 
(6.6 %), colon ischemia (5.5 %), acute respiratory failure (5.5 %), small bowel obstruc-
tion (1.1 %), lower extremity thrombosis (1.1 %), AKI requiring dialysis (1.1 %), MSOF 
(1.1 %), prolonged ileus (1.1 %), and pulmonary embolism (1.1 %) [111]. Among survi-
vors after open surgical repair, complications included colon ischemia (16.5 %), acute 
respiratory failure (12.1 %), AKI (8.7 %), myocardial infarction (7.6 %), wound infec-
tion (7.6 %), acute cholecystitis (5.5 %), MSOF (3.3 %), ACS (3.3 %), gastrointestinal 
hemorrhage (1.1 %), acute hepatic failure (1.1 %), and sepsis (1.1 %) (Table 16.4) [111].

 Risk Assessment

Various scoring systems have been used as predictors of survival in patients undergo-
ing open surgical repair for rAAA. The Sequential Organ Failure Assessment score 
(SOFA) is based on six different organ systems: PaO2/FiO2 for respiratory failure, 

Table 16.4 Cause of death among 29 patients who died within 30 days of endovascular aneurysm 
repair (EVAR) for ruptured abdominal aortic aneurysm (r-AAA)

Cause of death EVAR OSR

Intraoperative myocardial infarction/on table 5 12
Bleeding/coagulopathy 7b 29
Multisystem organ failure 5 16
Abdominal compartment syndrome 9 1
Colon ischemia 2 5
Acute respiratory distress syndromea 1 6
Gastrointestinal hemorrhage 0 1
Pulmonary embolism 0 1
Acute hepatic failure 0 1

OSR open surgical repair
a Acute respiratory distress syndrome and 72 who died after OSR
b One patient with EVAR died on the table from bleeding
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creatinine level or urine output for renal failure, bilirubin for liver failure, Glasgow 
Coma Scale for neurological impairment, platelet count for coagulopathy, and mean 
arterial pressure or administration of vasopressors for cardiovascular failure [112]. 
The Simplified Acute Physiology Score (SAPS II) (0–163) includes seventeen vari-
ables composed of twelve physiological variables, age, type of admission, and three 
different underlying disease variables [113]. The Simplified Therapeutic Intervention 
Scoring System-28 (TISS-28) score (1–78) is derived from 28 therapeutic activities 
performed in the ICU which are subdivided into seven groups: basic activities, ven-
tilator support, cardiovascular support, renal support, neurological support, meta-
bolic support, and specific interventions [114]. SOFA and SAPS II scoring systems 
have been applied to rAAA patients with validation of their utility in early prediction 
of in-hospital mortality [115]. However, overall prediction of the development of 
MSOF remains problematic. Interestingly, in hemorrhagic shock following trauma, 
it has been demonstrated that there is delayed clinical recovery due to MSOF using 
both clinical and genomic data [116]. This research may prove to be beneficial in 
treatment of other conditions incited by hemorrhagic shock, such as rAAA.

 Procedural Factors Associated with Development of MSOF 
After rAAA Repair

The most contemporary series by Mehta et al. has shown that 30-day mortality for 
patients undergoing open surgical repair has been shown to be significantly higher 
than endovascular repair for rAAA (44.2 % vs. 24.2 %, p < 0.001) [111]. Our experi-
ence has similarly shown that implementation of contemporary endovascular-first 
protocol for the treatment of a rAAA is associated with decreased perioperative 
morbidity and mortality, with higher likelihood of discharge to home and improved 
long-term survival [117, 118]. Most surgeons now believe that patients presenting 
with rAAA and appropriate anatomy should be offered endovascular repair as first- 
line treatment at experienced vascular centers [119–123]. The IMPROVE Trial has 
suggested that patients randomized to an endovascular strategy had reduced stay in 
the ICU and were discharged home earlier than were patients randomized to open 
repair [101]. Despite the clear trend toward endovascular repair of rAAA among 
vascular surgeons [124], some controversies still exist as to benefit of endovascular 
repair. The IMPROVE trial as well as various retrospective data show equivalent 
mortality rates in patients undergoing endovascular aneurysm repair (EVAR) for 
rAAA compared with those undergoing open repair [101, 125]. For further informa-
tion in the controversial outcomes of IMPROVE trial, refer to Veith Chapter…

Prolonged aortic cross-clamp time during open rAAA repair is associated with 
MSOF, most notably increasing the rates of AKI and ARDS [126]. Suprarenal and 
supraceliac aortic clamping during the repair of rAAA are also positive predictors 
of mortality and have high rates of renal, hepatic, and intestinal injury [127]. With 
regard to endovascular repair, in our experience we have found that in patients in 
whom EVAR is attempted for rAAA despite not meeting accepted anatomic criteria 
for endovascular intervention, the mortality rate is 100 %. Other centers have con-
firmed this high mortality associated with conversion from endovascular repair to 
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open repair for rAAA [128]. Taken together this data suggests that the overall inci-
dence of MSOF following successful endovascular repair may be lower that open 
repair with a more rapid return to normal organ function. However, this has not been 
validated in a randomized clinical trial to date.

 Reoperation and Reintervention

The reintervention rate for repair of rAAA, whether open or endovascular, remains 
high at approximately 20 % [101]. Reintervention after open rAAA repair occurs 
most commonly due to bleeding, bowel ischemia, or bowel obstruction [101]. 
Reintervention after endovascular rAAA repair occurs most commonly due to 
endoleak, graft migration, extremity complications, and limb ischemia [111]. Given 
that the rate of systemic complications is higher after open rAAA repair, there 
appears to be an overall reduction in the risk of MSOF overall following endovas-
cular repair compared to open repair.

 Abdominal Compartment Syndrome

ACS is characterized by progressive intra-abdominal dysfunction resulting from 
elevated intra-abdominal pressure (IAP). The term abdominal compartment syn-
drome was coined by Kron et al. in 1984, when they described the process follow-
ing rAAA. The classic description of ACS includes a tense distended abdomen, 
increased IAP, decreased renal function, elevated peak airway pressure, hypoxia, 
and inadequate ventilation [129]. Although ACS was originally described after 
open rAAA repair, it is also a known complication after endovascular rAAA repair 
[130]. The pathophysiology of ACS after rAAA repair is multifactorial; obviously, 
free intraperitoneal or contained retroperitoneal aneurysm rupture can lead directly 
to increased intra-abdominal volume. Massive fluid resuscitation, massive transfu-
sion, prolonged cross-clamp or intra-aortic occlusion balloon inflation times, and 
emergent conversion of modular bifurcated stent graft to unibodied device also 
contribute to elevated IAP via worsening of ischemia–reperfusion injury. The end 
result of intra-abdominal hypertension is impaired end-organ perfusion resulting 
in MSOF. The incidence of ACS after rAAA repair has fallen dramatically from 
18 to 25 % in the pre-endovascular era to 1–6 % in contemporary series [101]. 
While some recent experience (including the IMPROVE trial) has shown equiva-
lent incidence of ACS after endovascular versus open rAAA repair, several other 
series have shown a significantly higher incidence of ACS after open rAAA repair 
compared with EVAR. [101, 102, 131] In a study published by Starnes et al. in 
2010, ACS was documented in 32 patients over the study period [102]. In the pre-
protocol period, 24 patients developed ACS (all open repairs) and nine survived 
(62.5 % mortality). In the post-protocol period, eight patients had ACS: six open 
repairs with one survivor (83 % mortality) and two EVARs with one survivor 
(50 % mortality) [102].
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A high index of suspicion is required to diagnose ACS, and patients should be 
monitored with serial abdominal examinations, bladder pressures, evidence of 
 visceral malperfusion, and difficulty with ventilation. The treatment for ACS is 
emergent decompressive laparotomy which, depending on the stability of the 
patient, can be performed either in the ICU or in the operating room.

 Colon Ischemia

Colon ischemia remains a serious complication after rAAA repair. In a contempo-
rary series, colon ischemia was observed at a higher rate following open surgery 
(4 %) compared to EVAR (1.4 %) in treatment of rAAA [132]. Eighteen patients 
(52 %) died within the first postoperative month; however, the mortality rate due to 
colon ischemia was not statistically different between open surgery 14/27 (52 %) 
and EVAR 4/7 (50 %) [132]. Presumed causes of colon ischemia are nonocclusive 
mesenteric ischemia due to shock or vasopressor drugs, interruption of inferior 
mesenteric artery or internal iliac artery blood flow, and atheroembolization during 
repair. Again, a high index of suspicion—particularly among patients who arrive 
in the ICU after a difficult intraoperative course and requiring ongoing administra-
tion of vasoactive agents—is required for diagnosis. Abdominal pain, distension, 
evidence of ileus, bloody bowel movements, or unexplained clinical deterioration 
should lead to further workup with laboratory studies and sigmoidoscopy. First-
line treatment includes bowel rest, resuscitation, and avoiding vasopressor use, 
with the majority of cases resolving with expectant management. Once the diag-
nosis is made, worsening clinical status may herald transmural necrosis or perfora-
tion, and laparotomy with colectomy is required for emergent treatment. The 
development of colon ischemia following rAAA repair is a predicator and poten-
tial causative factor in the development of MSOF following rAAA repair.

 Cardiac Dysfunction

Various cardiac complications including myocardial infarction, arrhythmias, car-
diac arrest, and congestive heart failure are associated with increased mortality after 
rAAA repair [111]. Patients with rAAA are at higher risk of ischemic heart disease 
than general population by virtue of similar risk factors and pathogenic mechanisms 
underlying both diseases [104]. As such, the rate of these complications remains 
high with myocardial infarction (8–17 %) and arrhythmias (20 %) occurring in a 
large proportion of patients undergoing rAAA repair [101, 133, 134]. A study done 
in 2001 has shown that patients with preoperative cardiac arrest following rAAA 
had an increased overall mortality (85 %) compared with those without cardiac 
arrest (36 %); of the 80 patients with preoperative cardiac arrest, 53 underwent sur-
gical repair, and 12 of those patients survived (23 %) [135]. Myocardial infarction 
was observed in 18 % of patients in the postoperative period [135].
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The application and removal of an aortic cross clamp also contribute to complex 
series of hemodynamic perturbations and create increased demand on the heart. 
Communication with the anesthesiologist while application and removal of aortic 
cross clamp, continuation of perioperative beta blockers and statins, appropriate 
resuscitation, and close monitoring in ICU are key to early diagnosis and manage-
ment of these issues. However, as a result of the marked dysregulation of immune 
system following rAAA repair, cardiac dysfunction due to a number of secretory 
chemokines and cytokines that are likely cardiac depressants results in direct car-
diac dysfunction. The onset and duration of this dysfunction have not been clearly 
identified.

 Renal Dysfunction

One of the most frequent complications after rAAA repair is AKI with an incidence 
approaching 50 % in some series [136]. In this series, patients undergoing open 
rAAA repair had significantly higher rates of AKI compared with those undergoing 
EVAR (43 % vs. 26 %), despite the iodinated contrast loads and older average age 
the EVAR patients [137]. Severe AKI is also associated with higher mortality once 
it develops after rAAA repair [137]. These mortality rates at 30 days are 28 % 
(open) versus 5 % (endovascular) and at 12 months is 44 % (open) versus 13 % 
(endovascular) [137]. Factors associated with AKI after rAAA repair include peri-
operative hemorrhagic shock, intraoperative suprarenal aortic clamping, secondary 
ischemic injuries, and SIRS [136]. Monitoring of diuresis in the ICU is crucial to 
management in these patients, and early institution of renal replacement therapy 
should also be considered. It should be noted, however, that once patients progress 
to the point of anuric renal failure and dialysis, it is a harbinger of in-hospital 
mortality.

 Respiratory Failure

Studies have shown that open surgical repair of rAAA is associated with higher 
pulmonary complications compared to endovascular repair (32.4 % vs. 21.7 %) 
[133]. Administration of large volume of fluids, blood products, prolonged cross- 
clamp duration, and preexisting pulmonary disease are some of the contributing 
factors for respiratory failure after rAAA. Management includes monitoring of 
patient in the ICU, continuation of ventilator support until patient is stabilized, as 
well as goal-directed fluid and blood product administration. Adjuncts to mechani-
cal ventilation may be required in order to optimize oxygenation following the 
development of ARDS. In theory these include but are not limited to the use of 
inhaled nitric oxide, inhaled or systemic administered Flolan, prone positioning, 
and ECMO. In reality, patients with MSOF after rAAA repair will likely not tolerate 
many of these more aggressive interventions from a cardiovascular standpoint.
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 Limb Ischemia

Limb ischemia is a significant complication after the repair of rAAA which is usually 
diagnosed prior to leaving the operating room by doing mandatory Doppler and pulse 
examinations. If found, this should be further investigated with aortography and run-
off, with access being obtained via the contralateral common femoral artery as that 
suspected with pathology. The most common causes of limb ischemia after open 
rAAA repair are problems associated with the distal anastomosis, distal embolus, and 
occasionally with iliac artery dissection. In our experience, attempting to deal with 
these issues via endovascular approach first is preferable, reserving reopening of the 
laparotomy and revising the original anastomosis for cases where endovascular inter-
vention fails. The IMPROVE trial revealed the rate of reintervention due to limb 
ischemia after open repair following rAAA is 7 % and after endovascular repair is 
8 % [101]. Crossover femoral artery to femoral artery bypass can be a valuable “bail-
out” procedure when a patient with rAAA has the complication of unilateral limb 
ischemia and an absent femoral pulse on the side of the ischemic limb. Following 
endovascular repair, the most common causes of limb ischemia are occlusive issues 
with the iliac limb extension or distal embolus [138]. Again, these issues should be 
dealt with via endovascular methods when possible. If this is not possible, then femo-
ral artery to femoral artery bypass or open embolectomy may be required.

 Spinal Ischemia

Spinal cord ischemia is a rare complication after open rAAA repair, with an incidence 
varying from 1 to 2.8 % [139]. This manifests as paraplegia and paresis which can be 
difficult to diagnose early in patients who are intubated and sedated. Factors associated 
with spinal cord ischemia include interruption of pelvic blood supply, prolonged 
cross clamping, preoperative and intraoperative hypotension, and embolization. 
Unfortunately, there is little to do to prevent or treat this issue other than good surgical 
technique and appropriate perioperative hemodynamic management and resuscitation.

 Strategies to Reduce Multisystem Organ Failure After rAAA

A dedicated ICU team is crucial to providing appropriate resuscitation, close 
hemodynamic monitoring, and the identification of early complications that are 
key to ensuring good outcomes in patients after rAAA repair. Appropriate fluid and 
vasoactive agent management postoperatively plays an important role in the pre-
vention of multisystem organ failure after rAAA. Patients need to be closely moni-
tored in the ICU after rAAA repair with an arterial line, central venous line, Foley 
catheter,  continuous telemetry, serial laboratory tests (ABG, lactate, CBC, BMP, 
coagulation profile), and serial abdominal, peripheral vascular, and compartment 
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checks. There should be judicious use of crystalloids and blood products to balance 
adequate resuscitation and prevention of coagulopathy on the one hand with avoid-
ance of pulmonary complications and abdominal compartment syndrome on the 
other. A combination of central venous pressure, pulse pressure variation, point of 
care inferior vena cava, and cardiac sonography can be very useful in determining 
fluid status in these complex patients. Other monitors such as a pulmonary artery 
catheter (i.e., Swan–Ganz catheter), FloTrac, CardioQ, PiCCO, and LiDCO may 
also be helpful given particular institutional and provider expertise.

Although attempts to minimize the development of MSOF should be the first- 
line strategy in managing rAAA patients, there are patients in whom MSOF devel-
opment is unavoidable. In these patients, it is imperative that the appropriate support 
measures be in place to minimize progression of organ failure and allow for optimal 
organ recovery. Often this becomes a game of balance with treatment of one organ 
system necessarily compromising another (e.g., fluid resuscitation in renal compro-
mise which may worsen pulmonary function). However, the ultimate restoration of 
overall homeostasis will decrease the systemic inflammatory response and eventu-
ally be optimal for all organ systems. Additionally, consistent attempts to minimize 
the development of additional organ failure by rapidly correcting and identifying 
complications such as ACS, colon ischemia, limb ischemia, and infection must 
occur, and this is best accomplished through a high intensity ICU care model.

Dedicated ICU teams and regionalized care with high-volume aortic centers have 
shown promise in improving outcomes in patients with rAAA [140]. Specifically, 
regionalization of care has shown improved mortality and decreased length of stay 
and cost for rAAA patients [121, 141]. However, although currently merely sup-
portive, future therapies will be directed at mitigating and controlling the dysregu-
lated immunity associated with ischemia–reperfusion. But these therapies, contrary 
to previous trials will need to be patient specific dealing with individual differences 
in their immune dysregulation with the hope of inhibiting the development of MSOF.

 Management of Endoleaks After rEVAR

Khanjan H. Nagarsheth and Saum A. Rahimi

 Background

Since Parodi introduced the concept of endovascular aortic aneurysm repair 
(EVAR) in 1990 [142], endovascular techniques and technology have gained much 
acceptance in managing not only elective but also ruptured AAA. Today dozens of 
large single center and multicenter studies have documented the feasibility and 
safety of rEVAR, and many have gone on to show short- and long-term survival 
advantage of rEVAR when compared to open surgical repair [143–148]. The 
debate however continues as controversial conclusions from the most recent 
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randomized trial have failed to indicate rEVAR survival advantage when compared 
to ruptured open surgical repair [145] (more on this discussed in later chapter by 
Veith). With ongoing technological advancements in imaging, devices, and tech-
niques, it is reasonable to believe that outcomes will continue to improve for 
rEVAR and may one day become the gold standard for repair of ruptured abdominal 
aortic aneurysms (rAAA).

Endovascular aortic aneurysm repair for rAAA has complications that are unique 
to this surgical technique such as graft migration, contrast-induced nephropathy, 
and, in particular, endoleaks. Endoleaks are defined as persistence of blood flow 
into the aneurysm sac, following deployment of an endoluminal stent graft. This 
particular adverse event can prove to be worrisome as persistent blood flow can 
continue to pressurize the aneurysm sac and can lead to both sac expansion and 
rupture. The ideal method of detection and management of endoleaks following 
rEVAR remains a source of controversy. Although there are five major types of 
endoleaks discussed in the literature, there are only three that are clinically relevant 
at the time of rEVAR. In this chapter, we will review the classification of endoleaks 
and relevance and management options of these endoleaks following rEVAR.

 Classification

Endoleaks were first described in 1997 and five major types were identified [149]. 
They coined the term “endoleak” to describe the inability to obtain or maintain a 
secure seal between a vessel wall and a transluminally implanted intra-aneurysmal 
graft. Following this, the Society for Vascular Surgery and the American Association 
for Vascular Surgery (SVS/AAVS) further standardized the classification of endole-
aks [150]. The classification of endoleaks was based on either time of occurrence 
relative to the EVAR procedure or the site of origin [151].

Endoleaks occurring within 30 days of the EVAR procedure were deemed a pri-
mary endoleak, and those that occurred following this 30-day window were called 
secondary endoleaks [152]. Those endoleaks that appeared after resolution, be it 
spontaneous or following intervention, were termed recurrent endoleaks. This sys-
tem of classification had helped in terms of standardizing terminology based on the 
temporal relationship between time of procedure and identification of endoleak but 
did not help in management decision.

Another classification system based on origin of blood flow into the aneurysm was 
devised to aid in determining management. The anatomic classification of endoleaks 
is based on how blood is flowing into the aneurysm sac. The Ad Hoc Committee for 
Standardized Reporting Practices in Vascular Surgery created four major types of 
endoleaks and a fifth group that was an endoleak of unidentified origin.

Type I endoleaks are due to continued blood flow into the aneurysm sac through 
a channel between the arterial surface and the endoluminal stent graft at either the 
proximal or distal ends of the graft. This type I endoleak is further subclassified into 
type Ia for leaks occurring at the proximal extent of the graft and type Ib for those 
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occurring at the distal extent of the graft. In the case of an aorto-uni-iliac (AUI) 
device, persistent blood flow around the contralateral iliac occlusion device is 
termed a type Ic endoleak. A type II endoleak occurs when there is blood flow into 
the aneurysm sac from collateral vessels, the inferior mesenteric artery, or lumbar 
artery branches. Since there is a robust system of collateral vessels in this region, it 
is important to identify both the inflow and outflow vessels contributing to the type 
II endoleak. Type III endoleaks are caused by either a tear in the fabric of the graft, 
disruption of the graft, modular disconnection, or even graft disintegration over 
time. Type III endoleaks are further subclassified into type IIIa if the leak is due to 
modular disconnection and type IIIb if there is a tear in the fabric covering of the 
stent graft. The type IIIb endoleak is again further stratified into minor or major if 
the tear is less than 2 mm or greater than or equal to 2 mm in size, respectively.

 Management Options

 Type I Endoleaks

Type I endoleaks must be dealt with expeditiously when they are encountered. This 
is because blood is entering the aneurysm sac directly with systemic arterial pres-
sure. Dias and colleagues found that up to 93 % of systemic pressure was transmit-
ted into the sac from type I endoleaks [153]. This can result in the sac being highly 
pressurized and increases the risk of aneurysm expansion and rupture. As many as 
10 % of patients will have a type I endoleak within the first 30 days and require 
reintervention [154].

Historically, certain criteria were used to describe proximal aortic neck anatomy 
that was suitable for an endovascular repair. These anatomic features included an 
infra-renal section of healthy aorta: measuring 10–15 mm in length, at most 32 mm 
in diameter, angulation of less than 60°, minimal thrombus or calcification in the 
neck, and no evidence of tapered or reversed taped anatomy [155, 156]. Advancements 
in the technology of endoluminal aortic stent grafts have helped to reduce type Ia 
endoleaks and facilitate performing EVAR in even more challenging neck anatomy. 
If a type Ia endoleak occurs, there are several endovascular treatment options avail-
able. The first step should involve gently inflating a compliant balloon at the proximal 
or distal extent of the stent graft to obtain better wall apposition. If the endoleak per-
sists after ballooning, and there is still healthy infrarenal aortic length available, plac-
ing a proximal or distal extension cuff may be an option as well [157]. If there is still 
an endoleak, placing a bare metal stent—such as a balloon mounted, stainless steel 
Palmaz stent (Cordis Endovascular, Fremont, CA)—can aid in providing increased 
radial force and pushing the aortic endoluminal stent against the arterial wall.

For patients who survive beyond the rEVAR and have a persistent type Ia 
endoleak, embolization procedures may be attempted using a variety of thrombo-
genic coils, embolic devices, and n-butyl 2-cyanoacrylate adhesive and fibrin glue 
embolization [156–160]. With the addition of these adjunctive measures, previous 
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authors have reported resolution of type Ia endoleaks in up to 92.3 % of cases [158]. 
Injection of fibrin glue has also been shown in animal models to reduce systemic 
pressure transmitted to the aortic wall, thereby reducing wall stress. Therefore, the 
use of fibrin glue may serve to eliminate type Ia endoleaks and reduce wall stress 
[161]. It should be noted that employing these endovascular procedures to treat a 
type Ia endoleak could significantly increase the operative time in rEVAR that can 
be detrimental to an unstable patient. There is a paucity of evidence showing the 
utility of these techniques in the treatment of a rAAA, but nevertheless, these are 
options available to the surgeon or interventionalist.

More recently, the introduction of chimneys, snorkels, and fenestrated aortic 
endoluminal stent grafts has shown even further reduction in the rates of type Ia 
endoleaks. In the case of treating rAAA with rEVAR, if the patient still has a large 
type Ia endoleak, the decision must be made whether or not to employ these tech-
niques. These procedures increase the operative time and morbidity for patients and 
therefore should be used sparingly with the current generation of devices available, 
when treating an unstable patient [162].

Endoleaks occurring at the distal extent of an endoluminal stent graft, type Ib, 
are most commonly due to hostile iliac artery anatomy. This hostile anatomy can 
include aneurysmal degeneration or a very tortuous course causing imprecise 
deployment of the stent graft. Additionally, if there is significant calcific disease of 
the iliac arteries, this can interfere with good wall apposition of the stent graft. In 
most cases, type Ib endoleaks are treatable with distal extension of the stent graft. 
Often times this will require coverage of the hypogastric artery and extension into 
the external iliac artery. In the case of a rAAA, if the patient is unstable, we advo-
cate the use of this technique without coil embolization of the hypogastric artery. 
This will often times result in a type II endoleak but may allow for stabilization of 
the patient so this can be addressed at a later time. In their recent work, Quinn and 
colleagues found a lower incidence of type II endoleaks in rEVAR patients but 
hypothesized that this may be due to a selection bias, as the rEVAR patients may 
have died before a type II endoleak developed [163].

If the hypogastric artery needs to be covered to achieve seal, it should first be coil 
embolized to prevent occurrence of a type II endoleak. In cases where the hypogastric 
artery needs to be preserved or there is aneurysmal degeneration of the common iliac 
artery, one may employ use of the “sandwich” technique or iliac branched device 
[164]. Currently iliac branched devices are still in investigational trials and not avail-
able for general use. The “sandwich” technique is an alternative that requires placing 
two parallel endoluminal stents into an iliac artery limb graft to recreate the iliac 
bifurcation. The authors recommend oversizing the cross-sectional area of the com-
bined grafts to 30 % greater than the cross section of the iliac limb. This is done to 
reduce the chance of a type III endoleak. The purpose of this technique is to prevent 
the relatively high incidence of buttock claudication with unilateral hypogastric artery 
coverage or pelvic ischemia when the hypogastric artery is covered bilaterally [165].

Though these techniques are well tolerated in the elective setting, they do 
increase operative time and complexity. Therefore, these results may not be trans-
lated the same way when performed in conjunction with rEVAR. Current evidence 
would suggest that under elective circumstances, nearly 1/3 of type I endoleaks 
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might resolve in select patients with conservative management. However, with pau-
city of data, it is unlikely that rEVAR patients with untreated type I endoleaks would 
have favorable outcomes.

 Type II Endoleaks

Type II endoleaks complicate almost 30 % of EVAR performed for AAA [166]. 
These are the most commonly encountered endoleaks and, as mentioned previously, 
are the results of retrograde flow from lumber arteries, the inferior mesenteric artery, 
or collateral vessels. The classification for type II endoleaks is based upon the num-
ber of vessels contributing to the leak. Type IIa endoleaks occur due to a single 
vessel, whereas type IIb endoleaks are due to multiple vessels flowing into the aneu-
rysm sac. Up to 80 % of type II endoleaks will spontaneously resolve and require no 
further intervention within 6 months of the initial aneurysm repair. For those type II 
endoleaks that persist beyond 6 months, there is an increased risk of aneurysm sac 
enlargement and increased rupture risk [167]. Quinn and colleagues found a higher 
rate of type II endoleaks in elective EVAR compared to rEVAR (20.1 % vs. 9 %, 
p < 0.001) [163]. As mentioned earlier, this may be a result of elective EVAR surviv-
ing longer and have a type II endoleak detected. In the setting of rEVAR, there is 
never an indication to urgently repair a type II endoleak, but if there is expansion of 
the sac at follow up, then intervention may be warranted.

There are different recommendations found throughout the literature in regard to 
when to intervene on type II endoleaks, but a consensus appears to exist that if the 
aneurysm sac is growing, it should be repaired [168]. The mere presence of a type 
II endoleak is not an indication for repair, and this was shown in the EUROSTAR 
data. The EUROSTAR study identified nine delayed ruptures following EVAR in 
421 patients with a type II endoleak. Eight of these nine patients had a simultane-
ously occurring type I endoleak, and following multivariate regression analysis, the 
presence of a type II endoleak was not found to be a statistically significant risk 
factor for AAA rupture [169]. However, the EUROSTAR trial did identified patients 
with type II endoleaks to have a higher need for secondary interventions and open 
conversions, but not aneurysm rupture. This data was also corroborated by others 
that have shown the persistence of type II endoleaks to have an association with 
increased risks for secondary interventions and a small yet persistent risk for aneu-
rysm rupture when associated with aneurysm sac growth [167].

If the decision is made to intervene upon a type II endoleak, there are several 
options available to treat this entity. These options are divided into three categories: 
transarterial, direct puncture of the aneurysm sac, and surgical ligation. Transarterial 
methods are typically employed first once an intervention is deemed necessary. 
Aortography is performed initially to help exclude a type I endoleak. Then selective 
angiography of the superior mesenteric and hypogastric arteries should be per-
formed to identify late filling of the inferior mesenteric artery (IMA) and contrast 
blush in the aneurysm sac. If blush is seen, a microcatheter can be advanced into the 
IMA for either coil or polymer embolization. An important caveat to this technique 
is that embolization should not be performed if the origin of the IMA cannot be 
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reached. The risk of distal IMA embolization is colonic ischemia, and this risk is 
mitigated by selectively embolization of the IMA at its origin [170]. With this tech-
nique, there is risk of recanalization of the feeding vessel or new collateral vessels 
forming to feed the aneurysm sac, thereby requiring reintervention [171].

The next approach to treat type II endoleaks is via direct puncture of the aneu-
rysm sac. This procedure is performed in conjunction with computed tomography 
(CT), fluoroscopy, or ultrasound guidance. Access must be obtained into the 
endoleak cavity, and once this is confirmed with injection of contrast, the cavity can 
be closed using a variety of coils, glues, and hemostatic agents. Success for this 
technique is reported in the literature as over 80 % at 1 year [172].

If this technique is not successful, percutaneous translumbar access can be 
attempted. This procedure requires the patient to be in prone position and the left 
lumbar arteries are preferred for access to avoid the vena cava. Most interventional-
ists and surgeons will approach this with either ultrasound or fluoroscopic guidance, 
and once access is obtained, the best results are with selective embolization into the 
aneurysm sac [173, 174].

Surgical options for treatment of type II endoleaks should be reserved for patients 
with identified expansion of the aneurysm sac after attempts have been made transar-
terially or via direct sac puncture. Clipping of feeding vessels can be performed lapa-
roscopically and has shown good results [175]. Care should be taken to clip these 
vessels close to the aneurysm sac, to avoid ischemic complications. It is often diffi-
cult to identify the exact feeding vessel during open exploration from outside the 
aneurysm sac. The aneurysm sac should be opened and the thrombus evacuated, and 
the intra-sac ligation of the feeding vessels needs to be performed to control all pos-
sible branches feeding the aneurysm sac. Following this, the sac should close over the 
endoluminal stent graft with imbricating sutures to reduce any possible dead space.

 Type III Endoleaks

As mentioned previously, type III endoleaks are subdivided into two major catego-
ries, type IIIa, due to modular disconnections in the endoluminal graft, and type 
IIIb, which occur secondary to tears in the fabric covering the graft. With current 
generations of endoluminal aortic stent grafts, type III endoleaks are very rare, and 
the reported incidence is anywhere from 0 to 4 % in the literature [176].

Type IIIa endoleaks occur when there is separation of modular components of the 
stent graft. The reason for this separation is due to the arterial pressure and flow 
entering the graft. This pressure causes the graft to slowly take on the outer curva-
ture of the aneurysm sac, and if there is insufficient stent graft overlap, separation 
will occur. Erosion of the fabric component of an endoluminal stent graft represents 
a type IIIb endoleak. One proposed mechanism for this occurring includes a primary 
stent suture break that allows the stent to become mobile and move as blood flows 
through the graft. Over time this movement can cause erosions in the fabric [177]. 
All type III endoleaks should be repaired as soon as they are identified, as they result 
in a direct communication between the arterial system and the aneurysm sac [178].
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Treatment of type III endoleaks aims at restoring the integrity of the graft- 
aneurysm interface. Relining the damaged graft or bridging the section of separa-
tion with an additional component stent graft can usually repair this. If the gap or 
tear is too large, the rEVAR can be converted to an AUI with contralateral iliac 
limb occlusion, and then a femoral to femoral artery crossover bypass is 
constructed.

 Conclusions

In cases of rAAA with hostile anatomy, rEVAR can be performed and, even if an 
endoleak is present, serve as a bridge until the patient stabilizes. After the patient is 
stable, the endoleak can be addressed, depending on the type encountered. Some 
endoleaks are of very low clinical significance and self-limited but those that pro-
vide a direct connection between the systemic arterial pressure and aneurysm sac 
require urgent attention and repair. Emerging technologies in the field of aortic 
repair are pushing the boundaries in terms of what anatomy can be approached 
endovascularly, and many are aimed at reducing the occurrence of endoleaks. 
Surveillance should continue lifelong following rEVAR to help detect clinically 
significant endoleaks that may require reintervention.
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Chapter 17
Outcomes of Ruptured Aortic Aneurysm: 
Early and Late

Jessica P. Simons and Andres Schanzer

 Overview of Outcomes

Abdominal aortic aneurysm (AAA) disease is the 13th leading cause of death in the 
United States, resulting in 16,000 deaths annually. It is the tenth leading cause of 
death in men over the age of 55 and the third leading cause of sudden death in 
elderly men. [Dartmouth Atlas of Vascular Health Care, http://www.dartmouthatlas.
org/downloads/atlases/Vascular_Atlas.pdf, accessed 4.5.15] Ruptured AAA 
(rAAA), if untreated, is considered uniformly fatal. In a study of 56 patients with 
confirmed rAAA, median in-hospital survival was 2.2 h; however, 13 patients were 
still alive at 24 h, demonstrating that the time course can be quite variable [1].

Traditionally, it has been widely believed that approximately half of patients 
with rAAA will die before reaching a hospital; of those who do undergo repair, 
the perioperative mortality is reported to be greater than 50 % for an overall sur-
vival of rAAA of less than 25 % [2]. A systematic review and meta-analysis was 
published in 2013 that rigorously evaluated population-based mortality for rAAA 
[3]. Among nearly 15,000 patients in Finland, Sweden, Denmark, the United 
Kingdom, Australia, and New Zealand, the total mortality was estimated at 81 % 
(95 % confidence interval (CI), 78–83). The pre-hospital mortality was 32 % 
(range 27–37 %). When the studies were analyzed as a function of year of publi-
cation, categorizing studies published before 1990 as the “early period” and cat-
egorizing studies published after 1990 as the “recent period,” a significant decline 
in overall mortality was noted in the recent period compared to the early period 
(74 % versus 86 %, p = .002). This reduction in mortality was attributed to declines 
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in pre-hospital mortality, nonintervention rate, and perioperative mortality. While 
the early mortality following rAAA has been well studied, there is a dearth of 
data on long-term outcomes following rAAA repair.

 Permissive Hypotension

A policy of permissive hypotension for patients with rAAA prior to surgical hemor-
rhage control has been advocated for improving mortality. While hemorrhagic 
shock has traditionally been treated with aggressive fluid resuscitation prior to con-
trol of bleeding, this approach may exacerbate blood loss due to dilutional and 
hypothermic coagulopathy and secondary clot disruption by increased blood flow, 
perfusion pressure, and decreased viscosity [4]. In a systematic review of permis-
sive hypotension, Roberts and colleagues found substantial evidence for benefits in 
survival, tissue perfusion, and total blood loss in animal studies [4]. However, high- 
quality studies of permissive hypotension in humans with rAAA were lacking, so 
evidence-based conclusions could not be drawn. In 2009, Reimerink and colleagues 
reported the safety and feasibility of this approach in patients suspected of having 
rAAA by first responders, using their experience in Amsterdam between 2006 and 
2007 [5]. Their protocol entailed maintenance of systolic blood pressures between 
80 and 100 mmHg, with restriction of fluids for patients with systolic pressures 
above 100 mmHg. Fluid boluses were only given for unresponsiveness or systolic 
pressure less than 80 mmHg. They concluded that this approach could safely be 
employed for patients suspected of having rAAA, despite a relatively low diagnos-
tic accuracy by ambulance personnel.

 Regionalization of Care

Another key component of pre-hospital strategies aimed at increasing survival for 
rAAA includes transport to centers that perform a high volume of aneurysm surgery 
[6]. Using the national data from Canada, Dueck and colleagues demonstrated a 
significantly increased hazard of death for patients with rAAA treated by surgeons 
with low annual volume of rAAA repair and surgeons without subspecialty training 
in vascular or cardiothoracic surgery [7]. Holt and colleagues examined the relation-
ship of hospital volume and outcomes following repair of both intact AAA and 
rAAA. In their meta-analysis of nearly 46,000 procedures for rAAA, they reported 
a significant survival benefit (weighted odds ratio, 0.78; 95 % CI, 0.73–0.82) con-
ferred at a threshold of 15 repairs per year [8]. The authors concluded that repair of 
both intact AAA and rAAA should be preferentially performed at high-volume cen-
ters in order to improve survival. Hafez and colleagues investigated referral and 
management patterns for rAAA in the United Kingdom and determined there was 
significant survival benefit associated with initial referral to a hospital with full, 
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on- site vascular capabilities, even if it required a further distance of transport [9]. 
They found both a significant improvement in likelihood of intervention and in sub-
sequent survival, leading them to conclude that care should be regionalized when-
ever possible in order to improve outcomes.

 Standardized Protocols for Diagnosis and Management

One potential aspect of high-volume centers that may contribute to improved out-
comes is the use of clearly defined protocols for diagnosis and management. As the 
use of endovascular aneurysm repair (EVAR) gained widespread acceptance, its 
application to the management of rAAA triggered many centers to develop specific 
protocols to facilitate this. In 2006, Mehta and colleagues published a description of 
their triage protocol for managing rAAA. This triage protocol enabled this large 
group of vascular surgeons servicing several different hospitals to convert in 2002 
from an exclusively open repair strategy to a primarily endovascular treatment algo-
rithm [10] Fig. 17.1.

Starnes and colleagues published a comparative experience, before and after 
implementation of a standardized protocol for management of rAAA [11]. In the era 
prior to implementation of a standardized protocol that incorporated preferential 
treatment with endovascular repair, the 30-day mortality was 57.8 %, compared 
with 35.3 % (p = .008) in the protocol era. After implementation of the standardized 
protocol, 48 % of patients underwent EVAR for rAAA, in contrast to <1 % (1 of 
131) prior to implementation of the standardized protocol. The authors conclude 
that the survival benefit was due to both the adoption of a standardized protocol, as 
well as to the use of EVAR.

The benefits of a structured protocol for the diagnosis and management of rAAA 
are now so well recognized that it has been cited by some as a potential confounder 
in the assessment of the benefit of EVAR compared with open repair [12, 13]. In 
reviewing the literature, it can be difficult to separate the benefit from having a 
structured protocol in place from the potential benefit of EVAR compared to open 
surgery. The use of such protocols should be widely adopted [14].

 Outcomes from Retrospective Studies

The majority of data on rAAA outcomes is derived from a variety of retrospective 
studies (case series, registries, large databases), which is common for emergent 
diagnoses such as this. Several authors have made efforts to correct for bias and 
confounding by using multivariable regression, propensity score matching, and sub-
group analyses. Despite the retrospective nature of these data, the large body of 
published work has allowed for the performance of carefully structured meta- 
analyses and systematic reviews.
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 Open Repair

In 2008, Hoornweg and colleagues published a systematic review and meta-analysis 
of 116 studies from 1991 to 2006 on open repair of rAAA [15]. They sought to 
evaluate trends in mortality over time, as well as the effect of hospital volume on 
outcomes. Among approximately 60,000 patients, the weighted mean overall peri-
operative mortality was 48.5 % (95 % CI, 48.1–48.9 %). The intraoperative mortal-
ity was reported in 37 studies, and the weighted mean was 13.3 % (95 % CI, 
12.3–14.3 %). Over the 33 years of study, there was no significant change in overall 

ER Physician Suspects r-AAA

Hemodynamically Stable Patient
Systolic BP 80 ? mm Hg

Hemodynamically Unstable Patient
Systolic BP < 80 mm Hg

Emergent CTA in ER

Unsuitable Aortic Neck Suitable Aortic Neck

EVARAortic Occlusion Balloon in Distal Thoracic Aorta
Laparotomy for Open Surgical Repair

Femoral Cut-down
Wire Access & Ipsilateral 12 Fr. Sheath

Aortic Occlusion Balloon in Distal Thoracic Aorta (if needed)
Angiogram to Evaluate Infrarenal Aortic Neck

Operating Room:
Ready for Endovascular & Open Surgical Repair

Patient in Supine Position Prepped & Draped
General Anesthesia

Alerts On-Call Vascular Surgery Team:
Vascular Surgeon

Vascular Resident/ Fellow
Operating Room

Fig. 17.1 A uniform triage protocol was established for endovascular repair of ruptured abdomi-
nal aortic aneurysms (rAAA). ER emergency room, CTA computed tomography angiography,  
BP blood pressure, EVAR endovascular aneurysm repair
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mortality as a function of time (1.6 % reduction, p = NS). Analysis of the 58 studies 
that included hospital volume revealed a significant positive association between 
annual hospital volume of rAAA repairs and overall mortality (p = .04). 
Unfortunately, the authors were unable to determine a threshold of rAAA hospital 
volume that is associated with improved mortality. Despite the limitations inherent 
to this study, the inclusion of over 60,000 patients provides valuable data on out-
comes following open repair of rAAA (Fig. 17.2).

 Endovascular Repair

In 2008, Mastracci and colleagues published a systematic review and meta-analysis 
of 18 studies between 1994 and 2006 on endovascular repair (EVAR) of rAAA [13]. 
The pooled mortality was 21 % (95 % CI, 13–29), with a broad range of reported 
outcomes across studies (0–45 % mortality). In fact, the authors conclude that in the 
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presence of such substantial heterogeneity, the aggregated calculated point estimate 
cannot be considered reliable. Subgroup analyses that included only series where 
>30 cases were reported demonstrated a reduction in heterogeneity and a mortality 
of 19 % (95 % CI, 10–28). While EVAR for rAAA is widely practiced, rigorous 
analysis and interpretation of its results have been difficult.

 Comparison of Open and Endovascular Repair

Several advantages of EVAR for rAAA repair compared to open surgery have 
been published, but the retrospective and other non-randomized study designs 
have been criticized for the potential selection bias that may be inherent to these 
studies. The primary concern has been that patients selected for EVAR may be 
more stable at their time of presentation, and this increased stability may be 
responsible for improved outcomes. In 2009, Hinchliffe and colleagues published 
a systematic review of the literature on EVAR for rAAA, specifically noting those 
that contained a “control” open repair group [12]. Despite having adopted EVAR 
for treatment of many patients with rAAA at the authors’ center, they conclude 
that the evidence for its benefit is lacking. Conflicting results have been reported, 
and questions regarding the comparability of the two patient groups remain 
(Table 17.1).

Veith and colleagues published an account of the international experience with 
EVAR for rAAA in 2009 to assess its value and to explain the conflicting results 
that had been published to date [16]. They surveyed a number of centers through-
out the world that were known to use EVAR to treat rAAA and collected data on 
the center as well as on the patients treated. They also included a single-center 
experience to detail one system that has been established to transition to a “EVAR-
first” strategy for repair of all anatomically suitable rAAA; this included a proto-
col for diagnosis, the use of hypotensive hemostasis, the use of a hybrid operating 
suite, percutaneous technique with local anesthesia only until aortic control is 
achieved, supraceliac balloon occlusion, adequate device inventory, and close 
observation for abdominal compartment syndrome. The survey-based results 
showed a 30-day mortality of 21.1 % for EVAR for rAAA. While they note that 
this is clearly lower than results reported for open repair, they acknowledge that 
a bias may have been imparted with only the more hemodynamically stable 
patients being offered EVAR. To address this bias, they surveyed 13 centers that 
routinely perform EVAR even in unstable rAAA patients; these centers had estab-
lished protocols, imaging technology, and providers experienced in the manage-
ment of rAAA with EVAR. Among this group, the 30-day mortality was 19.7 % 
which was significantly less than the 36.3 % 30-day mortality for open repair at 
these centers (p < .0001). The authors concluded that EVAR, combined with a 
standardized approach to rAAA  management, is the superior strategy for all ana-
tomically suitable patients, and further study via randomized controlled trials is 
not needed.
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 Randomized Controlled Trials

Randomized controlled trials have been suggested as the best means for addressing 
concerns of selection bias associated with retrospective and observational studies 
comparing EVAR and open repair of rAAA. In 2006, results of a single-center pilot 
randomized controlled trial, conducted in Nottingham, England, were reported [17]. 
This study was terminated after recruitment of only 32 patients. The overall mortal-
ity was 50 %, with no difference between open repair and EVAR. The French ECAR 
(Endovasculaire vs Chirurgie dans les Anévrysmes Rompus) trial, which began in 

Table 17.1 Data from published series from 1994 to 2009 where outcomes of endovascular repair for 
ruptured abdominal aortic aneurysms were compared with a control group undergoing open surgery

First author Year Study type

Patients 
treated by 
EVAR, No.

30-day mortality, %

PEVAR
Open 
repair

Acosta 2007 Retrospective review 56 34 45 .16
Alsac 2005 Case series 17 23.5 50 .09
Anain 2007 Retrospective review 30 17 40 .19
Arya 2006 Prospective 

intent-to-treat
17 24 47 .14

Brandt 2005 Retrospective review 11 0 15 NS
Castelli 2005 Retrospective review 25 20 25 NS
Coppi 2006 Retrospective review 33 30 46 NS
Franks 2006 Retrospective study 21 11 54 NS
Hechelhammer 2005 Retrospective study 35 10.8 35 NS
Hinchliffe 2006 Prospective randomized 15 53 53 NS
Kapma 2005 Retrospective study 40 13 30 NS
Lee 2004 Retrospective study 13 4.69 25 NS
Mehta 2006 Prospective observation 40 18 51 …
Moore 2007 Prospective observation 20 5 25 NS
Najjer 2007 Retrospective review 15 6.7 13.6 NS
Ohki 2000 Retrospective study 18 10 0 NS
Ockert 2007 Retrospective review 29 31 31 <.99
Peppelenbosch 2003 Prospective study 26 31 50 NS
Scharrer-Pamler 2003 Retrospective review 24 20.8 40 NS
Vaddenini 2005 Retrospective study 9 22 26 NS
Visser 2006 Retrospective review 26 31 31 NS
Wibmera 2008 Retrospective review 16 25a 29a NS
Yilmaz 2002 Retrospective review 24 17 34 NS
Peppelenbosch 2006 Prospective study 49 35 39 NS
Verhoeven 2009 Prospective observation 36 28.1 13.9 .092
Sadat 2009 Prospective observation 17 6 17 …

EVAR endovascular aneurysm repair, NS not significant
a90-day mortality figures quoted
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2008, is ongoing at the present time [18]. Two randomized controlled trials evaluat-
ing EVAR and open repair of rAAA have been performed to date: the Amsterdam 
Acute Aneurysm Trial [19] and the Immediate Management of Patients with 
Rupture: Open versus Endovascular Repair trial [20].

 Amsterdam Acute Aneurysm Trial

The Amsterdam Acute Aneurysm Trial was a multicenter randomized controlled 
trial of patients suitable for both EVAR and open repair of rAAA from 2004 to 2011 
[19]. Patients were treated at experienced centers, with 24-h on call staff capable of 
performing emergent EVAR repair. In cases where transfer was required to a desig-
nated center, an established protocol including the use of permissive hypotension 
was utilized. In accordance with the Dutch law, informed consent was not strictly 
required from the patient preoperatively. Anatomic suitability was strictly defined 
and confirmed both by the vascular surgeon and by a radiologist. A notable exclu-
sion was those patients too unstable to obtain computed tomography angiography 
(71 exclusions of 520 screened). Aortic occlusion balloons prior to endograft place-
ment were used at the discretion of the surgeon. Endovascular repair entailed aorto- 
uni- iliac endograft, contralateral iliac occlusion device, and femoral-femoral 
bypass. Sample size was set at 56 patients per group, based on an expected 30-day 
death and severe complications rate of 65 % for open repair and 40 % with 
EVAR. Analyses were performed according to an intention-to-treat principle. No 
significant difference was found (death and severe complications, 42 % in the EVAR 
group versus 47 % in the open group; 95 % CI, −13 to +23 %). The individual end 
point, 30-day mortality, was also not significantly different between the two groups 
(21 % for EVAR versus 25 % for open, absolute risk reduction = 4.4 %; 95 % CI, −11 
to +20 %). Over the course of long-term follow-up (median, 1533 days), the survival 
curves did not separate demonstrating no significant difference in mortality between 
groups. The authors conclude that there was no significant benefit seen with EVAR 
for rAAA and postulate that the lack of benefit may be attributable to the low mor-
tality rate achieved in the open repair group. An alternative explanation may be that 
the standardization of management and centralization of care at experienced trial 
centers resulted in excellent outcomes in both groups, and the study may have been 
underpowered to demonstrate a difference between groups.

 Immediate Management of Patients with Rupture: Open 
Versus Endovascular Repair (IMPROVE) Trial

The IMPROVE Trial was a multicenter randomized controlled trial of EVAR and 
open repair for patients with rAAA from 2009 to 2013 [20]. In an effort to simulate 
the “real world,” patients were randomized prior to obtaining CTA, with an expected 
estimate that 45 % of those initially randomized to EVAR would not have suitable 
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anatomy, and would therefore undergo open repair instead. Patients were treated at 
experienced centers, with a designated team of providers available at least 2/3 of the 
week. They sought to enroll 600 patients based on an estimated 30-day mortality of 
44.7 % in the open repair group and 30.4 % in the EVAR group. Analyses were per-
formed according to an intention-to-treat principle with 316 patients randomized to 
EVAR and 297 patients randomized to open. No significant difference was found in 
30-day mortality between the EVAR and open groups (35.4 % versus 37.4 %, 
respectively). Adjusted analyses also failed to identify a significant difference 
between treatment strategies. Secondary analyses demonstrated a significant differ-
ence in average lengths of stay and percentage of discharges to home, with these 
results favoring EVAR. Potential limitations of this study include the impact of 
randomizing patients prior to performing imaging; for patients with anatomy not 
suitable for EVAR, the intention-to-treat analyses would include those outcomes 
after open surgery in the EVAR group to which they had been randomized. This 
would potentially dilute any difference between the two strategies.

Much debate has occurred over the validity of the existing randomized trials. 
They have been criticized for the high rates of exclusion (>50 %), the use of 
intention- to-treat analyses, and other factors that would diminish the ability to 
detect a benefit with EVAR [21–23]. However, in aggregate, the three published 
randomized controlled trials comparing EVAR to open repair of rAAA are consis-
tent (Table 17.2). They demonstrate no statistically significant benefit on 30-day 
mortality of EVAR compared with open repair for rAAA.

 Predicting Outcomes After Repair of Ruptured Abdominal 
Aortic Aneurysm

Patient selection remains one of the most influential factors on outcomes after 
rAAA repair. However, this decision-making process remains challenging and com-
plex. Several scoring systems have been developed to aid in prognostication for 

Table 17.2 Results of randomized controlled trials

Study Number randomized

30-day mortality

Significance
Endovascular 
repair

Open 
repair

Nottingham pilot study [17] 15 randomized to 
EVAR; 17 
randomized to open 
(terminated early)

53 % 53 % N/A

Amsterdam Acute 
Aneurysm Trial [19]

57 randomized to 
EVAR; 59 
randomized to open

21 % 25 % NS

Immediate Management of 
Patients with Rupture: 
Open versus Endovascular 
Repair [20]

316 randomized to 
EVAR; 297 
randomized to open

35.4% 37.4% NS
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patients undergoing rAAA repair. Some scoring systems have been limited to endo-
vascular or open approaches, while others have factored type of repair into the 
model. Many of the AAA-specific prediction models have focused mainly on vari-
ables that are available preoperatively in order to inform preoperative decision- 
making. Other published models have included operative and postoperative variables 
to predict mortality postoperatively [24, 25]. An exhaustive review of all rAAA risk 
prediction models is beyond the scope of this chapter; some of the more commonly 
referenced scores are described below. Table 17.3 demonstrates the commonality of 
various predictors across these risk prediction models.

 Glasgow Aneurysm Score

In 1994, Samy and colleagues reported a scoring system (the Glasgow aneurysm 
score, GAS) to predict mortality following open repair of AAA [26]. The score 
was additive, with higher values corresponding to higher mortality: (age in 
years) + (17 for shock) + (7 for myocardial disease) + (10 for cerebrovascular dis-
ease) + (14 for renal disease). The GAS has been studied extensively in the litera-
ture, with some recent modifications reported. In 2009, Visser and colleagues 
updated the score to include endovascular repair, with testing of the score in a 
more contemporary population of patients with rAAA [27]. This updated GAS 
added seven points for open repair; 30-day mortality estimates in this cohort 
ranged from approximately 10 to 60 %.

 Hardman Index

In 1996, Hardman and colleagues described factors associated with 30-day 
mortality following open repair of rAAA [28]. The Hardman index was addi-
tive, based on the presence of various factors: age >76 years, serum creatinine 
level >190 mmol/L, hemoglobin level <9 g/dL, myocardial ischemia on 

Table 17.3 Preoperative factors incorporated in selected prediction models for 30-day mortality 
after repair of ruptured abdominal aortic aneurysm

Prediction model Factors incorporated

Glasgow aneurysm score Age, shock, myocardial disease, cerebrovascular disease, renal 
disease

Hardman index Age >76 years, elevated creatinine, hemoglobin <9 mg/dL, 
myocardial ischemia, loss of consciousness

Edinburgh Ruptured 
Aneurysm Score

Hemoglobin <9 mg/dL, systolic blood pressure <90 mmHg, 
Glasgow Coma Score <15

Vascular Study Group of 
New England

Age >76 years, cardiac arrest, loss of consciousness, suprarenal 
clamp
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electrocardiograph, and a history of loss of consciousness after hospital arrival. 
Mortality for those with no variables was 16 %, while those with three or more 
variables had 100 % mortality.

 Edinburgh Ruptured Aneurysm Score

In 2007, Tambyraja and colleagues described a prediction model for in-hospital 
and/or 30-day mortality following open repair of rAAA [29]. Similar to the Hardman 
index, this score was additive, based on the number of factors present. However, it 
only incorporated three readily available preoperative factors: hemoglobin <9 g/dL, 
systolic blood pressure <90 mmHg, and Glasgow Coma Score <15. Mortality across 
risk strata ranged from 29 to 80 %.

 Vascular Study Group of New England Score

In 2013, Robinson and colleagues derived and validated a risk score for predicting 
30-day mortality after open repair of rAAA [30]. This score was derived from the 
prospectively collected Vascular Study Group of New England (VSGNE) database. 
This simple additive score assigned two points for age >76 years, two points for 
cardiac arrest, one point for loss of consciousness, and one point for the use of 
suprarenal clamp. Mortality across risk strata varied from 8 to 87 %.

 Summary of Evidence

In summary, many lessons have been learned in the several decades of management 
of rAAA. The majority of data on outcomes were derived from retrospective and 
observational studies. Prior to the last decade, overall mortality from population- 
based studies was estimated to be >80 %, with nearly 1/3 dying before reaching a 
hospital. However, there is evidence that mortality has improved over time, likely 
due to a combination of factors. Notably, several best practices have been described 
including regionalization of care at experienced centers whenever possible, the use 
of permissive hypotension until bleeding is controlled, development of well-defined, 
multidisciplinary protocols for rapid diagnosis and treatment, and advances in peri-
operative critical care practices. While the use of EVAR, whenever anatomically 
feasible, has several theoretical advantages over open repair, studies have been 
plagued with bias and contradictory results, limiting the ability to make strong 
evidence- based recommendations. Several risk scoring systems have been devel-
oped to assist with prognostication and patient selection for repair of this life- 
threatening emergency.
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Chapter 18
Quality of Life After RAAA

April Rodriguez and Elina Quiroga

Over the last 20 years, the treatment and management of ruptured abdominal aortic 
aneurysms (rAAA) has been studied extensively [1–6]. Perioperative outcomes 
such as mortality, major complications, and re-intervention rates have been the 
major focus of many of these studies. However, the success of an operation lies in 
more than just these factors, and the patients’ quality of life after surgery is an area 
that has been neglected. This is especially evident when looking at the quality of life 
after endovascular versus open repair of rAAA. Nonetheless, this is an area that 
should be focused on, not only for the benefit of patients and their families when 
making medical decisions but also for the surgical community, enhancing the ability 
to better treat patients and improve long-term quality of life.

Discharge disposition can be seen as a surrogate of quality of life after the pro-
cedure, assuming that the patients’ quality of life and medical condition are better if 
they can be discharged home. The IMPROVE trial [7, 8], discussed below, inter-
viewed some of its participants asking what were the key outcome measures they 
were interested in. Return to home was identified as one of the positive outcomes by 
patients or their families. Wallace et al. [9] compared discharge disposition for 
patients that had an open versus and endovascular repair for a rAAA. The authors 
found that patients undergoing endovascular repair were ten times more likely to be 
discharged home than patients having an open repair (OR, 9.96, p = .002). Similarly, 
the recently released 1-year outcomes of the IMPROVE [8] trial showed that patients 
undergoing endovascular repair were significantly more likely to be discharged 
home than patients having an open repair (p = 0.001)

Multiple small case series have looked at the quality of life after treatment of 
open rAAA (Table 18.1) [10]. Although the overall number of patients analyzed was 
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small (ranging between 14 and 82 patients), these studies consistently demonstrated 
a good quality of life after open rAAA repair, equivalent to that of patients undergo-
ing elective repair of abdominal aortic aneurysms.

The Rosser index evaluates eight levels of disability (physical mobility) and four 
levels of distress (freedom from pain). Answers are weighted and scored. “Perfect 
health” equals a score of 1, and equal to and less than 1 are the only two possible 
results. Hennessy et al. [11] in 1998 analyzed a group of 14 rAAA survivors who 
had a Rosser index of 1.000 (range, 0.680–1.000), and this was similar to the scores 
of patients having an elective AAA repair.

The Medical Outcomes Study Short Form-36 (SF-36) health survey is a 36-item, 
patient-reported questionnaire of current (last four weeks) health. The SF-36 and its 
derivative form, the RAND-36, have been widely used to compare the quality of life 
in different patient populations. The SF-36 has eight rated score areas: vitality, 
physical functioning, bodily pain, general health perceptions, physical role func-
tioning, emotional role functioning, social role functioning, and mental health. The 
SF-36 has been used in several studies to evaluate the quality of life after ruptured 
AAA. Bohmer et al. [12], in 1999, using the SF-36, reported that at a mean of 48 
months after repair, the quality of life of survivors of a rAAA was similar to the 
quality of life of the age-adjusted general population. In 2007, Hill et al. [13] com-
pared patients undergoing elective open AAA repair to patients that survived an 
rAAA and the general population and found that they all reported a similar quality 
of life. Korhonen et al. [14], in 2003, evaluated patients using the RAND-36 and 
found no difference in seven of the eight domains at a mean of 33 months after the 
procedure when compared to the general population. However, they did note that 
the rAAA survivors scored lower in the physical functioning domain. Interestingly, 
these authors commented that a “stormy” (complicated) postoperative course did 
not correlate with poor quality of life when evaluated years after the procedure.

Hinterseher and colleagues [15] used the WHO-QoL-BREF-test to evaluate the 
quality of life after rAAA. The WHO-QoL-BREF-test is a self-administered ques-
tionnaire that contains 26 items to be answered on a scale of 1–5. The categories 
evaluated are global life quality; physical, psychological, and social relations; and 
environment. They compared the results of 24 patients that had an open repair for a 
rAAA to the results of age- and sex-matched subjects in the German population. At 
6 months the quality of life between both groups was not different.

A Cochrane database [16] review published in July 2014 aimed to evaluate the 
advantages of endovascular treatment for rAAA in comparison to open surgical 
repair. One of the outcomes that the review aimed to evaluate was quality of life, 
measured via standardized questionnaires. However, no studies were identified that 
met inclusion criteria for evaluating quality of life.

More recently the question of quality of life after endovascular versus open 
rAAA has come to attention, and the IMPROVE trial [8] is probably the first study 
reporting this data. This multicenter trial randomized patients who presented with 
rAAA to either open or endovascular repair provided data on many factors, includ-
ing health-related quality of life at 1 year and quality-adjusted life years (QALYs). 
The EQ-5D (previously known as the EuroQoL) was used in the IMPROVE trial to 
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measure quality of life. The EQ-5D is a standardized, non-disease-specific tool used 
to describe health-related quality of life. The EQ-5D analyzes five dimensions of 
“health”: mobility, self-care, usual activities, pain/discomfort, and anxiety/depres-
sion [17]. The IMPROVE trial found that patients who underwent endovascular 
repair had a shorter overall hospital stay, were more likely to be discharged to home, 
and, as evaluated using the EQ-5D questionnaire, had superior early QoL, com-
pared to those who underwent open repair.

While treatment of rAAA has evolved over time with the development of endo-
vascular techniques, the disease process continues to carry a significant operative 
mortality. Patients who are able to survive the initial insult of an open surgery have 
been shown to have a quality of life comparable to patients who have undergone 
elective AAA repair. Furthermore, endovascular repair of rAAA has been shown to 
have an early quality of life superior to that of patients undergoing open repair. 
These patients are also discharged faster, are more likely to be discharged to home, 
and possibly have a higher quality of life. Aggressive treatment should be consid-
ered in all patients who present with a rAAA, and endovascular repair should be 
favored in those who demonstrate suitable anatomy.
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Chapter 19
Ethical Issues Regarding rAAA

Deepika Nehra and Samuel P. Mandell

Key Points
• The fundamental ethical principles that should govern all medical care are 

beneficence, nonmaleficence, autonomy, and justice.
• In modern medicine, especially in the Western world, we have embraced 

the concept of shared decision-making, or a collaborative process by which 
patients and their providers make healthcare decisions together.

• Timely, clear, compassionate, and ongoing communication between clini-
cians, nurses, and family members of critically ill patients is of utmost 
importance.

• One of the most important aspects of an effective family conference is tak-
ing the time to listen to the family.

• Palliative care services may be offered to patients and families dealing 
with critical illness at any time and is not limited to end-of-life care.

• It is our duty as physicians to learn to recognize patients who are going to 
die despite aggressive medical care and guide patients and their families 
through the myriad medical options that exist in an attempt to balance 
prolongation of life with quality of life.
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 Introduction

Medical advances and technological progress have affected the management of 
 ruptured abdominal aortic aneurysms (rAAAs) as much as almost any other pathol-
ogy. With modern skills we now rescue, resuscitate, and perform surgical proce-
dures on patients who in the past were unsalvageable, often with excellent results. 
Such progress makes it even more difficult to recognize those times when our best 
is not good enough. It is imperative that we work with patients to identify when we 
are faced with a problem that medicine cannot fix. Recognizing these situations is 
not easy nor is it easy to translate the same tremendous energy and effort that we put 
into saving lives toward quality end-of-life care. This is a reality that must be con-
fronted in the care of the critically ill patient. Regardless of whether the goal is to 
pursue aggressive life-sustaining care or quality end-of-life care, the basic ethical 
principles remain the same, as does the need for constant, effective, and clear com-
munication between the interdisciplinary medical team and the patient and his or 
her family.

In this chapter, we will explore ethical issues that will likely arise in the care of 
a critically ill patient with a ruptured AAA. We will discuss some of the most basic 
ethical principles that should be at the core of all medical care. In the intensive care 
unit, the patient in question is oftentimes unable to make decisions, meaning a fam-
ily member or surrogate must make critical life-and-death decisions. With this come 
a host of ethical issues and challenges that we will also discuss. We will then pro-
vide some evidence-based strategies for most effectively communicating with criti-
cally ill patients and their families followed by a discussion of the role of palliative 
care and issues specific to end-of-life care.

 Body

 Basic Ethical Principles

Despite the tremendous changes that have and will continue to occur in the field of 
medicine, the basic ethical principles that are at the heart of medicine have not 
changed since they were first described in the Hippocratic oath in the late fifth cen-
tury BCE. These fundamental ethical principles that should govern all medical care 
are (1) beneficence, or the physician’s obligation to do good for patients; (2) nonma-
leficence, or the duty to avoid harm; (3) autonomy, or respect for a patient’s right to 
self-determination; and (4) justice, or the fair allocation of healthcare resources. 
These very principles form the basis of the physician-patient relationship, and it is 
the duty of the physician to keep these basic principles at the center of all medical 
decisions that are made to ensure that they are always acting in the best interest of 
the patient.

D. Nehra and S.P. Mandell
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 Decision-Making

In modern medicine, especially in the Western world, we have embraced the  concept 
of shared decision-making, or a collaborative process by which patients and their 
providers make healthcare decisions together. Ideally this is done by taking into 
account the best scientific evidence available in context with the patient’s values 
and beliefs. This concept can quickly become problematic in the intensive care unit 
where patients are often unable to participate in discussions about their care. In 
some instances, a patient’s wishes regarding care in the case of his or her incapacity 
may be known in advance; however, in many instances they are not.

The process by which patients can, with or without the help of their families and 
healthcare providers, plan for future medical care is known as advance care plan-
ning [1]. The results of these deliberations are known as advance directives, a very 
broad term that refers to any verbal or written, formal or informal, instructions to 
healthcare providers, family members, or others involved in a patient’s care regard-
ing treatment that may be required while the patient is unable to participate in medi-
cal decision-making [2]. Unfortunately, these advance directives are rarely specific 
enough to provide meaningful guidance regarding day-to-day care in the ICU [3], 
and as such, physicians most often rely on surrogate decision-makers for patients 
who are unable to make decisions for themselves.

The determination of the most appropriate surrogate decision-maker can be com-
plex. A patient can complete a legal document that gives statutory authority to an 
individual to make medical decisions for a patient in case of incapacity, a document 
referred to as a durable power of attorney for health care. If the patient has assigned 
a durable power of attorney for health care, the decision with regard to who the 
legal surrogate decision-maker should be becomes easy. However, it does not mean 
that the identified individual is prepared for or desires the role. Not surprisingly, 
most patients have not completed a form legally making someone their surrogate 
decision-maker in the event of incapacity. In many cultures, in these instances, we 
turn to a designated hierarchy of surrogates determined by law. A typical sequence 
might be: (1) spouse, (2) eldest child, (3) next eldest child, (4) parent, and (5) sib-
ling. In addition to such legal standing however, it is important to consider the per-
son’s moral standing to act as a surrogate decision-maker. Additionally, regardless 
of documentation that exists or family members that are present, it is prudent, if the 
opportunity exists, to ask any patient who may become incapable of making medi-
cal decisions for themselves who they would like to appoint as their surrogate 
decision-maker.

Code status is a more limited form of an advance directive that should be sought 
on admission to the hospital and certainly on admission to the intensive care unit. 
This is an advance directive that specifically addresses a patient’s (or surrogate’s) 
preferences regarding cardiopulmonary resuscitation and other measures in the 
event of a cardiopulmonary arrest. Patients and family members often link limita-
tion in code status to less aggressive care overall. It is imperative when having these 
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discussions that code status be completely disentangled from the aggressiveness of 
disease-oriented care.

In order to respect a patient’s autonomy, all decision-making, even that which 
occurs via a surrogate, must involve an informed consent. The basic tenants of 
informed decision-making are (1) the patient or surrogate must be competent, mean-
ing they must be capable of understanding and manipulating the relevant informa-
tion in order to formulate and communicate a choice; (2) the patient or surrogate 
must have enough information in order to be able to make an informed decision 
about their medical care; and (3) the decision by the patient or surrogate must be 
voluntary and free of coercion.

Making critical and often life-or-death decisions in the intensive care unit on 
behalf of a loved one is never easy and can easily be overwhelming for a surrogate 
decision-maker. It is important to remember, and to remind family members, that 
the surrogate is not necessarily being asked to independently make medical deci-
sions for the patient but rather that this is a shared responsibility by the patient’s 
surrogate and other people close to the patient with input from the care team as to 
the best course of therapy. Most surrogate decision-makers really prefer such a 
shared decision-making approach, and there is consensus among multiple critical 
care societies in Europe and North America that the shared decision-making model 
should be the default in the intensive care unit setting [4, 5]. However, there is con-
siderable heterogeneity among patients and families regarding their desired role in 
decision-making, and one must be able to individualize one’s approach in order to 
best meet the needs of the individual patient and family.

 Effective Communication with Families of Critically Ill Patients

There is no substitute for timely, clear, compassionate, and ongoing communication 
between clinicians, nurses, and family members of critically ill patients. A focus on 
communication with the families of all critically ill patients is important, not just 
those expected to die. Not surprisingly, surrogate decision-makers report improved 
satisfaction when physicians are accessible and when they are comprehensive in 
their communication [6], and there is a higher risk of posttraumatic stress disorder 
among family members who feel that communication in the intensive care unit is 
inadequate [7].

Family conferences play a key role in the care of the critically ill patient. These 
are seminal events for family members and surrogate decision-makers who some-
times feel ill equipped to make decisions on behalf of their loved one. This type 
of meeting, when done well, with skilled communication by an interdisciplinary 
ICU team, has the potential to improve outcomes for both patients and family 
members [8]. There are some core, teachable, evidence-based communication 
skills that are vital in leading an effective family conference. In this section, we 
will highlight some of these skills while providing a basic framework for leading 
an effective family meeting.
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Timing of family conferences should be determined on an individual basis taking 
into consideration the clinical situation and the specific needs of the family. It 
should, however, be noted that studies suggest that family conferences early in the 
intensive care unit stay are beneficial, with both decreased use of critical care 
resources among patients who die and higher quality of death and dying reported by 
family members when family conferences are held within 72 h of ICU admission [9, 
10]. One of the very important tenants of a good family meeting is consistent com-
munication among different members of the medical team, and as such, having a 
“preconference” immediately prior to a scheduled family meeting can be invaluable 
[11]. Having a dedicated room for a family conference has also been associated with 
decreased anxiety among family members and whenever possible should be 
arranged [12].

The crux of leading an effective family conference, however, is really taking the 
time to listen to the family while communicating with them in an empathic fashion. 
Most physicians spend the majority of time when meeting with patients and fami-
lies talking rather than listening. Families have been shown to have a higher level of 
satisfaction with lower levels of perceived conflict with clinicians who speak less 
and listen more [8, 13]. When having a family meeting, it is imperative for the clini-
cian to really focus on listening to the patient and family. Expressions of empathy 
while relating medical information are important but should not predominate or 
interrupt family members.

There is an approach called the “Ask-Tell-Ask” approach that can be a helpful 
tool to assess baseline understanding and evaluate understanding of the information 
provided [14]. This consists of first “asking” the patient or surrogate to describe his/
her understanding of their medical disease and prognosis followed by “telling” the 
patient or surrogate what you understand about their medical disease and prognosis 
and then “asking” the patient or surrogate to explain things in their own words in 
order to allow for an assessment of their understanding.

Once you have gained an appreciation for the family’s level of understanding and 
have had a chance to provide a medical update, a useful tool in enhancing clinician- 
family communication that has been shown to improve mental health outcomes of 
family members is the VALUE tool [15]. This is a mnemonic that features five key 
components to an effective family meeting that stands for: value family statements, 
acknowledge family emotions, listen to the family, understand the patient as a per-
son, and elicit family questions.

One of the hardest things for physicians to discuss at family meetings is progno-
sis, which is at least in part a result of the uncertainty often involved in trying to 
accurately prognosticate. It is worth noting that this uncertainty is not lost on family 
members and surrogates who report that they understand and appreciate explana-
tions of the uncertainty involved in prognostication [16]. When it comes to progno-
sis, physicians in the ICU are more likely to discuss functional prognosis rather than 
the likelihood of survival in general, and it is important to recognize that both types 
of prognostication are of critical importance to the surrogate decision-maker. When 
discussing prognosis, experts recommend framing prognosis numerically rather 
than in nonspecific terms (i.e., “1 in every 100 patients” rather than “rare”), framing 
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prognosis both positively and negatively, and using consistent denominators when 
presenting rates of risk [17]. Avoiding mixed messages that exacerbate this feeling 
of uncertainty is also critical. The ICU team should ensure that surgical and consul-
tant services are involved with the planning and, if possible, the conduct of meet-
ings. If multiple teams are present, a huddle should be held prior to meeting with the 
family so that care providers have a common plan.

Whether or not a specific tool is used, the goal during every family meeting 
should really be to take a step back to try to listen to the family in order to appreciate 
their understanding of the situation while also taking the time to listen to them talk 
about their loved one as a person in order to better guide them through the difficult 
decisions that often need to be made for critically ill patients.

 The Role of Palliative Care

Palliative care is an interdisciplinary medical specialty that focuses on preventing 
and relieving suffering as well as supporting the best possible quality of life for 
patients and families facing serious illness. Patients and medical providers alike 
often equate palliative care with hospice, and while all care that is delivered by 
hospice can be considered palliative care, not all palliative care delivered is hospice. 
Palliative care services may be offered to patients and families dealing with critical 
illness at any time, and palliative care is actually often optimally provided together 
with life-prolonging care. This coordinated approach that has been supported by 
major societies representing critical care professions [4, 18] is a practice that is 
embraced by patients and families [19]. Therefore, palliative care should not be seen 
as a sequel to failed attempts at life-prolonging care, but rather as an integral com-
ponent of the care provided to patients with critical or life-threatening illness.

The primary tenets of palliative care are several-fold and include: (1) symptom 
management; (2) elucidation of the patient’s goals of care that are in keeping with 
their personal values and preferences; (3) consistent and sustained communication 
between the patient and those involved in his or her care; (4) psychosocial, spiritual, 
and practical support for patients and their families; and (5) coordination across 
sites of care.

Despite data that access to palliative care services enhances quality of care in the 
intensive care unit [20], palliative care services continue to be underutilized in the 
intensive care unit setting. Potential barriers or explanations include: a lack of 
awareness by clinicians regarding the availability and benefits of this service, a mis-
conception that palliative care is only for patients who are actively dying, and a 
limited availability of palliative care services. Although these and other barriers can 
prevent the effective incorporation of palliative care into the care of critically ill 
patients in general, the surgical patient can pose a unique set of challenges. Surgeons 
often feel a strong sense of personal responsibility for patient outcomes [21–23], 
and the surgeon can feel at odds with the intensivists and nurses with respect to 
appropriate goals of postoperative care [24]. Given these challenges, it becomes 

D. Nehra and S.P. Mandell



391

even more important that in these situations all healthcare providers communicate 
effectively among one another and openly discuss the potential benefits of palliative 
care interventions prior to engaging this service.

Published guidelines attempt to identify patients and families that may benefit 
from a palliative care consultation. According to these guidelines, a palliative care 
consultation may be considered for any patient who has a chronic critical illness, an 
indication for specific medical procedures, is >80 years old, has significant medical 
comorbidities or poor baseline functional status, has a chronic or life-limiting 
 illness, and has specific acute illnesses with a poor prognosis or an overall poor 
prognosis as determined by an attending physician [25–27].

There are many different ways of incorporating palliative care services in the 
care of the surgical patient and in the intensive care unit, and the optimal method of 
doing this has not yet been established. It is thus each clinician’s responsibility to 
determine the best way of incorporating this service into the care of their patients 
within their practice setting.

 End-of-Life Issues

The remarkable changes in medicine and technology over the last century brought 
notable change in the process of dying. We are now able to keep patients alive 
despite multi-system organ failure and with this ability come a whole host of com-
plex medical and ethical issues. More than 75 % of Americans now die in healthcare 
facilities, although one might find that the vast majority say that they would prefer 
to die in their homes [28, 29]. Perhaps even more notable is the fact that about 20 % 
of Americans will die in an intensive care unit [30]. A tremendous amount of health-
care dollars are being spent on delivering medical care to dying patients [31].

A seminal study published in 1995 looked for the first time at how seriously ill 
people in the United States die. The investigators looked at multiple aspects of end- 
of- life care and found that only 47 % of the time did the physician even know when 
a patient wanted to avoid cardiopulmonary resuscitation and that 50 % of patients 
were dying with moderate to severe pain [32]. Subsequent studies focusing on the 
dying experience in intensive care units found that the vast majority of deaths in the 
intensive care unit occur only after a decision to limit life support has been made 
[33, 34].

Intensive care units today have, in some ways, expanded into facilities that care 
for chronically, seriously, ill people and often become repositories for patients who 
have little or no chance for survival. Healthcare providers can get caught up in the 
day-to-day care of these patients and may forget to take a step back to make well- 
considered decisions regarding the end of human life. When asked, most patients 
want to die at home, but logistical and medical issues in critically ill patients may 
preclude this from happening. More often, we fail to ask the question when it mat-
ters most. It is critical that when caring for patients in the intensive care unit who are 
dying, we focus on, acknowledge, and address important end-of-life issues. 
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Evidence strongly suggests that patients and families are unhappy with the care they 
receive once a decision has been made to limit or withdraw life support [32] and 
furthermore that we do a poor job of providing comfort care during the dying pro-
cess [35].

Since many of the deaths in the ICU and hospital are preceded by a decision to 
withhold or withdraw life support, high-quality decision-making and end-of-life 
care are essential and can improve patient and family outcomes. The elements 
required to make such decisions include adequate training, good communication 
between the clinician and the patient or family, and the collaboration of a well-
functioning interdisciplinary team. In this new era, it is our duty as physicians to 
learn to recognize patients who are dying despite aggressive medical care and guide 
patients and their families through the myriad of medical options that exist in an 
effort to balance duration of life with quality of life.

 Conclusion

The ethical care of a patient with a ruptured AAA, or any other critical illness, 
should be founded on the very same four basic principles common to all disciplines 
of medicine, namely, beneficence, nonmaleficence, autonomy, and justice. The pro-
vision of ethical and high-quality critical care for patients with a ruptured AAA 
requires training and emphasis on ethical decision-making and communication, col-
laboration among an interdisciplinary team, effective communication with patients 
and their families, and identification and resolution of conflict within the team and 
with patients and their families.
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Chapter 20
US Coding and Reimbursement

Sean P. Roddy

 Introduction

Vascular surgical practices focus, in the treatment of ruptured abdominal aortic 
aneurysms (AAAs), on patient presentation, operative care, post-procedure man-
agement, and quality outcomes. Despite the importance of these issues, continuous 
assessment of the process by which care is rendered in order to optimize billing, 
coding, and ultimately reimbursement remains essential as well. The billing depart-
ment in each medical practice produces an insurance claim for each medical pro-
vider by linking a diagnosis code with a procedure code and adding modifiers as 
needed. Typically, claims are submitted to the insurance carrier electronically. The 
appropriateness of this coding translates into timely reimbursement for the practice. 
Each time a submission is rejected for any reason, the chance of that service ever 
being paid to the physician decreases significantly. Therefore, the ultimate goal is to 
generate a claim that is without error, medically appropriate, and correctly describes 
the intervention. This chapter should be used only as a guideline for the physician 
and coder since each insurance payer has their own rules and regulations.

The resource-based relative value scale (RBRVS) was implemented by the 
Centers for Medicare and Medicaid Services (CMS) in 1992. This methodology 
relies on a basic element termed the relative value unit (RVU). The Medicare 
Physician Fee Schedule (MPFS) assigns a set amount of RVUs to the majority of 
procedure codes within the Current Procedural Terminology (CPT) manual. Each 
code is apportioned a specific amount of physician work, practice expense, and 
 malpractice risk. These RVU sets are then summed and multiplied by a variable 
termed the “conversion factor” which is determined every year by statute (or recently 
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by congressional override). In 2015, the Medicare conversion factor is $35.7547 
from 1 January 2015 to 31 May 2015 and $35.9335 from 1 June 2015 to 31 December 
2015. Reimbursement is also tied to the cost of living in each region. The United 
States is broken down into districts that each has a geographic practice cost index 
(GPCI) which can alter payment based on the economy in the location that a medical 
practice serves.

Since 2004, Congress has overridden a sustainable growth rate (SGR) decrease in 
the conversion factor over a dozen times. In April 2015, the Medicare Access and CHIP 
Reauthorization Act of 2015 (MACRA, Public Law No. 114–10) legislation was 
passed without a “pay for” in Congress abolishing the SGR mandated changed to the 
conversion factor for a 10-year period. In each of the first 5 years, providers will receive 
a 0.5 % payment increase and 0 % update in the latter five. This must also be weighed 
against the cost of living which typically is estimated as a 3 % rate of inflation annually. 
The negative effect on each medical practice over the next 10 years is staggering.

 Open Surgical Repair

The CPT manual describes open surgical repair of aneurysmal disease as “direct 
repair of aneurysms or excision (partial or total) and graft insertion for aneurysm, 
pseudoaneurysm, ruptured aneurysm, and occlusive disease.” Therefore, reporting 
open aneurysmorrhaphy is not altered based on conduit required for the reconstruc-
tion (i.e., autogenous or prosthetic) or the presence/absence of arterial occlusive 
disease. The route of aortic exposure (transabdominal or retroperitoneal) also does 
not matter. All codes have an associated 90-day global period. Separate CPT codes 
exist for treatment in the setting of a ruptured abdominal aortic aneurysm (AAA). 
Asymptomatic or symptomatic non-ruptured aneurysms are considered identical 
from a billing standpoint. If the patient expires during repair of a ruptured AAA, 
modifier −53 (discontinued procedure) is appended to the appropriate CPT code. 
The insurance carrier will usually require a medical record submission to determine 
what fraction of the global fee should be reimbursed in such a situation.

Infrarenal AAA repair with a tube graft is reported by CPT code 35081 electively 
and 35082 in the setting of a ruptured AAA. Juxta- or pararenal AAA repair is 
describe by CPT code 35091 electively and 35092 when the aneurysm is ruptured. 
The official wording for these two code descriptions is “abdominal aorta involving 
visceral vessels (mesenteric, celiac, renal).” Combined aorta and iliac artery aneu-
rysm repair using a bifurcated graft is illustrated in CPT code 35102 when elective 
and 35103 when the aneurysm has ruptured. Common or internal iliac artery aneu-
rysm repair through an open approach as an isolated entity is reported by CPT code 
35131, while treatment of the same vessels in the ruptured setting is described by 
CPT code 35132. If reimplantation of a visceral vessel such as the inferior mesen-
teric artery is required onto the aortic graft during open aortic surgery, the add-on 
CPT code 35697 is also reported for the additional work involved. Table 20.1 sum-
marizes these services and their associated RVU content in 2015.
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 Infrarenal Endovascular Repair

Endovascular aneurysm repair (EVAR) of an infrarenal abdominal aortic aneurysm 
is governed by component coding which generally consists of separate CPT codes 
for catheter, imaging, and intervention. There are five steps to consider when report-
ing such a repair. These include the appropriate main body description with exten-
sions, arterial catheter placements, open arterial exposure, radiological supervision 
and interpretation (S&I), and finally any separately reportable service including its 
associated S&I coding, if appropriate. Unlike open surgery CPT coding, ruptured 
and elective EVARs are reported similarly.

Endovascular therapies typically allow the provider to bill multiple CPT codes in 
one claim. The CPT code with the highest RVU content is paid in full. All subse-
quent non-radiologic codes are paid at 50 % of their independent value. This 
decrease is termed the “multiple procedure discount” taking into account the over-
lap in work before, during, and after multiple procedures done on the same date of 
service. Imaging codes (i.e., the radiology codes that begin with the number 7) are 
not subject to this discount and are paid in full. Additionally, add-on codes are 
exempt from this fee reduction since they are created solely for use with other codes.

Occlusive disease may limit endovascular access such that angioplasty is 
employed to facilitate sheath insertion in the common or external iliac arteries. Any 
angioplasty performed within the “treatment zone” of the graft to allow for appro-
priate cannulation, advancement of a sheath, and stent graft deployment is bundled. 
“Treatment zone” is defined simply as any area of the aorta or iliac arteries where 
the endoprosthesis is touching the arterial wall after deployment. However, angio-
plasty or endovascular stent placement in the native artery distal to the “treatment 
zone” may be billed to the insurance carrier.

EVAR is reported based on the main body graft configuration. The first descrip-
tion is an aorta-to-aorta tube stent graft (CPT code 34800). This type of graft is no 

Table 20.1 CPT codes used in open infrarenal AAA repair and their total RVU content in the 
2015 Medicare Physician Fee Schedule

CPT code Total RVUs Description

35081 51.45 Open infrarenal AAA repair with tube graft, non-ruptured
35082 64.60 Open infrarenal AAA repair with tube graft, ruptured
35091 52.84 Open juxtarenal AAA repair with tube graft, non-ruptured
35092 76.91 Open juxtarenal AAA repair with tube graft, ruptured
35102 55.70 Open infrarenal AAA repair with bifurcated graft, non-ruptured
35103 66.36 Open infrarenal AAA repair with bifurcated graft, ruptured
35131 40.92 Open iliac aneurysm repair, non-ruptured
35132 48.21 Open iliac aneurysm repair, ruptured
+35697 4.36 Reimplantation of visceral artery to infrarenal graft during open 

aortic surgery

Note: + listed before a CPT code denotes an add-on code
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longer available for implantation in the United States, and therefore, this code is 
rarely appropriate in current practice. The next configuration is a modular bifur-
cated endoprosthesis with one docking limb (CPT code 34802). Reporting this CPT 
code includes deployment of the ipsilateral graft, cannulation of the contralateral 
gate, and insertion of the contralateral stent graft docking limb. The third option is 
a modular bifurcated device with two docking limbs (CPT code 34803). CPT code 
34803 contains the work of deploying an initial main body stent graft, cannulation 
of the contralateral gate, insertion of the contralateral docking limb, and insertion 
of the ipsilateral stent graft docking limb. In total, three pieces of prosthetic stent 
graft are contained within this main body description. The fourth in this series com-
prises the use of a bifurcated unibody graft (CPT code 34804). All manipulation to 
appropriately seat this single-piece device into both iliac arteries is bundled. The 
last description is the aorto-uni-iliac endoprosthesis (CPT code 34805). When a 
bifurcated graft (modular or unibody) is transformed into an aorto-uni-iliac con-
figuration with either a formal graft converter, an aortic cuff placed proximally, or 
even the deployment of a second main body stent graft, the two devices are col-
lectively reported with this single CPT code. Angioplasty to iron out folds or kinks 
after deployment is considered inherent to all five of these main body code 
descriptions.

Additional stent graft extensions both proximally in the aorta and distally after 
docking limb insertion in the iliac vasculature may be reported separately. Similar 
to bare metal stent insertion in the superficial femoral artery, they are coded per ves-
sel treated and not per number of devices implanted. This implies a maximum of 
five extensions (one in the aorta proximally, one in each common iliac artery, and 
one in each external iliac artery). A single endoprosthesis extension that traverses 
two vessels is only reported once. Remember that deployment of the docking 
limb(s) is part of the main body coding. The first endoprosthesis is described by 
CPT code 34825. Each additional vessel treated by endograft extension is repre-
sented by CPT code 34826. If three or more stent graft extensions are necessary, 
keep in mind that subsequent submissions would require the use of a −59 modifier 
on the CPT code 34826 to identify that the replication of an identical code is not an 
accidental duplicate bill.

Next, the arterial catheter placements are considered. Most patients will have 
two nonselective aortic catheters (CPT code 36200 billed twice): one in each femo-
ral artery that extends into the aorta. If selective catheterization is performed, appro-
priate component coding rules apply for first-, second-, or third-order selection. 
Percutaneous access with or without the use of a closure device is bundled and does 
not allow for additional reporting. However, open arterial access has separate CPT 
code descriptions. Usually, femoral artery exposure and simple repair are coded 
with 34812, but complex primary repair (35226), prosthetic patch angioplasty 
(35286), and common femoral endarterectomy (35371) may supersede an exposure 
code. CPT code 34820 denotes iliac artery exposure as necessary and 34833 con-
veys iliac artery exposure with the additional creation of a prosthetic graft conduit 
to assist in sheath insertion when small or heavily diseased external iliac arteries are 
encountered.
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All radiological supervision and interpretation is then summarized. CPT code 
75952 is reported with main body stent graft placement, and 75953 is reported for 
each vessel treated with a stent graft extension (after all docking limbs are deployed). 
Any separately reportable services are then added such as stenting or angioplasty 
outside of the endograft landing zone (e.g., left renal stent placement) or emboliza-
tion of arteries that do not contain an endograft (e.g., internal iliac artery or inferior 
mesenteric artery). Cross femoral bypass with prosthetic conduit at the time of 
EVAR is described by the add-on code 34813. Table 20.2 contains a listing of these 
CPT codes and their assigned total RVU content for 2015 by CMS.

 Fenestrated Endovascular Repair

The fenestrated endovascular aortic aneurysm repair (FEVAR) category I CPT 
codes first published in 2014 are based on the number of fenestrations in the visceral 
segment and whether or not the aortic device extends into the common iliac arteries 
or terminates in the aorta above the aortic bifurcation. The fenestrations allow for 
selective catheterization of the visceral and/or renal arteries and subsequent place-
ment of an endoprosthesis. The codes were constructed on the presence of one, two, 
three, or “four or more” fenestrations. Unlike EVAR, these code descriptions bundle 

Table 20.2 CPT codes used in endovascular infrarenal AAA repair and their total RVU content in 
the 2015 Medicare Physician Fee Schedule

CPT code
Total 
RVUs Description

34800 33.16 EVAR main body – aorto-aortic tube endoprosthesis
34802 36.67 EVAR main body – modular bifurcated endoprosthesis w/1 docking 

limb
34803 37.85 EVAR main body – modular bifurcated endoprosthesis w/2 docking 

limbs
34804 36.61 EVAR main body – bifurcated unibody endoprosthesis
34805 35.29 EVAR main body – aorto-uni-iliac endoprosthesis
34825 20.44 EVAR stent graft extension, first vessel
+34826 6.03 EVAR stent graft extension, each additional vessel
34812 9.91 Femoral artery exposure for EVAR
+34813 6.97 Cross femoral bypass at the time of EVAR
34820 14.41 Iliac artery exposure for EVAR
36200 4.46 Nonselective aortic catheterization
36245 7.36 First-order selective arterial catheterization (below diaphragm)
36246 7.83 Second-order selective arterial catheterization (below diaphragm)
75952–26 6.51 EVAR main body – radiology supervision and interpretation
75953–26 1.97 EVAR stent graft extension, radiology supervision and interpretation, 

each vessel

Note: + listed before a CPT code denotes an add-on code
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all nonselective aortic catheterizations as well as all selective arterial catheterization 
that extend into the visceral and/or renal arteries that receive a stent graft, as well as 
all radiology supervision and interpretation for the FEVAR procedure.

CPT codes 34841–34844 report deployment of a fenestrated endoprosthesis that 
extends from the visceral aorta through the infrarenal aorta but does not extend into 
the common iliac arteries (i.e., a tube graft and not a bifurcated device). Alternatively, 
CPT codes 34845–34848 report deployment of a fenestrated endoprosthesis that 
spans from the visceral aorta through the infrarenal aorta into the common iliac 
arteries (i.e., a bifurcated graft). CPT codes 34845–34848 include placement of 
unilateral or bilateral docking limbs (depending on the device) into the iliac system 
similar to infrarenal EVAR. Proximal abdominal aortic stent graft extension pros-
theses are never separately reported with FEVAR. Any additional distal stent graft 
extensions that are deployed in the infrarenal aorta (when codes 34841–34844 are 
performed) or in the common iliac arteries (when codes 34845–34848 are per-
formed) are bundled. However, distal stent graft extension endoprostheses that ter-
minate in the internal iliac, external iliac, or common femoral artery may be billed 
by codes 34825 and 34826.

Catheterization of the hypogastric artery(ies) and/or arterial families outside the 
treatment zone of the graft may be reported separately as well as interventional 
procedures performed at the time of FEVAR outside the treatment zone (e.g., embo-
lization of the hypogastric artery, stent placement in the distal native artery for dis-
section, etc.). Lastly, exposure of the access vessels (e.g., CPT code 34812), 
extensive repair of an artery (e.g., CPT codes 35226 and 35286), or endarterectomy 
(e.g., CPT code 35371) is not bundled.

After any CPT code is created, that service is then measured for appropriate rela-
tive value across the entire physician fee schedule. Care is taken to identify the work 
done before the procedure (preservice), during the procedure (intraservice), and 
after the procedure (post-service) within the assigned global period. When the eight 
new FEVAR codes were assessed by survey, a large quantity of preservice time was 
identified. This included several hours of physician time on a workstation reviewing 
high-resolution cross-sectional imaging, utilizing three-dimensional software for 
center line of flow analysis, and ordering a patient-specific endoprosthesis which 
was markedly longer than standard preservice values in the fee schedule. It became 
readily apparent during discussions of these FEVAR codes at the American Medical 
Association/Specialty Society Relative Value Scale Update Committee (or RUC) 
that the preservice work could not be adequately valued for the 2014 MPFS.

As a result, a new category I CPT code (34839) was created for 2015 which 
states, “Physician planning of a patient-specific fenestrated visceral aortic endograft 
requiring a minimum of 90 min of physician time.” Similar to the radiation oncol-
ogy planning codes, direct patient contact is not needed to report this service. Also, 
physician planning time does not need to be continuous but must be clearly docu-
mented in the patient record. CPT code 34839 is reported on the date that the plan-
ning work concludes. However, it may not be reported on the day before or the day 
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of the fenestrated endovascular repair procedure (i.e., 34841–34848). If the formal 
planning of a patient-specific fenestrated visceral aortic endograft concludes on the 
day of or on the day before the actual FEVAR deployment, no code is reported and 
that work is considered inherent to CPT codes 34841–34848. The code description 
mandates that at least 90 min of physician time be spent on the planning. If less than 
90 min of physician time is documented, no code is reported and that work is also 
considered inherent to the FEVAR deployment. Lastly, non-physician planning time 
(e.g., radiologic technologists, sales representatives, etc.) may not be used in these 
time calculations.

Because of the above issues, CPT codes 34841–34848 were “carrier-priced” and 
not given standard values in the MPFS. That means each vascular surgeon must call 
their regional Medicare carrier medical director and/or the private carriers in his/her 
area and negotiate a reimbursement for each of the codes before doing the surgery. 
If one simply does the procedure and then submits a claim with these codes without 
a prior discussion with the insurance carrier (and a response in writing), the claim 
will most likely be denied. Formal work values for these CPT codes are expected in 
the MPFS by 2018. The SVS website (http://www.vascularweb.org) has download-
able template forms to assist members when contacting their insurance carriers in 
the meantime. Table 20.3 provides a summary of the FEVAR CPT codes and their 
total RVU values for 2015.

Table 20.3 CPT codes used in FEVAR and their total RVU content in the 2015 Medicare Physician 
Fee Schedule

CPT 
code

Total 
RVUs Description

34839 N/A FEVAR planning, 90 min minimum of physician time
34841 N/A FEVAR (does NOT extend distally into the iliac arteries), 1 visceral 

artery endoprosthesis
34842 N/A FEVAR (does NOT extend distally into the iliac arteries), 2 visceral 

artery endoprostheses
34843 N/A FEVAR (does NOT extend distally into the iliac arteries), 3 visceral 

artery endoprostheses
34844 N/A FEVAR (does NOT extend distally into the iliac arteries), 4+ visceral 

artery endoprostheses
34845 N/A FEVAR (extends distally into the iliac arteries), 1 visceral artery 

endoprosthesis
34846 N/A FEVAR (extends distally into the iliac arteries), 2 visceral artery 

endoprostheses
34847 N/A FEVAR (extends distally into the iliac arteries), 3 visceral artery 

endoprostheses
34848 N/A FEVAR (extends distally into the iliac arteries), 4+ visceral artery 

endoprostheses

Note: These 9 codes are “carrier priced” in the 2015 MPFS, so there are no specific RVU values 
listed
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 Upcoming Changes

The RUC established the “Relativity Assessment Workgroup” with the purpose of 
identifying potentially “misvalued” services using objective mechanisms. They 
screen the fee schedule focused on new technology use, changes in site of service, 
excessive growth, services originally surveyed/valued by one specialty that are now 
performed by a different specialty, “Harvard-valued” (codes never reviewed by the 
RUC and given a value in 1992 through the original resource-based relative value 
study) codes, and CPT services that may require bundling (i.e., two services reported 
together to CMS 75 % or more of the time). The RUC identified codes with allo-
cated “pre-time” (i.e., time allotted to the value of the CPT code in the time before 
the actual skin incision) that was high. This screen identified three codes (34802, 
34812, 34825) used to report endovascular repair of abdominal aortic aneurysms. 
The RUC referred the codes to the CPT Editorial Panel for revision. The Society for 
Vascular Surgery is currently working on a bundling proposal for infrarenal AAA 
coding with tentative implementation in 2018.
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Chapter 21
Technique of Supraceliac Balloon Control 
of the Aorta During Endovascular Repair 
of Ruptured Abdominal Aortic Aneurysms

Todd L. Berland, Frank J. Veith, Neal S. Cayne, Manish Mehta, 
Dieter Mayer, and Mario Lachat

Since 1994, endovascular aneurysm repair (EVAR) has been used with increasing 
frequency to treat ruptured abdominal aortic aneurysms (RAAAs) [1–3]. Even 
though the results of prospective randomized trials comparing open vs. endovascular 
repair for RAAAs failed to show decreased mortality with EVAR [4, 5], these trials 
have flaws (see Chapter 14B) and retrospective pooled data from several centers 
around the world indicate that there is decreased morbidity and mortality for endo-
vascular repair of RAAAs [6]. The technical success of the endovascular approach 
hinges on several key strategies, techniques, and adjuncts [2, 6]. Approximately 25 % 
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of patients with RAAAs experience complete circulatory  collapse [6]. The survival 
of such patients depends on obtaining and maintaining aortic balloon control con-
tinuously until the endograft is fully deployed and the RAAA is excluded [7]. The 
technique for doing so is one of many important steps for achieving good results with 
EVAR for RAAA. This article details the steps necessary for effectively accomplish-
ing supraceliac balloon control in this setting.

 Technique

The procedure must be performed in a facility equipped for digital cine fluoroscopy 
and open operative procedures. Appropriately size endografts and other catheters, 
guidewires, and sheaths must be available. With the patient under local anesthesia, 
a percutaneous puncture is made in one common femoral artery, preferably the left. 
If the patient has no palpable pulse, ultrasound may be used to gain access. 
Alternatively, a small cutdown can be made to expose the anterior surface of the 
common femoral artery. Through this puncture, a floppy wire, such as a Bentson 
wire (Cook Medical, Bloomington, Ind), and a 7 F sheath are placed. An angled 
catheter is used to navigate the iliac arteries, and a pigtail catheter is placed above 
the renal arteries. A cine angiogram may be obtained if information concerning the 
aortic neck and iliac arteries is not available from a preoperative computed tomo-
graphic scan. A Superstiff Lunderquist (Cook Medical) wire or Meier wire (Boston 
Scientific, Natick, Mass) is inserted into the thoracic aorta, and both the catheter and 
the 7 F sheath are removed while maintaining digital control in the groin. Although 
controversial, to prevent thrombotic complications, we administer heparin at the 
time of large sheath insertion to maintain an activated clotting time >250 s. A 
14 F × 40-cm length sheath is then placed over the stiff guidewire to a location well 
above the renal arteries, and its dilator is removed. A compliant balloon, such as the 
Coda balloon (Cook Medical), is placed under fluoroscopic guidance through the 
large sheath to an appropriate level in the suprarenal aorta (usually above the celiac 
axis) and inflated under fluoroscopic control until the aorta is occluded. It is impor-
tant to fix the sheath in position securely and to use the distal end of the sheath to 
support and maintain the position of the compliant balloon as the blood pressure 
rises (Fig. 21.1a). The sheath should be sutured to the drapes or skin of the patient, 
or it should be held manually because loss of sheath position will make successful 
balloon control and removal impossible. This is important because the balloon 
would otherwise migrate distally as a hypotensive patient’s arterial pressure returns 
to normal levels. Femoral access is obtained on the contralateral side using either 
open or percutaneous technique. A Bentson wire, 7 F sheath, and angled catheter are 
used to gain catheter-guided wire access above the previously placed aortic control 
balloon. Slight balloon deflation may be required but usually is unnecessary with 
proper catheter support. A Superstiff Lunderquist wire is placed through this cath-
eter and an angiogram performed through the large sheath supporting the balloon. 
After the 7 F sheath and catheter are removed, a properly sized endograft device 
(main body) is inserted over the Lunderquist wire. The tip of the device and its 
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Fig. 21.1 (a) Supraceliac balloon control via a large contralateral sheath. (b) Main body of endo-
graft is deployed via ipsilateral access. Slight temporary deflation of the balloon may be required 
to allow for passage of the tip of the device. (c) After the endograft body and ipsilateral limb are 
deployed, a second balloon is placed via the ipsilateral groin and inflated within the main body of 
the graft, maintaining continuous aortic control. (d) The contralateral gate is cannulated and the 
contralateral limb is deployed while maintaining balloon control from the ipsilateral side. (e) To 
allow for extension of the ipsilateral limb without losing aortic control, a third balloon is placed 
through the contralateral groin, maintaining wire access on the ipsilateral side. (f) With the third 
balloon still inflated via the contralateral groin, the ipsilateral limb is extended to allow for a distal 
seal. The balloon is then deflated and angiography is performed (see text for details)
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sheath must pass beyond the balloon (Fig. 21.1b). This requires careful manipula-
tion under fluoroscopic control and occasionally slight balloon deflation.

By injecting into the contralateral (side with first balloon) sheath, below the bal-
loon, the renal arteries can be visualized and the most proximal covered portion of 
the endograft positioned precisely below their orifices. The ipsilateral sheath is 
retracted, deploying the covered portion of the main body of the endograft along 
with the remaining ipsilateral limb. Its delivery system is removed, leaving the wire 
and a large sheath in place on that (ipsilateral) side.

A second large, compliant balloon is passed over that (ipsilateral) wire into the 
main body of the endograft and infrarenal aneurysm neck and inflated under fluoro-
scopic control to occlude aortic flow. The first (supraceliac) balloon is fully deflated 
and removed through its large contralateral sheath (Fig. 21.1c), which had been 
fixed in place. At this point, the visceral and renal vessels are perfused.

The contralateral wire and sheath (which are outside the deployed endograft) are 
withdrawn into the aneurysm sac. The contralateral gate is cannulated, and the con-
tralateral limb is placed as in a standard EVAR procedure for an unruptured 
AAA. The only difference is that the wire and tip of the deployment system for the 
contralateral limb must be carefully guided above the inflated second balloon in the 
body of the main graft using the precautions already described. Using similar tech-
niques, any extensions needed to obtain a distal seal in the contralateral iliac system 
are placed (Fig. 21.1d).

If the ipsilateral iliac system has not been sealed, a third large compliant balloon 
must be placed in the body of the graft via the contralateral side and inflated within 
the graft as the second (ipsilateral) balloon is deflated and removed (Fig. 21.1e). 
With this third balloon maintaining aortic control, any extensions are placed on the 
ipsilateral side to obtain a distal seal, again taking care to pass the tip of any exten-
sion device carefully alongside the balloon without losing this control. Only when 
the aneurysm is fully excluded with appropriate proximal and distal seals should 
aortic balloon control be given up and all balloons removed (Fig. 21.1f).

 Discussion

EVAR has been used increasingly to treat patients with RAAAs and offers many 
theoretical advantages over open repair. In addition to being less invasive, it elimi-
nates the complications that can occur during laparotomy, minimizes hypothermia, 
and can be performed with the patient under local anesthesia [6, 8]. Because of 
these advantages, many investigators have deemed EVAR to be superior to open 
repair for the treatment of RAAAs [2]. Combined results from centers committed to 
EVAR treatment of RAAAs indicate that the 30-day mortality for EVAR is 19.7 % 
vs. 36.3 % for open repair [6]. With increasing enthusiasm and procedural experi-
ence, the more modern series in the literature attribute lower mortality to several key 
strategies, adjuncts, and technical factors [6]. These include a standardized approach, 
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hypotensive hemostasis [6], local anesthesia [8], recognition and treatment of 
abdominal compartment syndrome [2], and supraceliac balloon control of the aorta 
[7–10]. Variations in these techniques may account for the variable results reported 
in the literature [6].

This article focuses on supraceliac control of the aorta and describes the trans-
femoral approach for balloon placement. Others performing this technique have 
used a transbrachial or axillary route for balloon placement. This is simpler, facil-
itates balloon fixation, and decreases manipulation within the aortic sac. However, 
it has the disadvantages of risking injury to the smaller upper extremity arteries, 
interfering with C-arm manipulation, and increasing stroke risk by manipulations 
near the aortic arch. One of the advantages of the transfemoral technique described 
herein is that it minimizes renal and visceral ischemia. It is generally well accepted 
that patients with longer ischemic times become increasingly acidotic, have a 
higher incidence of renal failure, and may have poorer outcomes. In addition, 
when done correctly, this technique provides continuous aortic control until the 
rupture site in the aneurysm is sealed. Many patients requiring balloon control are 
sufficiently ill that they cannot tolerate loss of this control with further blood loss. 
Use of an aorto- uni- iliac endograft may be required if bilateral groin access is 
impaired; it also provides rapid exclusion of the rupture site. However, we favor 
bifurcated endograft systems if possible because they provide more dependable 
pelvic and extremity revascularization, avoid use of extra-vascular prosthetic 
material, and prevent possible- related complications such as infection. Our tech-
nique also allows rapid balloon control until the rupture site is excluded. In RAAA 
cases where the anatomy may be unsuitable for endovascular repair, this tech-
nique of achieving rapid supraceliac balloon control may also be used to facilitate 
open repair.

We have used this technique successfully to maintain aortic control in 32 patients 
with RAAAs and circulatory collapse, and we believe mastery of its technical steps 
is crucial for obtaining good outcomes in these patients.
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