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Aortic aneurysms are very silent, insidious, and sudden complicated pathologies 
with high incidence of sudden death. The aorta has several different parts, which 
are affected by aneurysmal pathology independently and separately or conjointly. 
Preventive medicine and determinative genetic heritage are the first steps during 

diagnosis and precaution. Preventive screening of the general population seems the 
best way for diagnosing early asymptomatic aneurysms with increased health cost. 

Because sudden death is the first symptom of aortic aneurysms, early interventional 
treatment is essential to protect fatal complications. In spite of open surgical repair 

which is the standard procedure, isolated or hybrid endovascular approaches are used 
widespread in the last decade due to reduction of procedural complications. This book 
is composed of the main topics on aortic aneurysms and surgical treatments to extend 

scientific and therapeutic perspective and vision of cardiac teams.
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Preface

Aortic aneurysm is a life-threatening pathology with a low prevalence in the general popu‐
lation, but acute complications usually cause sudden death. The etiology is often nonathero‐
sclerotic in the thoracic aorta, but atherosclerotic in the abdominal aorta. Genetic structural
malformations cause weakness of the aortic wall resulting in enlargement, whereas bleeding
in the atheroma plaques begins aneurysmal vicious circle. The important issue is the imple‐
mentation of preventive medicine, and one time screening of the body can be helpful for
early diagnosis of aortic aneurysms without any sign and symptoms. The rapid growth or
significant symptoms are early indications for open or endovascular intervention. In spite of
surgical treatment of aortic aneurysms based on open approaches, endovascular repair has
gained widespread acceptance due to percutaneous applicability and has been considered
the first treatment option in the last years.

Prof. Dr. Kaan Kırali
Head of the Department of Cardiac Transplantation and Ventricular Assist Device

Kartal Koşuyolu YIEA Hospital
Istanbul, Turkey

Department of Cardiovascular Surgery
Faculty of Medicine, Sakarya University
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Introductory Chapter: Limits of Aortic Aneurysm

Kaan Kirali

Additional information is available at the end of the chapter

1. Introduction

The aorta, with its four-dimensional structure, is a complex organ that shows anatomical, 
functional, embryological, etiological, structural, pathological, dilatational, and spatial vari-
ations with limits. Geometrical inequality of the aorta in three-dimensional plane compli-
cates measurement, diagnosis, and therapeutic interventions (open surgery, endovascular, 
or hybrid procedures) of pathologic segments. Fourth dimensional plane is dependent on 
cardiac cycles, which change functionally the form and configuration of each segment of the 
aorta. The requirements of this functional variation of the aorta are maintained by major com-
ponents: extracellular matrix, elastin, and collagen (predominantly types I and III) [1]. During 
cardiac systole, the proximal aorta compensates pressure and volume loads (capacitance) 
and canalizes them distally during diastole through recoil (elastance). The proximal aorta is 
enrichment of elastic fibers and a relative paucity of collagen (elastin/collagen ratio is 2:1 in 
thoracal aorta), when compared with more distal aortic segments (collagen/elastin ratio is 2:1 
in abdominal aorta). Upper parts of the aorta have more elastic structure to adapt this higher 
dynamic variation, and elastic fibers show dynamic lengthening and contraction in response 
to pressure and volume loads, as well as in main branches. This behavior in healthy proximal 
aorta absorbs and transfers kinetic energy resulted by the left ventricle to transport into the 
aorta-ejected blood volume toward distally, so that this energy does not cause any pathologic 
change (dilatation, dissection, outward compression) at the aortic wall. Collagens provide 
tensile strength and stiffness to the tissue to resist rupture and efficiently propagate pressure 
waves, especially in distal aorta and in large arteries. This resistance in healthy mid- and distal 
aorta adsorbs and weakens the kinetic energy carried by blood flow, so that this energy does 
not result mechanical complications (rupture, bleeding, inward occlusion) at the aortic wall.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The aorta shows different behavior above and below the diaphragm due to different embryo-
logic development of vascular smooth muscular layer. Different segments of the aorta are 
comprised of cells originating from the neural crest, mesenchyme, and splanchnic mesoderm 
with a clear difference depending upon the segment. During embryologic development, the 
thoracic aorta above the ligamentum arteriosum (proximal thoracic aorta) consists by cells 
from the neural crest commonly with a constant ratio of aortic diameter to medial thickness, 
whereas the thoracoabdominal aorta below the ligamentum (distal thoracic and abdomi-
nal aorta) originates by cells from the mesoderm and the thickness of each unit is expanded 
 during maturation. The media composed of concentric bands of elastin, collagen, and vas-
cular smooth muscle cells provides viscoelasticity; on the other hand, that is the location of 
degradative remodeling responsible for aneurysm formation. The proximal aorta formed by 
neural crest is vulnerable against genetic malformation and degradation, which conduct pri-
marily luminal enlargement of the aorta. Proximal aortic dilatation characterizes usually with 
true aneurysm formation including all aortic wall layers without rupture and clots. The distal 
aorta formed by mesenchyme is inclined to atherosclerotic changes, which induce first lumi-
nal narrowing of the aorta. Distal aortic dilatation characterizes often with pseudoaneurysm 
formation devoid of all aortic wall layers with rupture and clots.

The etiology of aneurysmal development is often nonatherosclerotic (genetic) in the thoracic 
aorta, but atherosclerotic in the abdominal aorta [2, 3]. Nonatherosclerotic aneurysm includes 
inflammation and degeneration. Especially, different aortitis (Takayasu, giant cell arteritis, 
isolated thoracic arteritis, Behçet disease, syphilis, rheumatic aortitis, etc.) causes granulo-
matous inflammation with coagulative necrosis and elasticophagia, intimal proliferation, 
and obliteration without fibrinoid necrosis of the vasa vasorum, and aneurysmal formation 
if fibrosis is delayed [4]. Genetic disorders cause weakness of the tissues due to loss of struc-
tural integrity via specific gene mutations (Marfan syndrome, Loeys-Dietz syndrome, etc.) 
resulting in cystic medial necrosis, elastic fiber fragmentation, contractile dysfunction, and 
collagen deposition [5]. Atherosclerotic aneurysm includes atheroma, calcifications, penetrat-
ing ulcers, and subadventitial pseudoaneurysms. When atheromatous lesion extends into 
the media with loss of elastic fibers, the aortic wall is thinned and results in aneurysmal 
formation. Dissection of blood between intima and media at the ulcer area causes associated 
psuedoaneurysmal dilatation. Inflammatory aneurysm is characterized by lipids or products 
of lipid oxidation in the aortic adventitia, extensive adventitial thickening, medial and adven-
titial fibrosis via lymphoplasmacytic infiltrate, and adhesion to the surrounding retroperito-
neal structures.

Aortic aneurysm is a well-known pathology, which can be limited in a segment or spread 
whole the thoracoabdominal aorta with or without its major branches. Excessive enlargement 
causes compression symptoms and signs, but its fatal progress is dependent on mechanical 
complications such as rupture, dissection, fistulization, occlusion, etc. Because aortic aneurysm 
often has a silent clinical nature until fatal rupture (silent killer), no patient can have time to 
arrive to hospital when aneurysm is acutely ruptured; however, chronic healing of mechanical 
complications of aortic aneurysm can give a chance to be diagnosed and treated surgically or 
endovascularly. The prevalence of aortic aneurysm (>5 cm) is 0.16–0.34% in the general popula-
tion and the annual incidence of first detected aortic aneurysm (>5 cm) is 5–10 patients/100,000 
people (0.005–0.01%), which increases with time and age. At this decade,   aortic aneurysm has 
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increased up to 19th leading cause of death (0.64% of the first 20 reasons) in all age groups, 
but it has reached up to 15th leading pathology of mortality (0.69% of the first 20 reasons) in 
individuals over 65 years [6]. On the other hand, the true ratio of aortic aneurysm resulting in 
sudden death must be higher than expected or recorded due to false classification as an acute 
coronary syndrome (estimated between 2 and 7.5%). That is the fact that aortic aneurysm has 
an increasing appearance rate in the last decades due to de novo cases and/or improvement of 
imaging modalities. Preventive medicine has a critical role for early diagnosis and reducing of 
the prevalence in general population. Preventive screening of population with positive family 
history, profusely predictors, and advanced age provides early diagnosis in asymptomatic 
patients with an unpredictable, but acceptable devastation of health budgets; whereas peri-
odically screening of diagnosed patients is the gold standard to follow-up patients and to 
decide initiative time. In spite of excessive improvements in medical technology, health-care 
policy, interventional therapy techniques, and medical follow-up provide successfully results 
after aortic aneurysm repair. Sudden death is still the main risk and complication of aortic 
aneurysms. Avoidance from atherosclerotic risk factors, continuance of physical activity, and 
maintenance of healthy lifestyle are key points of preventive medical care.

There are two major spatial aneurysm types (Table 1). Thoracic aortic aneurysm (TAA) devel-
ops in all age groups and is not associated with cardiovascular risk factors, but it can occur as an 
isolated pathology or it can be associated with different pathologies (Table 2) [7]. Most of them 
are presented syndromic (part of a systemic connective tissue disorder) or nonsyndromic (part 
of a sporadic structural disorder). The aneurysmal dilatation of the proximal thoracic aorta can 
be often dependent on a genetic connective tissue disorder with mostly autosomal dominant 
inheritance or other types, which acts as multisystemic syndrome. The structural malformation 
of the aortic valve is a common situation, especially bicuspid aortic valve that increases the 
annular growing speed at least 50% than the normal tricuspid aortic valve. Intracranial aneu-
rysm is the most important concomitant arterial dilatation, which may result in permanent or 

1. Thoracic aortic aneurysm

a. Sinus of Valsalva aneurysm
b. Aortic root aneurysm
c. Ascending aorta aneurysm
d. Aortic arch aneurysm
e. Descending aorta aneurysm
f. Combined

2. Abdominal aortic aneurysm

a. Suprarenal
b. Infrarenal
c. Combined
d. Integrated (with iliac arteries)

3. Thoracoabdominal aortic aneurysm

a. Type I (from LSA to CA)
b. Type II (from LSA to IB)
c. Type III (from sixth intercostal space to IB)
d. Type IV (from subdiaphragmatic segment to IB)
e. Type V (from sixth intercostal space to RA)

CA, celiac axis; IB, iliac bifurcation; LSA, left subclavian artery; RA, renal artery.

Table 1. Spatial variations of aortic aneurysms.
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temporary neurologic events, and adversely affect the natural prognosis or surgical outcomes 
of TAA. Multilevel involvement of the whole aorta is not uncommon and combined aneurys-
mal enlargement of two different aortic segments worsens fatal risks or surgery. Aortic arch 
anomalies do not affect the natural course, but they can complicate the pathologic course after 
complications or surgical repair of TAA. Abdominal aortic aneurysm (AAA) is usually isolated, 
but it can be associated with TAA in 10–15% of cases. The  etiology is different and multifacto-
rial, which cannot affect thoracal aortic segments (Table 3) [8]. Smoking and familial history are 
the main predictors, but also several genetic and inflammatory factors can cause this pathology 
[9]. Other vascular aneurysms, especially involvement of iliac arteries, are not seldom due to 
spreading directly or separately [10]. Increased cardiovascular risk factors enforce combined 
surgical intervention for coronary artery disease [11]. The basic presentation of AAAs is a pseu-
doaneurysm developed after rupture or perforation of aneurysm sac, which wraps the patho-
logic segment and supports with attached surrounding tissues against fatal hemorrhage.

Aortic aneurysms grow very slowly during life and overall growth rate is 0.12 cm/year in 
adults, where it is slower at the ascending aorta (0.1 cm/year) than those at the descending 
aorta (0.3 cm/year) [12]. As a large elastic artery, definition of aneurysmatic development of 
the aorta is an enlargement greater than 1.5 times the expected threshold diameter, which 
are 4 cm for the suprarenal aorta and 3 cm for the infrarenal aorta. The dilatation reaches a 
hinge diameter in the whole aorta at which the rate of mechanical complications (rupture, 
 dissection) increases exponentially. This borderline diameter is 6 cm for the ascending aorta 
and 7 cm for the descending aorta. These limits can be used in asymptomatic patients as cut-

1. Intracranial aneurysm (up to 9%)
2. Multisegment involvement of the thoracoabdominal aorta (up to 20–25%)
3. Aortic arch anomalies (up to 20%)

a. Bovine aortic arch (double carotid branching from the brachiocephalic trunk)
b. Isolated left vertebral artery
c. Aberrant right subclavian artery

4. Bicuspid aorta (up to 20–80%)
5. Familial history (up to 20%)
6. Several genetic transition signs (thumb-palm sign)
7. Temporal arteritis
8. Simple renal cyst, polycystic kidney
9. Inguinal hernias

Table 2. Associated pathologies with thoracic aortic aneurysms.

1. Smoking
2. Advance age
3. Male
4. Family history
5. Atherosclerosis
6. Hypertension
7. Hypercholesterolemia
8. Other vascular aneurysm

Table 3. Risk factors for abdominal aortic aneurysms.

Aortic Aneurysm6
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off value for surgery, but we take down both limits below 6 cm because of 95% of asymptom-
atic patients have death as a first symptom and we accept the upper limit 5.5 cm in patients 
without and 5 cm with a risk factor such as Marfan syndrome, bicuspid aortic valve, and 
family history of sudden death. On the other hand, any symptom caused by aneurysm dila-
tation (continue retrosternal pain for ascending or interscapular back pain for descending 
 aneurysms) is the cut-off value for surgical treatment regardless of size.

Surgical repair of aortic aneurysms is the definitive treatment procedure with an accept-
able hospital mortality and morbidity rates, complication-free long-term survival, and lesser 
requirement of any reintervention [13–17]. In spite of surgical treatment of aortic aneurysms 
based on open approaches, endovascular repair has gained widespread acceptance due to per-
cutaneous applicability and is considered the first treatment option in the last years [18]. Open 

conventional surgery remains the standard treatment, but technical complexity increases 
with more extensive dissection, higher clamp site, prolonged visceral ischemia, and more 
extensive reconstruction [19]. Major complications are the main drawbacks and hesitations of 
surgical repair (Table 4). To improve intraoperative and early postoperative outcomes, endo-
vascular approaches for aortic aneurysms have evolved and revealed that total endovascular 
repair with or without hybrid surgical procedures allows reducing operative mortality and 
morbidity as well as simplifying the intervention and avoiding from complicated steps such 
as aortic cross-clamping, thoracotomy, single-lung ventilation, and prolonged ischemic time. 
On the other hand, the presence of several risk factors continues to limit the application of 
endovascular approaches (Table 5). Low- and high-risk patients are not true candidates for 
hybrid procedure due to high rates of mortality and morbidities and procedural complica-

1. Mortality
2. Stroke
3. Spinal cord injury
4. Renal insufficiency
5. Pulmonary insufficiency

Table 4. Major complications of surgical repair of aortic aneurysms.

1. Large aortic seals
2. Short neck (<2 cm)
3. Severe calcified aorta
4. Previously thoracic and/or abdominal surgery
5. Involvement of the visceral arteries
6. Limited life expectancy
7. High-risk patients

a. Unstable angina, malign arrhythmia, recurrent congestive heart failure
b. Left ventricular dysfunction (LVEF < 25%)
c. Vital capacity < 1.8 L
d. Resting pO2 < 60 mmHg and pCO2 > 50 mmHg
e. Serum creatinine > 2.5 mg/dL

LVEF, left ventricular ejection fraction; pO2, oxygen partial pressure; pCO2, partial pressure of carbon dioxide.

Table 5. Factors complicating endovascular interventions.
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tions, but this approach is useful in patients who require creation of definitive landing zone 
[20]. Another frequent choice of endovascular repair is ruptured AAAs due to easier and 
more noninvasive nature of the procedure, whereas open surgical treatment has similar or 
better outcomes [21].
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tions, but this approach is useful in patients who require creation of definitive landing zone 
[20]. Another frequent choice of endovascular repair is ruptured AAAs due to easier and 
more noninvasive nature of the procedure, whereas open surgical treatment has similar or 
better outcomes [21].
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Abstract

The aortic root has a complex anatomy due to a combination of several anatomical struc-
tures based on simple and consistent work in it. It is a hollow cylinder with three bulges, 
which have the main functional effect on the aortic valve opening-closing cycle and coro-
nary circulation. Aneurysm is defined as a dilation of a blood vessel segment having 
≥50% increase in diameter, whereas annuloaortic ectasia represents a diffuse dilation 
<50% of the normal diameter of the related vessel segment. Aortic root aneurysms mostly 
occur by degenerative processes as compared with primarily atherosclerotic changes in 
the descending and abdominal aortas: medial fragmentation, smooth muscle cells necro-
sis, and elastic fiber fragmentations with cystic spaces in the media filled with mucoid 
material. Because of the elevated mortality risk associated with complications, an effec-
tive aortic root aneurysm management depends on reduction the risk of death, rupture, 
and dissection. Conventional open heart surgery is the essential procedure for isolated 
aortic root replacement and a type of procedure (valve replacement or sparing) could be 
selected due to the pathology. An extensive aortic root replacement technique is the only 
option to rebuild the left ventricular outflow tract due to the reconstruction of the neo 
aortoventricular continuity in the aortic root abscess.

Keywords: aortic root, root aneurysm, annuloaortic ectasia, aortic root replacement, 
aortic valve sparing, Bentall, Flanged, Cabrol, remodeling, reimplantation, extensive 
root replacement

1. Introduction

The aortic root is the first anatomical part of the aorta and also a functional bridge between 
the left ventricular outflow tract and ascending aorta, which lies between the ventriculoaortic 
junction (VAJ) and sinotubular junction (STJ). The aortic root has a complex anatomy due to a 
combination of several anatomical structures based on simple and consistent work in it. This 
complex combination provides several unique functional futures. On the other hand, several 
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pathological processes disrupting this anatomo-physiological structure lead to functional, 
morphological, and hemodynamic disturbances. Detailed understanding of the complex 
anatomy of the aortic root leads to the development of many sophisticated, but functional 
and artistic surgical techniques. This chapter focuses only on the abnormal enlargement of 
the aortic root caused by different pathologies, complicated or not, and surgical treatment 
options.

2. Definition

Generally, two terms are used to describe the aortic root enlargement: aneurysm and 
annuloaortic ectasia. Aneurysm is defined as a dilation of a blood vessel segment having 
≥50% increase in diameter compared with the expected normal diameter. True aneurysm 
involves all three layers of the arterial wall, but a pseudoaneurysm does not involve any 
anatomical layer of the aortic wall and is surrounded by thrombosis and/or surrounding 
tissues. Annuloaortic ectasia represents a diffuse dilation <50% of the normal diameter of 
the related vessel segment. The aortic root does not have a tubular or cylindrical shape 
with the same diameter at all levels; on the contrary, it has variable diameters at different 
levels. Normal dimensions of the aortic root are different between genders and they also 
varies depending on age and body surface area (BSA): annulus diameter is approximately 
26 ± 3 and 23 ± 2 mm, sinus Valsalva diameter is 34 ± 3 and 30 ± 3 mm, and STJ diameter 
29 ± 3 and 27 ± 4 mm in male and female population, respectively [1]. Calculated normal 
aortic diameter indexes (diameter/BSA) can be useful during surgical treatment to choice 
a patient-appropriate tubular graft, especially to prevent any patient-prosthesis mismatch: 
annular diameter index is approximately 13 ± 1 mm/m2, sinus Valsalva diameter index 19 ± 
1 mm/m2, and STJ diameter index 15 ± 1 mm/m2 [2].

3. Functional anatomy

The aortic root has a truncated corn shape with the semilunar attachments of the leaflets, 
sinuses, interleaflet triangles, and commissures (Figure 1). The top of the aortic root is cre-
ated by the distal circumferential plane joining the crests of three commissures and named 
as the STJ. The bulged mid-portion of the aortic root has three sinuses of Valsalva and it is 
like a three-leaflet clover in two-dimensional view (Figure 2): left coronary sinus (LCS), right 
coronary sinus (RCS), and noncoronary sinus (NCS). The base of the aortic root is shaped as 
a zone between the left ventricle and aorta because there is not a true single-circular annular 
attachment of three aortic leaflets. This anatomic VAJ is a circular zone between lower and 
upper rings: The basal ring or anatomic aortic annulus is the circular ring at the nadirs of three 
sinuses of Valsalva which is supported by the left ventricular muscle beneath the RCS and 
½ anterior LCS, and by the fibrous aortic-mitral curtain beneath the NCS and ½ posterior 
LCS. This level is the narrowest circular level of the aortic valve. The ventriculo-arterial ring or 
the hemodynamic aortic annulus is the circular ring at the top of the muscular structure of 
the sinuses of Valsalva, which is supported only by the aortic wall. The interleaflet triangles 
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Figure 1. Aortic root.

Figure 2. Two-dimensional computed tomographic view of three sinuses of Valsalva like a three-leaflet clover.
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have special features because of their anatomical neighborhood relationships. The right inter-
leaflet triangle separates RCS and NCS, it has continuity with the membranous septum and 
both built the right fibrous trigone. The most important anatomic structure in this area is His 
bundles, which lie just below the triangle. The posterior interleaflet triangle separates NCS 
and LCS, it has continuity with aortico-mitral valvular curtain and both built the left fibrous 
trigone, where guides to posterior aortic root enlargement techniques. The left interleaflet 
triangle has muscular structure and separates LCS and RCS, which is the closest part of the 
aortic root to the pulmonary trunk.

The aortic root is a hollow cylinder with three bulges, which have the main functional effect 
on the aortic valve opening-closing cycle and coronary circulation. In fact, the aortic root 
has two-sided asymmetrical structure [3]. The first asymmetry is in the longitudinal axis, and 
the mean heights of each sinus of Valsalva (NCS > RCS > LCS) and each interleaflet triangle 
(posterior ≥ right > left) are not same, and the free margin lengths of the leaflets correspond 
this asymmetry [4]. This asymmetry shapes the aortic root as a conic cuff, whereas the NCS is 
slightly larger, and this pattern determines an angle of upper tilt (from the posterior interleaf-
let triangle to the NCS) between the plane at the VAJ and STJ with a mean value of 11° [5]. The 
second asymmetry is in the circumferential axis and the diameters of the aortic root are different 
(sinus of Valsalva > VAJ > STJ ≈ 1.34 > 1.1 > 1). The diameter of the STJ is 10–12% smaller than 
those of the VAJ; however, the upper parts of the commissures attach just below the STJ and 
make a virtual ring with the same diameter of the VAJ.

The aortic root changes its overall configuration from a cone to a cylinder and from a cylinder 
to an inverted cone according to left ventricular filling and contraction [6]. Because the aortic 
leaflets attach in the shape of a three-pointed crown spanning the entire vertical extent of the 
aortic root from the VAJ to the STJ, it is more meaningful to discuss “the aortic valve appa-
ratus” (Table 1). This functional apparatus organizes ventricular and arterial hemodynam-
ics, and it works with an elegant mechanism. Every part of this apparatus has own function 
during the cardiac cycle. The aortic valve passively opens and closes in response to pressure 
differences between the left ventricle and aorta. The expansion of the VAJ at the preejectional 
phase before aortic valve opening helps to decrease the coaptation area among the leaflets 

1. Ascending aorta

2. Sinotubular ring (junction)

3. Sinuses of Valsalva

4. Commissures

5. Interleaflet triangles

6. Aortic leaflets

7. Ventriculoaortic ring (junction)

8. Left ventricle

Table 1. Aortic valve apparatus.
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and to separate the leaflets under minimal stresses (20% of total opening), and the aortic valve 
opening is completed rapidly by the ejection phase. The STJ expands approximately 12% 
during systole and the aortic root gets more cylindrical shape in the longitudinal axis, where 
inflow and outflow effective orifice areas of the aortic root become similar, and this configura-
tion allows a zero resistance to flow throughout the aortic root during every ejection. Sinuses 
of Valsalva have the main effect on the coronary blood circulation, whereas they permit aortic 
valve opening during systole without blocking of the coronary artery ostia and simplify aortic 
valve closing at the end of systole without any tension.

The aortic root with this complex structure maintains the functional capacity of the aortic 
valve and the conversion of intermittent and irregular high blood volume from the left ven-
tricle to regular and laminar blood flow even in variable hemodynamic conditions. Both the 
STJ and VAJ provide aortic valve coaptation, but the outflow part of the aortic root is the 
main structure that promotes aortic valve coaptation, whereas it hangs all three commissures 
during the diastole. Any significant dilatation of these rings can cause aortic regurgitation, 
whereas enlargement of the STJ more than 110% of the VAJ diameter results severe aortic 
insufficiency.

4. Histology and pathohistology

The aortic leaflets are covered by a continuous layer of endothelial cells with a smooth sur-
face on the ventricular side and numerous ridges on the arterial side. The aortic leaflets are 
attached to the sinus wall via a very dense collagenous meshwork hinged to the annulus, 
so they transmit the stress on the leaflets to the aortic wall during diastole. The right and 
posterior interleaflet triangles consist of a thinned fibrous wall of the aorta, whereas the left 
interleaflet triangle is supported by muscular tissue and only fibrous at its apex. Interleaflet 
triangles contain primary collagen fibers; in contrast, sinuses of Valsalva contain concentric 
elastic lamella.

The aortic wall has three layers: tunica intima, tunica media, and tunica externa (adventi-
tia), which are separated from each other with a thin membrane: membrana elastica interna 
(between intima and media) and membrana elastica externa (between media and adventitia). 
The intima is composed of single layers of endothelial cells arranged in the direction of the 
vessel. The subendothelial connective tissue is arranged in the same manner as the endothe-
lial cells. The media is composed of circular arranged structures: smooth muscle cells, elastic 
fibers, collagen, and proteoglycans. The adventitia is arranged in a longitudinal fashion and 
composed of collagen fibers of type I. Although the wall of the sinuses is principally arranged 
in this manner, the thickness of its wall is significantly thinner compared with the ascending 
aorta and STJ [7].

The tunica media of the aortic root comprises concentric layers around the lumen, which 
consist two elastic lamellae and intervening tissue between them. The elastic lamellae include 
collagen fibers (type I-III-V) and fibronectin, and they are interconnected by a network of 
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elastic and collagen fibers, and proteoglycans. Smooth muscle cells are also in contact with 
fibrillin-1 and type VI collagen containing bundles of microfibrils (oxytalan fibers), and they 
have a basal lamina-like layer connecting them to each other and oxytalan fibers [8]. There are 
many types of proteoglycans in vascular walls such as collagen-associated dermatan sulfate 
proteoglycan, cell-associated heparin sulfate proteoglycan, and interstitial chondroitin sulfate 
proteoglycan. The constituents of the arterial wall are responsible for mechanical properties, 
and the ability of the arterial vessel is essential to prevent or limit any permanent deforma-
tion. Elastic fibers providing the elasticity and compliance of the arterial wall comprise elastin 
and microfibrils such as fibulins, fibrillins, and microfibril-associated glycoproteins.

Aortic root aneurysms mostly occur by degenerative processes as compared with primarily 
atherosclerotic changes in the descending and abdominal aortas. The elastin content of the 
aorta decreases distally and in the abdominal aorta it is less than half of that in the ascending 
aorta. Degenerative processes mean medial fragmentation, smooth muscle cells necrosis, and 
elastic fiber fragmentations with cystic spaces in the media filled with mucoid material. There 
is a disorganization and breakdown of the elastin network and its interconnections with the 
collagen network and other components of the aortic wall. The collagen structure also alters 
specifically and significantly: collagens type I and III decrease, while collagens alpha-1 (XI) 
and V increase [9]. Smooth muscle cell impairment and increased amounts of the vacuolated 
basophilic material are prominent.

Matrix metalloproteinases play an important role in connective tissue homeostasis, and 
in fragmentation of extracellular matrix elements via digestion of elastin and collagen 
fibers [10, 11]. Disharmony of matrix metalloproteinases activity causes connective tissue 
impairment. Blockade of plasmin formation by overexpression of plasminogen activator 
inhibitor-1 prevents the formation of aneurysms by inhibiting metalloproteinase activa-
tion. And also, local overexpression of the tissue inhibitor of matrix metalloproteinases can 
prevent aneurysmal degeneration and rupture. Inflammation characterized with leukocyte 
and lymphocyte infiltration is greater in the aneurysmal aortic wall compared to nona-
neurysmal aortas, especially in some inflammatory disorders. Many inflammatory medi-
ators (interferon-γ, interleukin-1 β, TNF-α, IL-6, TGF-β) increase in degenerative aortic 
aneurysms and their disharmony stimulates aneurysm formation [12, 13]. Genetic abnor-
malities can also cause this disharmony that results abnormal functions and structures 
in aortic wall. These disorganizations can cause early degeneration of the vascular wall 
and aneurysmal formation. Some genetic defects or mutations causing specific diseases are 
well described: gene ACTA2 to familial thoracic aortic aneurysm; gene TGFBR1 to Loeys-
Dietz syndrome; gene TGFBR2 to familial thoracic aortic aneurysm, Marfan syndrome, and 
Loeys-Dietz syndrome; gene FBN1 to Marfan syndrome; gene COL3A1 to Ehlers-Danlos 
syndrome.

5. Pathophysiology

Aortic root aneurysm occurs due to decreased connective tissue strength or elevated pressure 
in the aorta. High content of an elastic fiber in the medial layer of the aortic root provides 
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expansion during systole acting as a reservoir and stores kinetic energy resulting by left ven-
tricular contraction as potential energy in the aortic wall. In diastole, elastic recoil returns the 
aortic root to its original form back and transforms the stored potential energy back to kinetic 
energy to start aortic wave motion for forward blood flow. Several pathological changes lead 
to degenerative processes in the elastic media and decreasing the strength of the aortic wall 
connective tissue.

The coupling between mechanical stress and the biochemical changes leading an aneurysmal 
formation is not well elucidated. Several adversely changed mechanisms such as decreased 
aortic wall compliance, broken cross-sectional symmetry, and disrupted stress-strain rela-
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There are different specific etiologies causing aortic root aneurysm (Table 2). Most of them 
have genetic origin, but the most common etiology is bicuspid aortopathy. The prevalence 
of aortic dilation ranges from 20 to 84% in bicuspid aortic valve (BAV) disease [14]. In 
patients with BAV disease, three enlargement patterns are described according to whether 
the maximal aortic diameter is at the level of the sinuses of Valsalva, the STJ, or the ascend-
ing aorta. Four subtypes of BAV disease are identified with different forms of aortic dila-
tion: aortic root alone (13%), ascending aorta alone (10%), ascending aorta and proximal 
transverse arch (28%), and from the aortic root to the proximal transverse arch (45%) [15]. 
There is a relationship between the morphology of the ascending aorta and the valve 
fusion pattern: left coronary cusp-right coronary cusp type associated with ascending 
aorta and aortic root dilation; right coronary cusp-noncoronary cusp type associated with 
only ascending aorta dilatation. Isolated sinuses of Valsalva aneurysm develop because of 
either a congenital defect or acquired pathologies such as endocarditis, aortic dissection, 
or iatrogenic causes [16]. The most common cause is weakness between the media and the 
annulus fibrosus of the aorta, which can cause aneurysmal enlargement. The RCS is most 
frequently affected, followed by the NCS. The aneurysm can rupture into any of low-pres-
sure cardiac chambers, especially into the right-sided ones, to form an aortico-cardiac fis-
tula. Aortic valve abnormalities and incompetence occur especially after rupture. Genetic 
diseases with autosomal dominant penetrance usually involve multiple organ systems, 
and their common involvement is the aorta. The most common genetic disease with an 
aortic root aneurysm is the Marfan’s syndrome, which is associated with mutations in the 
FBN-1 gene and has autosomal dominant heredity [17]. Approximately 3/4 of patients with 
Marfan’s syndrome have aortic root dilatation with or without aortic valve regurgitation 
and ½ mitral regurgitation.
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7. Diagnosis

Although clinical symptoms (retrosternal pain, hoarseness, breathless, etc.), examination (aor-
tic valve murmur), and several laboratory testing play a minor role in the diagnosis of the 
aortic root aneurysms, noninvasive imaging techniques have a major role yielding a view of the 
total intrathoracic aorta [18]. In the daily practice, transthoracic echocardiography associated 
with transoesophageal echocardiography is the most frequently used technique for the diag-
nosis, which should be completed with thoracic computed tomography and/or magnetic reso-
nance imaging, as well as ultrasonography and/or computed tomography for the abdominal 
aorta. It is recommended to measure diameters at anatomical landmarks perpendicular to the 
longitudinal axis (antegrade flow in the aortic root and ascending aorta) and to use the same 
imaging modality with a similar method of measurement in the case of repetitive imaging of 
the aorta. The aortic annulus should be measured at midsystole from the inner-edge-to-inner 
edge and all other aortic root measurements (i.e., maximal diameter of the sinuses of Valsalva, 
the sinotubular junction, and the proximal ascending aorta) should be made at end-diastole. 
Measurements of maximal diameters of the aortic root should be compared with age- and BSA-
related nomograms or to values calculated from specific allometric equations (Table 3).

1. Bicuspid aortic valve disease

2. Sinus of Valsalva aneurysm

3. Genetic diseases

a. Marfan’s syndrome

b. Ehlers-Danlos syndrome

c. Loeys-Dietz syndrome

d. Turner syndrome

e. Aneurysm-osteoarthritis syndrome

f. Nonsyndromic familial thoracic aortic aneurysms

4. Familial aneurysms

5. Infection

6. Inflammatory diseases

a. Takayasu’s arteritis

b. Giant cell arteritis

c. Behçet’s disease

d. Ankylosing spondylitis

e. Wegener’s granulomatosis

f. Rheumatoid arthritis

Table 2. Etiology for aortic root aneurysm.
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Aneurysm surveillance in asymptomatic patients includes ongoing clinical evaluation, the 
development of symptoms, signs of aneurysm complications, and serial imaging to evaluate 
the diameter and structure of the aneurysm. Ideally, the serial studies should be performed 
using the same technique (echocardiography, computed tomographic angiography or mag-
netic resonance angiography) in the same center for consistency with future comparisons. 
Aortic valve function and morphology should be evaluated during follow-up; therefore, 
echocardiographic assessment should be considered in aortic root aneurysm. The surveil-
lance program may be modified based upon the etiology, site, and diameter of the aneurysm 
at presentation. In general, imaging at 6 months after the initial diagnosis could ensure the 
stability of the aneurysm and expansion rate. The thoracic aorta expands slowly with the age 
at a rate of 0.7 mm in women and 0.9 mm in men per decade of life. The expansion rate of 
the aortic aneurysms is much higher than these values, and a larger diameter of aortic root 
aneurysms could expands more rapidly than smaller ones like other segments of the aorta: 
the rate of expansion for large aneurysms (>5 cm) was about 8 mm per year while 2 mm per 
year for smaller aneurysms (<5 cm).

8. Indications

Once the aortic root aneurysm detected patient should be examined for concomitant dis-
eases, genetically mediated disorders and risk factors. Major life threatening complications 
are dissection, rupture, and aortic valve regurgitation. Because of the elevated mortality 
risk associated with complications, an effective aortic root aneurysm management depends 
on reduction the risk of death, rupture, and dissection. The most important determinant is 
the diameter of the aneurysm. Other factors, such as a rapidly expanding aortic diameter, 
concomitant bicuspid aortic valve, or connective tissue disease also increase the risk of 
rupture.

Medical treatment depends on reducing aortic wall stress and slow down medial degen-
eration. Lifestyle modifications contain smoking cessation, avoiding intensive exercise, 
and patient education. Aggressive antihypertensive therapy is the mainstay of pharma-
cologic management to prevent increased wall stress. If tolerated, a goal of the therapy is 

Aortic root Absolute values (cm) Indexed values (cm/m2)

Men Women Men Women

Annulus 2.6 ± 0.3 2.3 ± 0.2 1.3 ± 0.1 1.3 ± 0.1

Sinuses of Valsalva 3.4 ± 0.3 3.0 ± 0.3 1.7 ± 0.2 1.8 ± 0.2

Sinotubular junction 2.9 ± 0.3 2.6 ± 0.3 1.5 ± 0.2 1.5 ± 0.2

Proximal ascending aorta 3.0 ± 0.4 2.7 ± 0.4 1.5 ± 0.2 1.6 ± 0.3

Table 3. Aortic root dimensions in normal adults.
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maintaining a systolic pressure below 120 mmHg. Beta-blockers reduce the contractility 
of the heart, decrease shear stress, and the impact force of ejected blood on the aorta. 
Although these beneficial effects, it should be noted that the β-blocker therapy will block 
the compensatory tachycardia and could precipitate clinical deterioration in aortic regur-
gitation. Reduction in heart rate is also associated with an even higher stroke volume, 
which contributes to the elevated systolic pressure in patients with chronic severe aortic 
regurgitation. On the other hand, patients treated with β-blockers have a significantly 
lower growth rate (1.2 mm/year) than those without β-blocker treatment (4.2 mm/year), 
which shows the beneficial effect and the importance of β-blocker medical therapy on 
aneurysm stabilization [19].

A. Presence of elastopathy

1. Without risk factors

a. ≥50 mm

b. Diameter increase > 3 mm/year

2. With family history of aortic dissection and/or aortic diameter increase

a. ≥45 mm

b. Diameter increase > 3 mm/year

B. Presence of BAV

1. ≥55 mm

2. ≥50 mm associated with

a. Diameter increase > 3 mm/year

b. Family history of dissection

c. Coarctation of the aorta

d. Systemic hypertension

e. Moderate AI and/or AS

3. >45 mm when AVR is scheduled

C. Presence of significant aortic valve insufficiency and/or stenosis

1. ≥50 mm

2. Diameter increase > 3 mm/year

D. Absence of elastopathy or any risk factor

1. ≥55 mm

2. Diameter increase > 5 mm/year

Note: AI = aortic insufficiency; AS = aortic stenosis; AVR = aortic valve replacement; BAV = bicuspid aortic valve.

Table 4. Surgical indications for asymptomatic aortic root aneurysms without dissection.
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Surgical indication is dependent on the presence of symptoms and diameter measurements 
of several parts of the ascending aorta. In general, surgical repair of asymptomatic aortic 
root aneurysm is not recommended until the risk of dissection, rupture or other complica-
tions exceeds the risks associated with surgery (Table 4). In general, asymptomatic aortic 
root aneurysms without dissection must be directed to surgical treatment depending upon 
an aortic diameter (≥5 cm) and speedy expansion rate (≥5 mm/year); however, in the pres-
ence of underlying special contributing etiologies these limits should be decreased (≥4.5 cm 
or ≥3 mm/year or the presence of acute or chronic aortic dissection). Aneurysms can cause 
symptoms especially in larger diameters. Symptoms could be pioneers of fatal complications, 
therefore surgery should be considered for symptomatic patients either at smaller diameters 
of aneurysm.

9. Surgery

Aortic valve replacement (AVR) with supracoronary ascending aorta replacement is the 
first aortic root surgery operation. The Bentall technique is the first true total aortic root 
replacement (ARR) procedure, which contains en bloc replacement of the ascending aorta. 
The modified Bentall technique eliminates wrapping of the native aortic wall over the 
tubular graft. The Button technique eliminates most of problems regarding to coronary 
ostial anastomoses via end-to-side reimplantation of the coronary ostia. A interposition 
graft between the coronary ostia and the composite graft to prevent coronary malposi-
tion is especially useful when mobilization of the coronary buttons is often difficult or 
impossible. Other modifications include leaving a small part of the tubular graft below 
the prosthetic valve to simplify and secure aortic annular anastomosis [20–22], To simplify 
proximal annular anastomosis, a prefabricated composite graft with sinus of Valsalva can 
be chosen [23].

Conventional open heart surgery is the essential procedure for isolated ARR. Urgent surgery 
is usually preferred for life-threating pathologies of the aortic root, and standard approaches 
should initially be used for emergent situations or with concomitant cardiac procedures. 
Some more recent approaches toward more noninvasive surgery can be considered in elec-
tive, noncomplicated-isolated aortic root surgery. General anesthesia with full median 
sternotomy is the standard approach for aortic root surgery, and transesophageal echocar-
diography is mandatory in cases of aortic valve-sparing procedures. Awake cardiac surgery 
offers several advantages over general anesthesia, including the absence of tracheal intuba-
tion, reduced stress response, lower postoperative arrhythmias, and improved pulmonary 
outcome [24–26]. This approach may be more beneficial and safer in patients with chronic 
obstructive pulmonary disease who are frequently rejected for cardiac surgery [27, 28]. This 
approach should be only used in elective cases with noncomplicated aortic root surgery, 
whereas general anesthesia remains the preferred option in aortic valve-sparing procedures 
or in emergency situations.  Full median sternotomy is the versatile and most reliable option 
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to reach all sites of the heart, but minimal invasive incisions may be preferred in order to 
reduce invasivity and adverse effects of full median sternotomy. The full median sternotomy 
can be restricted only to perform aortic root surgery in the presence of other concomitant car-
diac pathologies, otherwise limited median sternotomy techniques are the best approach for 
isolated aortic root surgery due to shorter hospitalization periods, improved lung functions, 
reduced trauma effects, and early mobilization. There are two most preferred minimal inva-
sive incision techniques for access into the mediastinum: J sternotomy is the most preferred 
ministernotomy incision in isolated AVR operations [29, 30], but only upper reverse-T minister-
notomy is an appropriate approach to reach the aortic root and to perform all varieties of aor-
tic root surgeries [31, 32]. After the usual preparations, standard central arterial cannulation 
is established through the distal ascending aorta or the lateral wall of the mid aortic arch. If 
any dissection is present at the ascending aorta, the arterial cannulation should be performed 
through a patent peripheral artery [33]. Venous cannulation is prepared using a thinner sin-
gle two-staged venous cannula through the right atrial appendage or an appropriate venous 
cannula through the femoral vein, and venous return is maintained via a negative vacuum 
venous drainage system. A negative vacuum system is very effective in emptying the heart 
and can achieve left heart decompression without the use of a vent cannula. A vent cannula 
is passed through the right upper pulmonary vein into the left atrium. Cardiopulmonary 
bypass is established at 32°C, but if an extended operation time is predicted, perfusate tem-
perature decreases to 28°C. After cardioplegic arrest is accomplished, myocardial protection 
is achieved via an antegrade (direct coronary ostia) or a retrograde (through the coronary 
sinus) route.

Conventional open heart surgery is the essential procedure for isolated ARR and a type of 
procedure could be selected due to the pathology (Table 5). It is always a good idea to keep 
in mind that the ARR surgery is a life-saving procedure and there are not many drawbacks 
to the conventional procedures. On the other hand, less invasive or aggressive interventions 
may be chosen in elective and selective cases [34]. The first goal during ARR is to spare the 
competent aortic valve if possible. If not possible, the use of a composite graft to replace whole 
ascending aorta seems the most preferred option during ARR. The first choice of a prosthetic 
valve for ARR is a mechanical valve due to its simple handling, easy sizing, lower profile, 
long-term durability, and resistance to mechanical stress. Composite grafts with stentless 
bioprosthetic valves can be chosen in older patients to avoid valve-related late reoperations. 
But, using mechanical valve conduits could be changed to the use of bioprosthetic composite 
grafts in all age groups if the transcatheter methods offer similar or better results when com-
pared to reoperative ARR procedures. Although allografts can be the best option for the total 
ARR, their availability is very limited in most countries.

9.1. Total aortic root replacement procedures with aortic valve replacement

The modified Bentall technique with mechanical or stentless biological valve is the gold stan-
dard for the total ARR (Figure 3). The “modified” procedure describes the discontinuation 
of the practice of wrapping the aortic wall over the graft and the button anastomosis of the 
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coronary ostia rather than as required in the originally described technique. After aortic 
cross-clamping, a 2 cm transverse aortotomy is performed just above the STJ to visualize 
the aortic root and leaflets, and then the ascending aorta is divided completely. The sec-
ond step is resection of aortic sinuses and leaflets, which remains 3–5 mm over from the 
transected tissues. Preparing the coronary buttons with a 1.5 cm diameter cuff of the aortic 
wall and mobilizing over a short length to facilitate reimplantation is the last step before 
composite graft implantation. All other necessary concomitant procedures such as distal 
anastomosis of coronary bypass grafts and/or valvular repair/replacement are performed 
before the ARR. To prevent postoperative bleeding from the proximal anastomosis, a rein-
forcement suture joining the incised edge of the aortic wall and the prosthetic sewing ring 
can be used [35]. The miniskirt technique has been developed to secure proximal bleeding, 
where first all interrupted mattress sutures enter the aortic annulus, the sewing ring of the 
prosthesis and the vascular graft leaving a short segment, and then proximal hemostasis 
is secured with a running suture by buttressing the aortic remnants and graft edge [20]. 
Alternatively, a short skirt of Dacron tube can be added to the proximal end of a standard 
composite graft and sewn to the remaining native aortic wall to wrap the proximal annular 
anastomosis after the completion of the implantation of this modified composite graft on 
the aortic annulus [36].

A. Total aortic root replacement

I. With aortic valve replacement

1. Modified Bentall procedure

2. Cabrol procedure

3. Flanged procedure

4. Biologic Bentall procedure

a. Allograft

b. Xenograft

5. Ross procedure

II. Without aortic valve replacement (valve-sparing aortic root replacement)

1. Remodeling (Yacoub procedure)

2. Reimplantation (David V procedure)

B. Subtotal aortic root replacement (without aortic valve)

1. One sinus replacement

2. Double sinus replacement

3. Sinus of Valsalva aneurysm repair

C. Extensive aortic root replacement (with aortoventricular base)

Table 5. Aortic root replacement techniques.
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The Cabrol technique is carried out using a “moustache-shaped” interposition tubular graft (8 
mm) between coronary ostia and aortic graft (Figure 4). This technique can be very useful in 
reoperation procedures, where the mobilization of the coronary buttons is difficult, and also 
in severely calcified coronary ostia. Except coronary ostium anastomoses, all operative steps 
are similar to the modified Bentall procedure, as described in detail above. In some cases with 
an extremely large aortic diameter at the level of sinuses, the right coronary button anasto-
mosis can be challenging if the mobilization of the right coronary button is not adequate to 
reach the relatively small prosthetic neoaorta. Because this technique has worse outcomes 

Figure 3. Modified Bentall procedure.
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due to stenosis, thrombosis, and occlusion of the longer interposition graft, several modifica-
tions of this classic technique have been developed to mitigate these problems [37, 38]. There 
are three alternatives: an interposition graft can be anastomosed conjointly to coronary ostia; 
two small interposition grafts can be anastomosed between each coronary ostium and aortic 

Figure 4. Cabrol procedure.
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graft separately; one coronary ostium can be anastomosed directly and the second ostium is 
anastomosed with a separate interposition graft to the aortic graft.

The Flanged technique prevents anastomotic difficulties of the proximal end of the composite 
graft, bleeding or dehiscence at the annular anastomosis (Figure 5). This technique provides 
the continuance of the flexibility and elasticity of the proximal end of the composite graft [39]. 
This method may be the best alternative for tailoring the aortic root in all aortic root pathologies, 
especially in patients with a small aortic root requiring posterior annular enlargement, calcified 
aortic annulus, aortic root abscess, or subannular defects. The length of the flange (1–3 cm long) 

Figure 5. Flanged technique.
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is adjusted depending on these procedures. The flange of the composite graft is implanted to the 
aortic annulus, where remained 3–5 mm aortic valve and the ascending aortic tissues are used 
as a double-sided strip (the free end of the tubular graft is interposed between these tissues) to 
prevent surgical bleeding and late pseudoaneurysm. In nondestroyed aortic annulus, sequential 
pledgeted mattress sutures can be incorporated to prevent postoperative bleeding through inter-
sutures gaps. The newly created pseudosinusal tubular graft is the main preventive maneuver of 
this technique against stretching or kinking of the button anastomosis. The distal anastomosis of 
the composite tubular graft is performed in the same way as in the modified Bentall procedures.

The biologic Bentall technique with tissue composite graft provides an excellent hemodynamic pro-
file similar to the native aortic root, very low transvalvular gradient, no anticoagulation, and 
very low risk of infection; however, the main disadvantage is structural degeneration. Allograft 
implantation is a reliable solution for the total ARR instead of prosthetic composite conduit 
options. The main indications are active destructive aortic valve endocarditis with root abscess, 
small aortic root in older patients, and contraindications against anticoagulation. But the use of 
allografts is infrequent because of limited availability of donors and the larger size roots. The 
root replacement technique has several advantages such as no distortion of the commissural 
positions, no asymmetry for the size mismatch, and the total exclusion of the native root pathol-
ogy. In the case of a need of a patch or tissue below the aortic annulus, the mitral anterior leaflet 
of the allograft is also trimmed at this stage. Resection of the native aortic root with preparation 
of coronary buttons is similar in the Bentall procedure. Xenograft is a useful option for biologic 
Bentall because of the large availability of different sizes, improved durability, stentless struc-
ture, and reduced cost. Implantation of xenografts is very similar to aortic allograft [40].

The Ross technique is based on transferring the pulmonary root to the aortic position and the 
replacement of the pulmonary root with a pulmonary allograft or stentless porcine roots [41]. 
The pulmonary root can be an optimum substitute to the native aortic root, with a similar 
physiology and hemodynamic profile. The size difference between aortic and pulmonary 
annulus should not be more 2 mm, otherwise the diameter of the dilated aortic annulus should 
be reduced. The main advantages of the Ross technique are resistance to infection, no need for 
anticoagulation, and capability for somatic growth. However, the technical complexity of the 
operation and the risk of reintervention of the biologic grafts have limited widespread usage 
of the Ross procedure [42].

9.2. Total aortic root replacement with aortic valve sparing procedures

Aortic root pathologies with normal anatomic structure of the aortic leaflets causing signif-
icant aortic regurgitation are the primary indication for sparing aortic valve with/without 
aortic valve repair during the total ARR. Aortic valve sparing procedures allow avoidance 
of anticoagulation, prosthetic material, and postoperative transvalvular gradient. There are 
two major techniques with own advantages and disadvantages. The remodeling technique 
is preferred if any annular stabilization is not necessary, while the reimplantation technique 
is essential if annular stabilization is inevitable. The proximal anastomosis is completely dif-
ferent from valvular composite graft procedures, but coronary and distal anastomoses have 
similar surgical technical details to the modified Bentall procedure.
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The remodeling technique (Yacoub procedure) does not touch the aortic annulus and/or subannular 
area (Figure 6). The ascending aorta is transected 2 cm above the sinotubular junction and then 
three sinuses of Valsalva are resected, leaving approximately 5 mm of aortic wall above the 
annulus for suturing of the tubular graft. The three commissures are hung up until the aortic 

Figure 6. Remodeling technique (Yacoub).
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Figure 7. Reimplantation technique (David V).
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leaflets coapt, and then appropriate sizing is performed to select the suitable graft. The stentless 
valve seizer is the easiest way to measure the annular diameter, and the number of seizer is the 
true graft size when it fills the aortic annulus. Three commissures are marked on the tubular 
graft and it is tailored to make three neo aortic sinuses, and their heights should be equal to the 
diameter of the graft. The graft with three tongues is sutured to the aortic wall at the annulus.

The reimplantation technique (David-V procedure) is useful for annular stabilization (Figure 7). 
The resection of the aortic root is similar to the remodeling technique, except graft preparing 
and suturing. If the ascending aorta dilatation causes aortic regurgitation with normal aortic 
annulus, the graft size must be equal to the annular diameter. In all other situations with 
aortic annular dilatation, the graft size should be decided very carefully. Because the straight 
graft causes native aortic valve deterioration, pseudosinuses are essential for avoidance of late 
valve degeneration. The larger graft is preferred for neo aortic root with neo pseudosinuses 
and the smaller graft is used for neo ascending aorta. To measure and decide the appropriate 
proximal tubular graft size, intra- or supra-annular seizers for stented bioprosthetic valves 
can be used [43]. If an intra-annular seizer is used, the appropriate graft size must be equal to 
the number of seizer (= inner diameter) + 5–6 mm. If a supra-annular seizer is used, the seizer 
is placed onto the aortic annulus and the base of three trigons should be visible through 
the supra-annular seizer. The appropriate graft size must be the number of seizer (= inner 
diameter) + 1–2 mm. When Valsalva graft is used for the reimplantation technique the graft 
size must be equal the height of the NCC-LCC commissure, which is equal to the external 
diameter of the sinotubular junction [44]. All mattress sutures with or without pledgets are 
passed from the inside of the left ventricle to the outside just below the aortic valve and then 
through the base of the graft and tied. That achieves annular reduction in patients with annu-
lar dilatation. The other important step is creating the correct position and height of com-
missures within the graft, which is the main mechanism to prevent leaflet prolapses and to 
secure competence of the aortic valve. After three placement sutures are tied, the aortic wall in 
each sinus is sutured continuously to the inside of the graft. The coronary artery reimplanta-
tions are performed by using the same procedure as described for the total ARR. The second 
smaller graft is anastomosed to the first graft, which helps to build a neo sinotubular junction 
and the crown-shaped aortic annulus. The key point during the anastomosis of both grafts 
together is to take the equal distance from both grafts for each bite at the commissural levels 
and longer from the proximal graft between commissures. This maneuver narrows intercom-
missural distance, which has been created by the larger proximal graft, to create an equal ring 
as a reduced annular ring [45].

9.3. Subtotal aortic root replacement procedures

These techniques are subtypes of the standard remodeling technique and popularized to 
avoid either a total composite or aortic valve sparing root replacement procedure. The aor-
tic root seems more or less intact, and may distort aortic valve functions. Subtotal aortic 
root remodeling techniques can be preferred if all three sinuses are not involved without 
an aortic annular dilatation. Significant aortic annular dilatation requiring annular fixation 
is a  contraindication for these approaches. Another indication is supravalvular stenosis, 
which can be congenital or acquired, and the repair option of this pathology depends on 
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its  involvement: single [46], double [47], or triple [48] sinus replacement. Isolated sinusal 
involvement usually affects NCS, especially in a bicuspid aortic valve. Aortic root enlarge-
ment is not diffuse and both coronary sinuses seem normal. The other rare pathology is 
restricted aortic dissection with/without involving the ascending aorta and chronic heal-
ing surrounds the dissection tear. The affected sinus can be replaced with a patch or with 
prosthetic tubular graft having a tongue-shape extension. If ascending aorta replacement is 
not necessary, a Dacron patch is tailored as a new sinus and sutured to the annulus of the 
resected sinus of Valsalva. The shape of the patch should be appropriate to the sinus, but the 
width should be <10 mm more than the diameter between two commissures and the height 
<10 mm more than the diameter from the annulus to the sinotubular junction. Subtotal root 
remodeling on the two sinuses can be chosen for acute aortic dissection without left coronary 
ostial involvement if aortic root dilatation is not greater than 35 mm, which can prevent the 
reimplantation of the left coronary ostium. On the contrary, if both coronary sinuses are 
involved or the presence of aortic annular dilatation requires aortic annular stabilization, 
any total ARR is more meaningful.

9.4. Sinus of Valsalva aneurysm repair techniques

Repair is recommended for ruptured aneurysms, significant aortic valve regurgitation, associ-
ated intracardiac abnormalities, or symptomatic unruptured or enlarging aneurysm. Rupture 
of sinus of Valsalva aneurysm is a life-threatening complication and requires immediate sur-
gical or interventional closure. Surgical closure is the gold standard treatment, but percuta-
neous closure can be chosen in very sick patients [49]. Different surgical approaches can be 
used: transaortic, double-chamber, or involved chamber. The transaortic approach is used for 
isolated sinus of Valsalva aneurysm with/without aortic regurgitation, especially in unrup-
tured cases. The double-chamber approach is chosen mostly in ruptured aneurysms because 
of closing defect from both sides or the presence of any intracardiac pathology [50]. The last 
approach is used very seldom because of possible bacterial colonization or thrombus forma-
tion inside the aneurysm, or recurrent fistula formation or rupture of aneurysmal sac. The 
goals of repair are removing the aneurysmal sac, closing the defect primary or with a patch 
or with valve replacement, and repairing any associated defects. Patch closure at the aortic 
end is the most preferred technique, which minimizes aortic leaflet distortion, with/without a 
concomitant surgery for aortic valve repair.

9.5. The extensive aortic root replacement technique

Aortic root abscess continues to challenge cardiovascular surgeons, because uncontrolled 
aortic root abscess can manifest itself as a burrowing pathology destroying the whole 
aortic annulus and extending proximally into the left ventricular outflow tract, a cardiac 
fistula or a rupture into a cardiac chamber, a pseudoaneurysm, or an arrhythmia lead-
ing to hemodynamic instability. Early and extensive surgical intervention of aortic root 
abscesses is essential, and the complexity of the surgical treatment ranges from partial 
resection of the aortic annulus and surrounding tissues to radical removal of the base of 
the heart—including the entire aortic root, the intervalvular fibrous body, and part of the 
interventricular septum.
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The extensive ARR technique is the only option to rebuild the left ventricular outflow tract 
due to the reconstruction of the neo aortoventricular continuity in the isolated aortic root 
abscess. The flanged technique with the elongated tubular graft below the prosthetic valve is 
the best option for solving this life-threatening sequel and reconstructing the aortic root [51]. 
A larger (3 cm) segment of the proximal end of the tubular graft is implanted in a circular 
manner with 2–0 interrupted sutures supported by large Teflon pledgets placed subannu-
larly on healthy tissue at the native left ventricular outflow tract. Both ends of the sutures are 
passed through the proximal free end of the flanged portion of the conduit in order to use that 
part as a strip between knots and the myocardial aortic wall.
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Abstract

Aortic arch aneurysm is a complex aortic pathology which affects one or more aortic arch 
vessels. In this chapter, we explore the hemodynamic behavior of the aortic arch in aneu‐
rysmatic and treated cases with three currently available treatment approaches: surgery 
graft, hybrid stent‐graft and chimney stent‐graft. The analysis included time‐dependent 
experimental and numerical models of aneurysmatic arch and of the surgery, hybrid 
and chimney endovascular techniques. Dimensions of the models are based on typical 
anatomy, and boundary conditions are based on typical physiological flow. Flexible and 
transparent experimental models were used on a mock circulation in vitro experimen‐
tal system to allow both visualization and time‐dependent flow and pressure measure‐
ments. The simulations used computational fluid dynamics (CFD) methods to delineate 
the time‐dependent flow dynamics in the four geometric models. Results of velocity vec‐
tors, flow patterns, pressure and wall shear stress distributions are presented. Both the 
numerical and experimental results agree on the poor hemodynamics of the aortic arch 
aneurysm and present the hemodynamic advantages of the surgery technique, implying 
the possible advantage of fenestrated stent‐graft for the aortic arch. Out of the two mini‐
mally invasive procedures, the hybrid procedure clearly exhibits better hemodynamic 
performances. The chimney graft technique is based on off‐the‐shelf devices; thus, it is 
low in cost and requires less pre‐operation preparations. However, it is associated with 
higher risks for complications, such as endoleaks and stroke. This chapter may give some 
insight into the hemodynamic characteristics of the different procedures.

Keywords: thoraces aortic aneurysm, endovascular repair, stent‐graft, CFD, in vitro 
visualization

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Aortic arch aneurysm is a rare condition of aortic aneurysm with relatively high fatal risk for 
fast enlargement and rapture [1–3]. Aortic arch aneurysms or thoracoabdominal aneurysm 
(that involves large portions of the aorta) are considered complex aortic pathologies require 
coverage of one or more aortic arch vessels (as sketched, for example, in Figure 1a) and are 
usually repaired using total vessel replacement via open surgery (as sketched in Figure 1b).

The introduction of endovascular aneurysm repair (EVAR) offers an attractive minimally 
invasive alternative for diseases of the aortic aorta. This technology has advanced to treat 
more complicated cases of aneurysm thanks to advances in imaging and materials technol‐
ogy. The surgical procedure for aortic arch replacement is considered one of the most chal‐
lenging cardiac surgeries, which often requires a combination of median sternotomy and 
lateral thoracotomy and usually requires aortic cross‐clamping and hypothermic circulatory 
arrest. It is a highly complex operation which carries a substantial risk of morbidity and mor‐
tality [4, 5]. The EVAR alternative, on the other hand, is a procedure that requires only small 
incisions in the groin, local anesthesia and without interrupting blood flow. EVAR procedures 
are associated with a lower morbidity and mortality compared to open repair technique [6–8].

However, EVAR techniques face a major challenge in the repair of the aortic arch, which is to 
maintain blood flow to the side branches in the sealing zone of the graft [9]. Since this condition 
is relatively rare and complicated, no standard clinically approved device was introduced yet 
and most of the reported clinical solutions to overcome this challenge are patient specific in 
house combination that can fall into one of the two major approach classifications: (i) the graft 
procedures using fenestrations or chimney technique (e.g., chimney of innominate artery, as 
sketched in Figure 1c), or (ii) the total hybrid debranching procedures (Figure 1d) [10].

In the chimney graft technique [7, 11, 12], a covered stent is placed parallel to the main aortic 
stent‐graft, similar to a chimney, providing the necessary blood perfusion to the vital upper 
branches. In order to distribute the blood flow among the other upper branches, bypasses are 
also required between the side branches. For example, a bypass between the innominate artery 
(IA) and the left subclavian artery (LSA) and between the LSA and the left common carotid 

Figure 1. Schematic illustrations of aortic arch with: (a) aneurysm; (b) surgery graft; (c) chimney SG and (d) hybrid graft.
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artery (LCCA), as shown in Figure 1c. The chimney graft technique allows the use of standard 
off‐the‐shelf covered stents for an emergency or immediate treatments of challenging aneurysms 
without sufficient neck, allowing an alternative to fenestrated stent‐grafts in urgent cases [13].

In the hybrid total aortic arch debranching, a bifurcated Dacron graft is connected to the 
ascending aorta using a proximal end‐to‐side anastomosis [14–17]. The deployment of the 
endograft is done after bypassing the LSA as shown in Figure 1d.

Both approaches were proven to be technically feasible with high short‐term technical suc‐
cess rate and relatively favorable rates of perioperative outcomes. Long‐term outcomes remain 
undefined [12, 18–20]. The hybrid technique is considered to have better performance [21]; 
however, it uses custom‐made devices associated with long manufacturing times and increased 
costs [22]. The chimney technique has the advantage of applying available off‐the‐shelf devices, 
being technically less complicated. However, in high‐risk patients, it is associated with a rel‐
evant morbidity, mortality and reintervention rate. Therefore, it is often recommended only for 
patients not suitable for conventional aortic arch repair or emergency cases at present [23, 24].

In this study, we show the similarities between the numerical mesh and the visualization 
 models, thus properly representing the case, while obtaining similar flow patterns and 
regimes.

2. Methods

2.1. Experimental models

Four silicone prototype models were procured by dipping, representing typical anatomical 
geometries of the four cases. A hybrid graft was manually fitted using Propoxy 20 as seen 
in Figure 2a, to modify the healthy case. Figure 2b displays the resulted hybrid model after 
being fitted with the hybrid graft and a placement of a bypass between the LCCA and LSA. 
Note the clipping of the LCCA and IA arteries at their connection point to the aortic arch 
according to surgery specs using silicone glue.

Figure 2. (a) Fitting the hybrid bypass mold to the real size model according to surgery specifications and (b) the resulted 
model.
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Modifying a healthy case model to a chimney graft model was done, by inserting a 10‐mm 
diameter tube—representing a stent‐graft (SG) from the IA down to the aortic arch as seen 
in Figure 3a. In order to enable the insertion, the IA was cut and reconnected to the aortic 
arch. Figure 3b shows the permanent placement of the inner tube representing a SG. Note the 
bypass connection to the various arteries using an adhesive.

After gluing all of the models and bypasses, every model underwent a pressure test to insure 
no endoleaks. The hybrid model during visual sealing verification prior to a pressure test is 
seen in Figure 4a and during a pressure test in Figure 4b. Note the stream of water leaking 
from the bypasses connection to the LSA.

The four finalized models are seen in Figure 5.

Figure 4. The hybrid model (a) during a pressure test. Note the leaking water stream at the bypasses connection point 
and (b) after fixing the leak.

Figure 3. Remodeling the original model to match the chimney technique. Note the: (a) insertion of the stent graft into 
the Aortic arch and IA, (b) the permanent placement of the inner tube modeling the SG and (c) the connection of the LSA 
and LCCA arteries to the IA via a bypass.
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2.2. Pulse duplicator flow loop and particle image set‐up

An in vitro experimental set‐up was utilized to create image aortic, graft and bypass flow. 
A pulse duplicator flow loop was constructed to generate pulsatile flow to mimic the physi‐
ological conditions of the arterial system using a positive displacement pump (enabler by 
hemo dynamics) as seen in Figure 6a. Each model was placed in turn into the system, where 
the aortic root was connected to a model of a three‐leaflet aortic valve which was connected to 
a bubble trap and a pulse duplicator. A series of valves were placed at the IA, LSA, LCCA and 
descending aorta, respectively, to control pressure and flow rates as seen in Figure 6b. The 
mean inlet flow rate was set at 4 L/min at 60 beats per minute. Flow volume in the IA, LCCA 
and LSA was set to 0.4, 0.32 and 0.28 L/min, respectively, according to common physiologi‐
cal distribution rates. The IA, LCCA and LSA arteries were then reconnected to a reservoir.

Warm water (37°C) was utilized while letting the system work for several hours prior to the 
experiment in order to reduce the air solubility in the water.

A 532 nm laser with a diverging lens was placed at a distance to form a thin sheet of light. A 
high speed camera (Bonito, Allied vision technologies, Germany) was placed at a 90° angle 
beneath the model. Fluoresentric particles were then injected into the system, and videos and 
still shots were taken and analyzed.

Figure 5. (a) Typical model dimensions and (b) the four silicone models.

Figure 6. (a) The experimental system. The pulse duplicator is seen on the right and (b) measuring flow rates at the IA, 
LCCA and LSA.
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2.3. Numerical analysis

The numerical model is fully described in previous publications [19] and is briefly described 
below. The numerical analysis included computational fluid dynamics (CFD) simulations of 
the time‐dependent flow in models of the aneurysmatic arch and of the surgery, hybrid and 
chimney endovascular techniques (Figure 7), identical to the experimental models.

The numerical model is fully detailed elsewhere [19] and will be presented here briefly. The model 
solves numerically the equations governing momentum and continuity in the fluid domain:

    
∇ ⋅ V = 0

   ρ   DV ___ Dt   = − ∇ p + μ  ∇   2  V + ρg   (1)

where p is static pressure, t is time, V is the velocity vector, ρ and μ are density and dynamic vis‐
cosity of the fluid, respectively, and g is the vector of gravity. The flow was assumed laminar and 
the fluid was assumed homogenous, incompressible (with density ρ = 1 g/mL) and Newtonian.

In order to compare the numerical models with the experiments, the simulations used water 
(with viscosity μ = 1 cP). In addition, simulations with blood (μ = 3.5 cP) were also performed.

The boundary conditions were similar to those specified for the experimental apparatus. The 
time‐dependent inlet aortic flow and outlet pressure are shown in Figure 8a. Flow distribu‐
tion between branches outlets was imposed as described in Figure 8b.

The commercial software ADINA (ADINA R&D Inc., MA) was used to solve the set of fluid 
equations using the finite‐element scheme. The numerical meshes consisted of 0.5–1 M tetra‐
hedral elements each. For each case, a single cardiac cycle was analyzed with 10 time steps per 
cycle. Mesh and time‐step validation test were performed as detailed in previous reports [19].

Figure 7. The four numerically meshed models (top—full models and bottom—magnified view).
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3. Results

The resulted flow fields as calculated and visualized in the four cases are presented in Figures 9–14.

In the aneurysmatic case, three noticeable vortices are calculated (as seen in Figure 9a) and visu‐
alized (Figure 9b). In both methods, similar flow patterns dominant the flow field, including a 

Figure 9. Flow patterns in the aneurysm case—(a) CFD particle trace and (b) visualization.

Figure 8. Boundary conditions of the numerical models: (a) inlet aortic flow and outlet pressure, as a function of time 
and (b) flow distribution between side branches (IA, innominate artery; LSA, left Subclavian artery; LCCA, left common 
carotid artery; DA, descending aorta).
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single major vortex toward the center of the aneurysm accompanied by a shear layer between 
the vortex and the aneurysm wall. During diastole, a single vortex appears at the branching 
point of the IA with the aortic arch and a smaller vortex preceding the aneurysm.

Figure 10 shows flow patterns in the surgery graft case as calculated (a and b) and visualized (c). 
The branching arteries provoke vortices that form during the diastole. Helical flow starts near 

Figure 10. Flow patterns in the surgery graft. (a and b) CFD particle trace (c) visualization.

Figure 11. Flow patterns in the chimney graft (a) CFD particle trace at the IA branching (b) CFD particle trace in the aorta 
adjacent to the chimney graft (c) visualization.
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the branching arteries and down streams toward the descending aorta as seen in Figure 10b. 
A noticeable vortex appears at the branching point of the IA with the aorta. Two more vortices 
appear at the bottom section of the aortic arch where the helical flow is generated.

Figure 11 shows flow patterns in the chimney SG case as calculated (a and b) and visual‐
ized (c). Large vortices are found at the IA origin and at the SG's intake. Smaller vortices are 
formed adjacent to the SG.

The flow in the bypass connection with the IA, LCCA and LSA are shown in Figure 12. 
Vortices are found at the exit point from the SG to the IA, at the anastomosis to the LCCA and 
at the connection point of the bypass with the IA and LSA.

In the hybrid graft case (Figure 13), a vortex is seen at the branching point of the graft with 
the aorta. Smooth flow is seen in the graft and bifurcation. Vortices also appear at the stumps 
of the IA, LCCA and LSA. Vortices are also found at the bypass connection to the LCCA and 
LSA (Figure 14) and at the LSA stump.

Figure 12. Flow patterns in the chimney bypass (a) CFD particle trace (b) visualization.

Figure 13. Hybrid graft (a) particle trace (b) visualization.
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4. Discussion

In this study, four numerical models were built and verified using an in vitro experimental 
method. The models represent aortic arch aneurysm and three different treatment approaches. 
Comparison of flow patterns between the numerical and experimental results exhibits similar 
flow regimes in all four models, indicating the validity of the numerical model.

In the aneurysm case, poor hemodynamics is well demonstrated. A large vortex occupies the 
entire aneurysm sac, and in its center, a single significant stagnation point is observed, espe‐
cially during diastole as seen in Figure 9. This induces poor particle washout and has a high 
risk of thrombus formation, as shown in previous studies as well [25, 26].

The surgery graft case demonstrated the best hemodynamics performance of all cases. The flow 
patterns deduced from the numerical analysis are clearly seen in the visualization (Figures 9–14). 
The helical flow that is generated at the aortic arch as seen in the numerical solution is noticed in 
vitro as well. This type of flow is consistent with findings from literature [27–29].

The chimney case (Figures 11 and 12) presented the most disturbed flow of all the three 
approaches. The large vortex at the insertion point of the stent‐graft provokes a strong shear 
layer and vortical area downstream. A second large vortex at the bend toward the IA is well 
shown in the numerical model, but was not visually confirmed by the experiments due to 
local reflections and light scattering from the model. In addition, a series of vortices forming 
in the stubs of the arteries where they connect to the bypass are clearly seen numerically and 
experimentally (Figure 12).

In the hybrid graft case, a single vortex is noticed at the connection with the aortic arch (seen 
in Figure 13), followed by clean flow in the hybrid grafts branching point. Visualization con‐
firms these findings. The bypass connection between the LSA and LCCA shows a vortex in the 
stub and is confirmed visually (Figure 14). Light did not reach the LCCA, and thus, visional 
confirmation was not possible.

Figure 14. Hybrid bypass (a) CFD particle trace (b) visualization.
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in the stubs of the arteries where they connect to the bypass are clearly seen numerically and 
experimentally (Figure 12).

In the hybrid graft case, a single vortex is noticed at the connection with the aortic arch (seen 
in Figure 13), followed by clean flow in the hybrid grafts branching point. Visualization con‐
firms these findings. The bypass connection between the LSA and LCCA shows a vortex in the 
stub and is confirmed visually (Figure 14). Light did not reach the LCCA, and thus, visional 
confirmation was not possible.

Figure 14. Hybrid bypass (a) CFD particle trace (b) visualization.
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This study is aimed at validating the numerical models using methods of visualization. The 
two methods were compared qualitatively by means of flow patterns analysis.

The resulted time‐dependent flow presented similar flow regimes and vortex configurations.

The analysis did not take into consideration the motion of the aortic wall [30], and we did not 
use patient‐specific geometries or boundary conditions. Nor turbulence or non‐Newtonian 
effects were considered. Yet, we believe that our models represent the dominant factors influ‐
encing the hemodynamics in the different cases.

The reason for model simplifications is that patients’ anatomy and physiology come in 
large variations, and whatever models used will lead to inaccuracy for the global analysis. 
Therefore, the models are based on representative prototype anatomical geometries, the 
boundary conditions are based on typical time functions from literature and the flow models 
were simplified. These assumptions might lead to some inaccuracies in the calculated values 
for specific patients, especially in WSS and pressure; however, it should not change the over‐
all conclusions of the study.

In conclusion, this study was aimed at introducing a valid numerical model for the differ‐
ent cases. Future research will use more accurate experimental analysis and will examine 
flow parameters in the different numerical models, including specific regions (like gutter and 
stumps), wall shear stress, pressure drops and perfusion.
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Abstract

An aging western and oriental population coupled with breakthrough advances in mod-
ern diagnostic imaging modalities has evoked renewed interest in the hitherto under-
diagnosed acute and chronic diseases of the aorta, which also include aortic aneurysm 
and aortic dissection. Although classical surgical strategies still dominate the clinical 
management of acute and chronic pathologies of the ascending aorta and the proximal 
arch region, the emergence of novel endovascular concepts has offered an interesting 
therapy alternative for the treatment of descending aortic pathology in suitable patients 
and is highly likely to evolve as the primary treatment strategy in majority of the cases. 
Moreover, the use of hybrid approaches combining surgical head-vessel debranching and 
interventional stent-graft implantation in an attempt to improve clinical outcome in aortic 
arch pathologies has helped avoid the high risk of open arch repair or complete replace-
ment. Notwithstanding these recent advancements, the complex nature of the underlying 
vascular disease still dictates that the proposed management of every diagnosed patient 
is discussed in a team constituting cardiologists, cardiac surgeons, anesthesiologists, and 
radiologists, with the conceptualization of individualized therapeutic strategies and con-
ducted in a center with significant surgical and endovascular experience.

Keywords: aortic dissection, aortic aneurysm, stent graft, endoleak, malperfusion

1. Introduction

The pathophysiological underpinnings initiating the development of thoracic aortic disease 
are complex and not fully understood. Standard treatment options in most instances have 
included surgical resection and interposition of vascular prostheses despite the risk of severe 
complications arising from surgical trauma [1–3]. Although significant advancements in sur-
gical procedures and intraoperative management have mitigated the risk of some of these 
adverse events, the perioperative mortality and morbidity remains high. Additionally, the 
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changing dynamics of demographic distribution in the western and oriental world have 
skewed the incidence of disease to an increasingly aging population, a patient group inher-
ently afflicted with a variety of comorbidities, thus foretelling the compounded risk of a sober-
ing surgical outcome.

The use of an endoluminal stent-graft prosthesis initiated as a revolutionary treatment con-
cept more than two decades ago for patients with thoracic aortic disease offered an interesting 
alternative to open surgery by circumventing certain obvious risks. The induction of recon-
structive remodeling of the diseased aorta by triggering a natural healing process through 
exclusion and depressurization of the aneurysmal process was an innovative interventional 
approach [4–6], with initial reports suggesting encouraging results for the treatment of vari-
ous aortic pathologies (e.g., degenerative aneurysm, mycotoxins aneurysm, traumatic injuries, 
aortic dissections, and penetrating aortic ulcers (PAU)). Scarce randomized data as well as the 
absence of long-term surveillance of treated patients has strengthened critique against this 
approach, and with the lack of a satisfying rebuttal, its universal adoption has consequently 
been hindered [7–10]. This comprehensive chapter describes current indications, techniques, 
and advancements in endovascular strategies in the treatment of thoracic aortic disease.

2. Classification

Aortic dissection and aortic aneurysm have been listed as the most commonly encountered 
pathologies of the thoracic aorta. The incidence of aortic dissection in the clinical arena is still 
relatively rare, with an estimated 2.6–4 cases per 100,000 in the general population reported 
in a year [11–13]. Statistics reveal that only around 0.5% of the patients presenting with chest 
or back pain in the emergency room (ER) suffer from aortic dissection [14]. The early phase 
of this disease, associated with significantly high mortality, is labeled an acute aortic dissec-
tion as documented symptom-onset is less than 2 weeks on presentation. Patients surviving 
the initial 2 weeks without any intervention are classified as suffering from a subacute form, 
while the chronic patients, who constitute about one-third of all patients with aortic dissec-
tion, survive longer than 90 days. The Stanford and DeBakey classifications of aortic dissec-
tion are further attempts to group different presentations according to the anatomical location 
of disease (Figure 1). The fundamental distinction lies in the presentation of either a proximal 
(involving the aortic root or ascending aorta) or distal (beyond the subclavian artery) loci. An 
untreated proximal aortic dissection is characterized by an initial mortality rate of more than 
1% per hour, which if left untreated results in death due to cardiac rupture, tamponade, heart 
failure from acute aortic regurgitation, or from major coronary closure [11–13]. The prognosis 
of a distal aortic dissection, popularly known as a Type B aortic dissection, is comparatively 
better clocking a 30-day mortality rate of about 10% [11–13].

In retrospect, little has been elucidated about the true prevalence and mortality rates of tho-
racic aortic aneurysms (TAA). An older population-based study reported an age- and gender-
adjusted incidence of 5.9 new aneurysms per 100,000 people-year in a Midwestern community 
over a 30-year period. The median ages for men and women were 65 years and 77 years, 
respectively, with the primary distribution of cases reflecting an affliction of the ascending 
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aorta in 51% of the patients, of the arch in 11% and of the descending thoracic aorta in 38% 
[15]. The Crawford classification that attempted to classify these aneurysms based on the ori-
gin of distal to the subclavian artery (Types I–IV) has recently been adapted and tweaked by 
Safi (Type V) [16] (Figure 2).

Figure 1. Classification of thoracic aortic dissection.
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3. Indications for endovascular stent-graft therapy

In the event of an aortic dissection, the sealing of proximal entry tears with a customized 
stent graft has proven to be the most effective method for excluding a growing aneurysmal 
false lumen. Although the closure of a distal reentry tear is also desirable, this is not particu-
larly necessary to achieve optimal results [12, 13, 17]. A favorable postinterventional outcome 
would constitute adequate depressurization and shrinkage of the false lumen, supplemented 
in an ideal scenario by a complete thrombosis of this lumen with consequent remodeling of 
the entire dissected aorta [18] (Figure 3).

Figure 3. Concept of interventional reconstruction of the dissected aorta with sealing of the proximal entries, 
depressurization of the false lumen, and initiation of false lumen thrombosis.

Figure 2. Classification of thoracic aortic aneurysms.
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The role of percutaneous fenestration in the management of aortic dissection is debatable 
and should be in all likelihood avoided considering its profile of unproven benefits and inter-
ventional risk. The relevance of a team of professionals experienced in treating aortic dis-
ease is absolute considering the necessity for a thorough evaluation of the clinical, technical, 

Disease etiology

 Aortic aneurysms

  Atherosclerotic/degenerative

  Posttraumatic

  Mycotic

  Anastomotic

  Cystic medial necrosis

  Aortitis

 Stanford Type B aortic dissection

  Acute

  Chronic

 Giant penetrating ulcer

 Traumatic aortic tear

Aortopulmonary fistula

 Marfan syndrome

Aneurysm morphology

 Aneurysm of the descending aorta

  Proximal neck length = 2 cm

   <2 cm if supraaortic vessels have been transposed prior stent-graft placement

  Distal neck length = 2 cm

  Diameter = 6 cm

Patients condition

 Preferentially older age

 Unfit for open surgical repair or high-risk patients

  Chronic obstructive pulmonary disease

  Severe coronary heart disease

  Severe carotid artery disease

  Renal insufficiency

Suitable vascular access site

Life expectancy of more than 6 month

Table 1. Current indication for stent-graft implantation.
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and anatomical criteria before a treatment strategy has been defined. The general indication 
for emergency placement of stent grafts has been extended to scenarios where patients have 
intractable pain associated with a descending dissection, develop a rapidly expanding false 
lumen diameter, percolate extra-aortic blood (as a sign of imminent rupture), or show signs 
of a distal malperfusion syndrome [11–13] (Table 1). The use of endovascular stent grafting as 
the primary strategy may be justified in the event of late-onset complications like malperfu-
sion of vital peripheral aortic branches.

4. Anatomical measurements for thoracic aortic pathology

Multi-slice computed tomography (CT) has special relevance in the diagnosis of aortic dis-
ease. In addition to the reconstruction of a three-dimensional perspective, certain descriptive 
features of the thoracic aorta outlining the condition of the aortic wall (atheroma, calcification, 
and thrombus) as well as shape and size of the aortic pathology (diameter, length, and shape) 
need to be elucidated before the formulation of treatment strategies [19].

Although an initial CT angiography/magnetic resonance (MR) angiography is considered 
as the primary diagnostic tool for aortic pathologies, the use of transesophageal echocar-
diography and intravascular ultrasound to ascertain additional valuable information has 
also been advised. For instance, flow-sensitive MR sequences or contrast-enhanced TEE 
not only shows the communication sites between true and false lumen, but it also high-
lights the dynamic flow pattern in the false lumen prior to stent-graft placement. The use 
of contrast angiography has limited potential in this scenario as measured values are gen-
erally unreliable.

The measurement of vessel diameters is generally not defined by any set of conventional prac-
tice and operators usually refer to calculations derived from the inner vessel wall (endothelial 
trailing edge) hinging their assumption on the basis that this will guarantee some degree of 
oversizing, a potentially desirable outcome for endograft placement. Our in-house protocol 
delineates the diameter of the normal appearing proximal aorta (inner edge to edge) mea-
sured from a transverse plane perpendicular to the long axis of the aorta (preferentially from 
contrast-enhanced multi-slice CT images) (Figure 4).

The evaluation of access vessels for size and tortuosity is also pertinent because stent-graft 
delivery systems are quite large (up to 24F), and there is an associated risk of significant 
trauma to the femoral access site and iliac arteries. Severe aortic angulation or tortuosity, fri-
able atheroma or thrombus lining the aortic wall, and aortic pathology involving the ascend-
ing aorta are some features that preclude the use of thoracic stent grafts. Additionally, the role 
of appropriate peri-interventional image reconstruction in aortic arch pathology is further 
cemented when considering the placement of a stent graft for a Type B dissection, where the 
demarcation of nearby aortic branches (including the left subclavian or left common carotid 
artery) is vital.
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5. Initial treatment

An acute aortic disease is a medical emergency and suspected patients require urgent 
admission to an intensive care or monitoring unit with an emphasis on immediate diag-
nostic evaluation [20]. Initial management strategies include the treatment of pain and 
maintenance of a systolic blood pressure of 110 mmHg with the use of morphine sul-
phate and intravenous beta-blockers (metoprolol, esmolol, or labetolol), respectively. The 
use of additional anti-hypertensives like angiotensin-converting enzyme inhibitors or 
vasodilators like sodium nitroprusside has been prescribed in refractory cases, while the 
intravenous use of verapamil or diltiazem is recommended for patients in whom beta-
blockers are contraindicated. Although monotherapy with beta-blockers sufficiently con-
trols cases of mild hypertension, the addition of sodium nitroprusside at an initial dose 
of 0.3 μg/kg/min proves to be an effective combination in a severe hypertensive state. A 
careful evaluation for blood loss, pericardial effusion, or heart failure (by echocardiog-
raphy) is a prerequisite before administering volume in normotensive or hypotensive 
patients. Additionally, the control of heart rate is of utmost importance in this scenario 
[21]. Hemodynamic instability compounds to the gravity of the clinical situation, with 
patients often requiring endotracheal intubation, mechanical ventilation, and urgent bed-
side transesophageal echocardiography or rapid CT for confirmation of the provisional 
diagnosis. In rare instances, the diagnosis of cardiac tamponade as quantified by transtho-
racic echocardiography may justify an immediate sternotomy in order to obtain surgical 
access to the ascending aorta, thus reducing the risk of shock, ischemic brain damage, and 
circulatory arrest.

Figure 4. CT scan of a patient with dilated thoracic aorta. Due to the fact that the aorta follows a curved and three-
dimensionally tortuous path, the axial scans are inadequate for measuring aortic diameters, as are sagittal and coronal 
planes for measuring aortic lengths.
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6. Technique of endovascular stent-graft placement

The use of individually selected stent grafts to cover up to 20 cm (and sometimes even more) of 
the diseased aorta relies on measurements derived from different diagnostic modalities. These 
tests also have certain additional benefits. The transesophageal echocardiography is man-
datory for detection of small entries, while contrast-enhanced CT (Computed tomography) 
angiograms have proven to be the preferred tool for diagnosis of unstable patients in an emer-
gency situation. The use of intravascular ultrasound (IVUS), using a 10 MHz ultrasound cath-
eter-mounted transducer with the potential of manual maneuverability through the diseased 
aorta, can be used to better identify communications, partial thrombosis, or other anomalies.

The operative placement of an endovascular stent graft is usually performed in a Cathlab 
or a hybrid operating room equipped with digital angiography and necessary support for 
general anesthesia (a compulsory prerequisite for all patients). The femoral artery gener-
ally serves as the access-site as it could typically accommodate a 20–24 stent-graft system. 
After the employment of the Seldinger technique to position the initial sheath, a 260 cm 
stiff wire (e.g., Amplatzer) is placed over a pigtail catheter and navigated along with a 
soft wire in the true lumen under both fluoroscopic and transesophageal ultrasound guid-
ance. The “embracement technique” augmented by the use of two pigtail catheters could 
prove useful in maintaining the true lumen during complex cases when multiple reentries 
into the abdominal aorta are required. Essentially, a catheter inserted via the left brachial 
artery navigates through the true aortic lumen and meets the femoral pigtail catheter in the 
true lumen of the abdominal aorta, thence pulling it up into the aortic arch. This technique 
ensures the definitive positioning of the stiff guide wire within the true lumen necessary 
for the ensuing endovascular intervention. The subsequent launch of the stent graft is per-
formed by carefully advancing the graft over the stiff wire in the true lumen while briefly 
maintaining a low blood pressure through rapid right ventricular pacing [22]. To improve 
apposition of the stent struts to the aortic wall in the event of incomplete sealing of the 
proximal thoracic communications, a latex balloon may be shortly inflated at the target site 
postdeployment of graft and sealing of entry flap. Doppler-ultrasound and contrast fluo-
roscopy are useful techniques instrumental in confirming the immediate result and play a 
vital role when initiating adjunctive maneuvers. The navigation of wires and instruments is 
less cumbersome in the setting of a thoracic aortic aneurysm (TAA) or aortic ulcer; however, 
meticulous intraprocedural ultrasound imaging and fluoroscopy are essential to monitor 
the interventional progress. The close vicinity of the left subclavian artery origin to the 
primary tear in Type B dissections presents a unique anatomical problem, often requiring 
a radical solution. A complete closure of the left subclavian artery (LSA) ostium may be 
necessary at times to ensure the proper placement and debranching of the stent graft, else 
use of extra-anatomical bypasses would have to be considered [23]. Observational evidence 
dictates that prophylactic surgical maneuvers are not always required but could be per-
formed electively after the endovascular intervention in the event of developing ischemia. 
Additionally, the existence of potential supra-aortic variants (e.g., presence of a lusorian 
artery, an incomplete vertebra-basilar system, or vertebral arteries directly originating from 
the arch) must be considered before the intentional occlusion of LSA [24].
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7. Device sizing and length

A key factor influencing strategies in aortic dissection and TAA interventions is the length of 
the true lumen that needs scaffolding with an endoprosthesis. The instinctual choice between 
covering primarily the proximal entry point and alternatively lining a longer length of the 
true lumen (where the descending thoracic aorta down to the level of the diaphragm is also 
treated) can significantly alter the course and prognosis of the intervention. Although a lon-
ger scaffold provides potentially greater stability and is associated with lower recurrence, the 
grave risk of potential paraplegia resulting from compromise in spinal arterial supply serves 
as the single biggest reason to avoid extensive coverage. Observational evidence indicates that 
stent-graft coverage exceeding 20 cm, previous abdominal aortic surgery, overstenting of the 
LSA, or use of the left mammary artery for coronary bypass is associated with an increased 
risk of spinal ischemia. Essentially, all scenarios leading to compromised collateral flow in the 
spinal cord arterial network are associated with an increased risk for neurological complica-
tions, thus underlining the need to avoid overstenting the LSA or use long stent grafts. The 
angiographic identification of the anterior spinal artery in this scenario has recently shown 
prognostic relevance.

The disadvantage of shorter coverage lengths is primarily associated with potential mul-
tiple reentries presenting themselves in the distal portions of the descending aorta and 
maintaining perfusion of the false lumen despite proximal entry-site closure. This deviant 
presentation can be managed by the use of uncovered bare metal stents ensuring distal 
reapposition of the dissecting lamella without any compromise to abdominal side branches 
or spinal arteries, in effect sustaining the distal extension of the scaffolding concept of 
endoluminal repair.

The proximal aspect of the device should be sized to the internal luminal diameter of the 
aorta, close to the left subclavian origin in order to achieve attachment and fixation at the 
proximal “neck.” TAA interventions may require a degree of device oversizing by about 
10–15%, while the endoprosthesis used in aortic dissection should never be oversized. Fatal 
complications are associated with excessive device oversizing, typically as a result of ensu-
ing trauma to the aortic wall, thus resulting in either a retrograde dissection into the arch or 
conversion of a Type B dissection into a Type A dissection. Cases of aortic perforation and 
formation of pseudoaneurysms have also been reported in literature. The countereffects of 
oversizing further distally into the descending thoracic aorta include the risk of tears in the 
membrane between the two channels, thus forming a new reentry point, and consequently 
sustaining the ongoing pressurized perfusion of the false lumen. However, if absolute mea-
sures do dictate the extensive scaffolding of the aortic lumen, the operator could choose to use 
two different shorter grafts instead of a single long graft. The final decision represents a com-
promise between the reduced number of modular junctions and additional frictional forces 
associated with the deployment of a long stent graft. The concurrent employment of two stent 
grafts, when deemed necessary, requires them being fashioned in a “telescopic” manner, with 
the amount of overlap exceeding 30 mm in straight anatomic segments and measuring up 
to 50 mm or more in the angulated or curved segments of the aorta. The geometry of the 
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presumed junction between the grafts provides some assistance in estimating the length of 
overlap required at the connecting zones. A key deciding factor in this situation is the length 
of the radius of the curve, with shorter radii requiring a longer stent overlap on the lesser 
curve. Another prominent factor influencing the decision regarding overlap is the degree of 
support provided by the native aorta at the modular junction. If the junction occurs in the sac 
of a large fusiforme aneurysm rather than in a segment of aorta with a normal diameter, the 
required overlap should be longer. The reason for this approach is a tendency for the graft 
to move out toward the greater curve of the aneurysmatic aortic segment due to mechanical 
forces associated with the pulsatile motion of the aorta, potentially causing a migration or a 
disconnection of the modular components.

8. Extended scaffolding with bare stents

The general consensus on management of entry tears dictates treatment with a covered stent 
graft, while the remaining distal thoracic or even abdominal aorta may be additionally sup-
ported by uncovered stents [25]. In selecting the suitable stent graft, the following principles 
should be followed:

 - An appropriate size and diameter is crucial to avoid erosion through the aortic wall and 
to assure optimal conformability.

 - The flexibility of the endoprosthesis and its release with a deployment mechanism should 
permit ease of use and provide accurate placement at the desired zone.

 - The fragility of the dissected wall directs the use of a stent graft that is not dependent on bal-
loon expansion for deployment or postdeployment modeling. Our experience suggests that 
the use of a self-expanding endoprosthesis with a nitinol-based architecture using limited 
radial force (in case of aortic dissection) is helpful in avoiding any untoward ballooning.

9. Landing zone

The three-dimensional mechanical forces associated with the pulsatile flow that “play” on 
an endoprosthesis in the thoracic aorta are far greater and more complex than those in the 
abdominal aorta. It is for this reason that an extremely stable graft-anchorage and optimal 
graft-apposition are prerequisites for a satisfying result. The proximal and distal landing 
zones should ideally be free of aortic wall atheroma or thrombi and circumscribe 15 mm 
in length. The contemporary hypothesis suggesting that the left subclavian artery is a nat-
ural barrier beyond which it is impossible to deploy stent grafts has been now rendered 
redundant.

The suitable presentation of the aortic arch between the left subclavian artery and the origin 
of the left common carotid artery, coupled with its relatively horizontal orientation in com-
parison to the aorta distal to the LSA, has encouraged interventionists to use this segment 
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of the aorta as a preferred anchor zone (with or without bypassing the LSA). To ascertain 
optimal cerebral circulation, it is considered prudent to perform a preinterventional digital 
subtraction angiography (DSA), CT, or magnetic resonance angiography. This could help 
identify patients with an incomplete circle of Willis or other limitations or abnormalities of 
cerebral vascular supply. In patients affected with a cerebrovascular pathology, prophylactic 
measures such as carotid-subclavian bypass might be considered prior to the stent-associ-
ated covering of the LSA. An obvious alternative is the use of bare stents proximally for bet-
ter alignment while foregoing the risk of occluding a vital branch.

10. Hybrid arch procedures

The relative proximity of supra-aortic branches needing preservation poses a strict interventional 
challenge, considering that the aortic arch anatomy and pathology is complicated by varying 
degrees of length and angulation [26–28]. The traditional open arch surgical reconstruction tech-
niques requiring perioperative hypothermic cardiac arrest, extracorporeal circulation, and selec-
tive cerebral perfusion have been shown to manage aortic arch pathologies effectively. However, 
these major surgical procedures carry the risk of significant mortality, paraplegia, and cerebral 
stroke. Younger patients with a smaller risk-profile qualify for such an open repair, while high-
risk patients constitute the group of candidates ill-suited for this surgical approach. Hybrid arch 
procedures are a combination of methods preserving cerebral perfusion (like the debranching 
bypass with supra-aortic vessel transposition) on the one hand, while objectively providing 
patient-centric solutions for complex aortic arch lesions through thoracic endografting on the 
other (Figure 5). Hybrid arch procedures are performed without hypothermic circulatory arrest 
or extracorporeal circulation, thus expanding the treatable population demographic to older and 
high-risk patients with severe comorbidities currently not eligible for open surgical repair.

Figure 5. Contrast-medium enhanced MR-angiography of the aorta in a case of an arch aneurysm. (a) Aneurysm of the 
aortic arch involving the supra-aortic branches. (b) Result after hybrid procedure with debranching of the supraaortic 
vessels and stent-graft placement in the aortic arch.
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11. Aftercare and long-term follow-up

The long-term care of patients successfully treated for an acute aortic dissection is pivoted on 
the appreciation of this disease as a systemic illness. Estimates suggest that nearly one-third 
of patients surviving an acute dissection of the thoracic aorta will either experience complica-
tions like extension of the dissection and late aortic rupture or require surgical correction of 
a newly formed aortic aneurysm, within 5 years of initial presentation [29]. All patients merit 
aggressive medical therapy, follow-up visits, and serial CT-imaging. The medical manage-
ment of these patients is primarily centered on therapy with beta-blockers, in essence serving 
as the cornerstone of successful aftercare. High blood pressure values and steeper curves 
representing changes in the blood volume and pressure (dp/dt) have been shown to acceler-
ate aortic expansion in Marfan’s syndrome and also in patients with chronic abdominal aortic 
aneurysms (AAA). The aim in patients with thoracic aortic disease is to balance blood pres-
sure values to less than 135/80 mmHg, while patients diagnosed with Marfan’s syndrome are 
advised to maintain blood pressure levels below 130/80 mmHg [11–13]. Additionally, an ade-
quate control of heart rate under 60 beats per minute has been associated with significantly 
fewer secondary adverse events (aortic expansion, recurrent aortic dissection, aortic rupture, 
and/or need for aortic surgery) in Type B aortic dissection patients [21].

Serial CT imaging of the aorta is an essential component of long-term management (before 
and after surgery or stent-graft placement). The choice of imaging modality, CT or magnetic 
resonance, is dependent on institutional availability and expertise. Past recommendations 
have suggested follow-up imaging at 1-, 3-, 6-, 9-, and 12-month intervals following discharge, 
and annually thereafter [11–13]. This aggressive strategy, in effect, underlines the observation 
that both hypertension and aortic expansion/dissection are common and not easily predicted 
in the first months following hospital discharge. The risk of dissection progression and aneu-
rysm formation anywhere along the entire length of the aorta cements the need for consistent 
follow-up imaging of the complete thoracic aorta and in exceptional cases, imaging of the 
thoracoabdominal as well as abdominal aorta.

12. Management of complications

12.1. Endoleaks

An endoleak is a condition defined by the persistence of blood flow outside the endovascu-
lar stent-graft lumen, contained within the aneurysm sac, or in certain cases adjacent to the 
vascular segment treated by the stent graft. Endoleaks generally persist for a long duration, 
with a few eventually developing a late aneurysmal rupture, while some may also resolve and 
close spontaneously.

The classification of endoleaks according to time of onset permits their grouping into “pri-
mary endoleaks,” when it occurs during the perioperative period (lesser than 30 days) or 
secondary leak when it is detected later. Further subcategorization requires precise informa-
tion on periprosthetic blood flow. A Type I endoleak is an indicator of a persistent perigraft 
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channel of blood flow caused by an inadequate seal at either the proximal (I-a) or distal (I-b) 
stent-graft end or attachment zones. A Type II endoleak is attributed to retrograde flow into 
the aneurysmal sac via aortic side branches, while a Type III endoleak is caused by compo-
nent disconnection (III-a) or fabric tear, fabric disruption, or graft disintegration (III-b). Type 
III-b can be further stratified as minor (<2 mm), or major (>2 mm). The Type IV endoleak is 
caused by blood flow through an intact but otherwise porous fabric, observed during the 
first 30 days after stent-graft implantation. If an endoleak is detected on imaging studies 
but the precise source cannot be determined, the endoleak is categorized as an endoleak of 
undefined origin.

Various strategies have been outlined for the treatment of endoleaks. The conservative line of 
management, essentially constituting strict observation and follow-up is especially suggested 
for Type II and Type IV endoleaks. An endovascular reintervention (e.g., balloon-inflation 
and/or implantation of an additional stent graft) is suggested for the management of Type I 
and Type III endoleaks. If these endovascular maneuvers fail in their attempt to exclude the 
aneurysm from circulation, the resulting increase in TAA-diameters could be corrected by 
open surgery.

13. Aneurysm evolution after stent-graft treatment

The thoracic aorta is defined by a set of unique anatomical features and habits a distinctive 
biomechanical and hemodynamic environment, which explains some of the rare late compli-
cations specific to device use seen in this region. The descending thoracic aorta, unlike the 
abdominal aorta, is relatively mobile in the thorax and is subject to complex and vigorous three-
dimensional motion. The only points of fixation are the aortic root and sites of origin of major 
branches, thereby permitting the mobility of a long aortic segment extending from the LSA to 
the celiac artery. This contributes to the elongation, angulation, and eventual enlargement of 
the thoracic aorta between these points, thus promoting the development of an aneurysm. The 
mechanical forces exert a complex pattern of dynamic circumferential, radial, and axial forces 
on thoracic stent grafts, resulting in a stress field significantly different than that exerted on 
abdominal stent grafts. It is, however, still relatively rare to see aneurysms develop in the dis-
sected aorta post stent-graft treatment. The relevance of strict clinical and imaging follow-up 
to monitor anatomical changes in the thoracic aorta is highlighted by the fact that the develop-
ment of a false lumen thrombosis secondary to thoracic endografting is essential to the preven-
tion of late aortic expansion.

A pertinent issue of concern is the fate of the distal aortic segment despite successful thoracic 
stent-graft placement. In the presence of large reentry points, the thoracoabdominal segment 
of the false lumen has a tendency to remain patent and remodel completely, setting the stage 
for late complications such as aneurysmal enlargement at the proximal or distal end of the 
stent graft. Some other complications include perforations of the fragile aortic intima by the 
ends of the metallic stent (especially in the early phase of acute aortic dissection), and inju-
ries caused by stiff guide-wires and device manipulation potentially setting the stage for an 
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 evolving aneurysm. The risk of these complications is noticeably diminished by the introduc-
tion of a more flexible and soft tip delivery system aided by minimally traumatic thoracic 
guide-wires specifically designed for these interventions. Additionally, the time required to 
perform an endovascular intervention could provide insight to complications such as stroke 
or bleeding; both of which could be significantly reduced by experienced interventionists 
requiring less than 30 min to complete a case. It has been also suggested that the patency of 
the abdominal aortic false lumen may be related to persisting communications between the 
true and false lumen. Treatment of these communications at the level of distal thoracic and 
abdominal aorta could potentially obliterate the false lumen and reduce the aortic diameter. 
In clinical practice, however, the closure is difficult to achieve because of the proximity or 
involvement of the visceral branches. Another late complication of graft treatment is related to 
the mechanical weakness of dissected aortic walls causing distention of the aorta beyond the 
portion covered by the stent graft. Prevention of these complications can be partially achieved 
during the primary procedure by ensuring adequate landing zones proximal and distal to the 
stent graft, and closure of large fenestrations along the length of the false lumen. The use of a 
provisional bare metal stent as a distal extension to the stent graft has been reported to facili-
tate aortic remodeling and help completely repair the distal dissected segments without com-
promising important side-branches (Provisional Extension To Induce Complete Attachement 
after stent-graft implantation (PETTICOAT) technique) [25]. This would address the problem 
of persistent perfusion within the false lumen as well as any increase in aneurysmal size.

14. Stent-graft infection

The infected prosthetic graft represents a rare complication that could be difficult to diagnose 
despite extensive work up, with consensus reached only after thorough analysis of imag-
ing, hematological, and clinical parameters. The presence of air, soft tissue accumulation, 
and progressive enlargement of the aneurysm sac is usually pathognomonic, and suspicious 
changes spotted in imaging coupled with raised markers of systemic inflammation and clinical 
symptoms are generally suggestive of an infective process. The diagnostic use of positron 
emission tomography (PET) radionuclide studies is a helpful tool in most cases. Prior to initi-
ation of treatment against thoracic endograft infections, data concerning diagnostic certainty, 
pathogenesis of the infecting microbe, the extent of infection, the presenting features, and the 
medical co-morbidities of a given patient need to be evaluated.

As with the treatment of all prosthetic graft infections, multiple management strategies have 
been proposed in this scenario. These include a conservative line of treatment with targeted 
intravenous antibiotics or also alternatively by direct puncture and application into the peri-
graft space; insertion of another stent graft into the potentially infected graft or excision of 
the infected stent graft with debridement of the surrounding tissue; and in-situ/extra-ana-
tomic vascular reconstruction. Irrespective of the applied strategy, the treatment of aortic 
graft infection remains difficult and problematic. In the absence of management algorithms 
defining treatment strategies in the varying forms of presentation and degrees of infection, 
individualized therapies need to be devised while weighing the risks in each scenario. In 
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general, a decision must be made as to whether treatment is to be potentially curative or pal-
liative. The curative treatment approach encompasses an aggressive open surgery, justified 
only in certain cases in lieu of the relatively high mortality associated with the procedure.

The palliative approach suggests placement of an endovascular graft (graft-in-graft approach) 
thereby preventing the risk of life-threatening bleeding or fistulation. Patients with complex 
graft disease should always be treated in experienced centers equipped to conduct all treat-
ment variations.

15. Retrograde Type A dissection following stent-graft placement

There have been cases reporting a proximal aortic dissection after placement of an endograft; 
the incidence of this complication, according to existing data, ranges presumably between 1 
and 2% and generally occurs shortly after the intervention [30, 31]. Chest pain or symptoms 
of an ischemic heart or brain should immediately alert the suspicion that a Type B dissec-
tion has modified itself to a Type A dissection, with a higher morbidity and mortality risk. 
An emergency Computed tomography angiography (CTA) and subsequent surgery are the 
only lifesaving options for the patient. There are several reasons why Type A dissections may 
occur after stent-graft placement in the descending thoracic aorta (Table 2).

In these cases, it is of absolute importance to advance the guide-wire, catheter, and endograft 
in the true lumen only. If doubts persist concerning the correct positioning of the guide wire 
(in the true or false lumen), the use of angiography and transoesophageal echocardiography 
is instrumental before initiation of the next step. Signs differentiating the true from the false 
lumen include luminal size, where the false aortic lumen is usually larger than the true lumen, 
as well as flow at entry, which is generally directed into the false lumen. This explains the 
damping of the pulse amplitude and a poorly palpable pulse in many of these patients.

Precise measurement of the proximal aortic dimensions is essential for the selection of the 
size of stent graft and successful sealing of aortic tears. In Type B dissection, the stent graft is 

The initial misinterpretation of a Type A dissection as a Type B dissection

Spread of the dissection into the ascending aorta or aortic arch due improper placement of the stent graft relatively 
distant to the LSA, or the possible maneuvering into the false lumen

Under- or oversizing of the stent graft, with consequent leaks or additional injuries to the aortic wall

Malapposition of the stent graft to the aortic wall at the proximal landing zone resulting in subsequent collapse of the 
proximal stent graft

Ballooning of the proximal end of the stent graft resulting in injury of the diseased aortic wall, thus causing the 
extension of the dissection in the aortic arch and ascending aorta

Development of a Type A dissection independent of the existing Type B dissection

Table 2. Cause of Type A aortic dissection after stent-graft implantation.
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normally placed with its proximal end directly at the origin of the LSA. The proximal landing 
of a stent graft is usually close to the LSA, even though the tear could be in the middle por-
tion; so performed, when considering the possibility of a dissection membrane developing a 
new tear between LSA and proximal end of the stent graft. In successful cases, angiography 
demonstrates a good result with complete sealing of the leak and absence of signs showing 
renewed opacification of the false lumen. Occasionally, a stiff endograft chafes on the fragile 
dissection membrane and a new endoleak may develop. This could possibly require addi-
tional stent grafting or eventually lead to open surgery.

16. Paraplegia after stent-graft placement

The risk of spinal cord ischemia is of significant concern post stent-graft placement as there 
is a frequent need to cover multiple intercostal arteries as also the artery of Adamkiewitz (the 
single prominent intersegmental branch from the aorta at the lower thoracic or upper lumbar 
level). Interestingly, around 3–12% of the stent-graft patients treated for aneurysms, dissec-
tions, ulcers, intramural hematoma, or aortic traumatic transsection are at risk to develop 
spinal cord ischemia. Although occlusion of important radicular arteries that originate from 
vertebral, intercostal, and lumbar arteries is primarily responsible for ischemia of the spi-
nal cord, associated factors such as ischemia-reperfusion and hypotension may also play a 
causal role in the development of paraplegia. This is a telling contradiction to the widely 
held impression that the coverage of the segmental artery or the orifices of the intercostal/
interlumbar arteries by the stent graft represents the single possible and most critical cause of 
spinal ischemia. Measures to prevent occurrence of paraplegia in stent-graft patients should 
include several aspects (Table 3).

Symptoms of paraplegia or paraparesis could be possibly reversed if a spinal tap is intro-
duced without any delay and arterial perfusion pressure is maintained at a systolic pressure 
of 140 mmHg by pharmacological means or volume replenishment.

Screening for high-risk patients
o Age > 75
o Anticipated endograft coverage between T9 and T12 (location of anterior spinal artery)
o Coverage of long segment (>20 cm)
o Compromised collateral pathways (e.g., LIMA as coronary artery bypass, infrarenal surgical aortic repair)
o Long extent of atherosclerotic lesions
-Early detection of spinal cord ischemia
o Somatosensory-evoked potentials
o Motor-evoked potentials
-Monitoring of cerebral or spinal cord perfusion and drainage (spinal tap decreases intrathecal pressure to 10–15 cm 
H2O to generate space for collateral arteries to fill and perfuse better)
-Prevention of perioperative hypotension

Table 3. Factors influencing the rate of paraplegia.
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17. Stroke after stent-graft placement

Stroke is a grave complication occurring post stent-graft replacement and reports of incidence 
vary between 0 and 18%. The instrumentation in the aortic arch has been known to produce 
an embolic shower in the brain, and the use of guidewires and catheters as well as bulky 
delivery systems carrying the stent grafts in endovascular interventions in this region supple-
ments to the risk. The need for balloon dilatation of stent grafts adds to the possibility of dis-
lodgement of particles from the aortic arch. It is also well known that proper flushing of the 
stent-graft delivery system does not guarantee the elimination of air contained in the crimped 
stent graft. Moreover, bubbles are also released with the deployment of the stent graft. The 
confirmation of an open contralateral vertebral artery with correct formation of the basilar 
trunk and absence of intracranial branch anomalies is a basic prerequisite in patients in whom 
subclavian artery closure is considered.

In summary, there is an absolute need to completely define the left vertebral artery with 
depiction of its origin, patency, and size, as well as the size and condition of the right verte-
bral artery including the constitution of the basilar artery and its branches before conducting 
a procedure involving the closure of the LSA. In patients with compromised cerebral circula-
tion, prior diagnosis of the four vessels with cerebral angiography is the recommended stan-
dard. When the left vertebral artery takes off from the aortic arch, occlusion of the LSA can 
result in severe ischemia of the left arm. If the left vertebral artery takes off from an aneurysm 
that is being excluded, it could result in a Type II endoleak, a severe steal phenomenon or 
even present as an ipsilateral posterior stroke. In such cases, a transposition of the LSA prior 
to the intervention is required.

18. Conclusions

Endovascular stent grafting represents an exciting therapeutic advancement and has emerged 
as an alternative therapy to open surgical repair in thoracic aortic pathologies. Although it is 
apparent that high-risk patients will benefit from this technology, the exact role of stent graft-
ing needs to be defined as long-term data is constantly accumulated and analyzed, and further 
influenced by evolving devices and technology. Rather than replacing conventional surgical 
treatment, endovascular repair will likely play a complementary role and offer a less invasive 
option in the treatment armamentarium. Clearly, there are limitations to both approaches; 
however, while high-risk surgery is defined by clinical parameters, comorbidities and physio-
logical reserve, contraindications for endovascular stent-graft treatment are defined mostly by 
anatomical criteria such as a too wide aorta to provide landing zones for an endoprosthesis or 
already irreversible paraplegia. Nevertheless, treatment should be carried out only in a center 
with experience in both endovascular and surgical procedures, and with adequate technical 
facilities. Treatment of thoracic aortic pathologies should be subject to prior multidisciplinary 
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discussion, particularly with regard to risks of conversion and need for cardiopulmonary 
bypass. All patients should have access to a structural follow-up plan offering both regular 
clinical assessment and professional imaging follow-up by CT or MR angiography.
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Abstract

Aortic wall dilatation in abdominal aortic aneurysms is characterized by extracellular 
matrix degradation together with a loss of smooth muscle cells from the aortic media. 
This occurs in conjunction with a marked inflammatory cell infiltration. The inflamma-
tory cell is characteristic of the second phase of aneurysmal development–progression. 
It is widely accepted that usually there are three phases involved in the development 
of abdominal aortic aneurysms: initiation, progression and rupture. In this chapter, we 
present an overview of the inflammatory mediators in abdominal aortic aneurysms 
and intraluminal thrombus, highlighting evidence from experimental models and 
human disease.

Keywords: inflammation, vascular, thrombus, macrophage, T cell

1. Introduction

An abdominal aortic aneurysm (AAA) is an abnormal dilatation of the infrarenal aorta to 
more than 1.5 times its normal diameter. It poses a risk of rupture which is associated with a 
significant mortality, and a prophylactic repair is recommended at 5.5 cm in diameter [1–3]. 
The diameter of an aneurysm is used as a surrogate predictor of rupture risk, and it is at this 
size that the procedure-related mortality approximates the rupture risk for an overall net 
benefit in patient survival. There has been much progress in treating aneurysms over the past 
two decades. The ability to treat aneurysms as minimally invasively, alongside improved 
perioperative care, has decreased the mortality from elective repair [2—4].

Evidence indicates AAAs as being a disease characterized by an underlying inflammatory 
cell infiltrate. The inflammatory cell infiltrate consists of differing cell types [macrophages, 
CD4/CD8 T cells, B cells, natural killer (NK) cells], which interact with each other creating a 
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microenvironment that produces factors, which result in wall degradation as well as further 
recruitment of other inflammatory cells.

An imbalance in collagen formation and degradation is thought to be responsible for aortic 
wall rupture [5]. It is a degenerative disease that shares many of the risk factors that predis-
pose a person to atherosclerosis, but it is thought to be a separate pathological process from 
atherosclerosis (Table 1). Atherosclerosis presents typically as an occlusive disease; however, 
aneurysmal disease is characterized by elastin degeneration and smooth muscle cell apop-
tosis together with compensatory collagen deposition in the wall of the aneurysm. This may 
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an AAA significantly increases the risk of developing an aneurysm. More especially in young 
patients, there may be an underlying connective tissue disease, like Ehlers-Danlos (Type IV) 
or Marfan’s syndrome. Rarely, inflammatory conditions such as Takayasu’s arteritis and 
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3. The aneurysm prone infrarenal aorta

The combination of altered haemodynamics, a different smooth muscle cell derivation and a 
decrease in the elastic lamella of the infrarenal aorta predisposes it to aneurysm  development. 
The embryological origin of the smooth muscle cells in the aorta of the infrarenal aorta may 

Atherosclerosis Abdominal aortic aneurysm

Infiltrate through intima Adventitial inflammation

TH1 predominately early on TH2 response in the late stages

Diabetes is a significant risk factor Diabetes may be protective

Stenosing with plaque burden Dilating with wall rupture

Genetic associations with familial hypercholesterolaemia Genetic associations with soft tissue degeneration (Col3A1, 
FBN-1)

Affects both genders equally Predominantly affects males

Table 1. Key differences between atherosclerosis and abdominal aortic aneurysm pathology.

TH1: T-helper cell type 1, TH2: T-helper cell type 2.
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contribute to aneurysm propensity as they are derived from the splanchnic mesoderm, 
whereas the arch and thoracic aorta are derived from the neural crest and somite-derived 
cells, respectively [8]. There is a decrease in the elastin fibre and a decrease in the thickness 
of the wall of the aorta as it descends from the thorax into the abdominal aorta [9, 10]. In 
addition, the infrarenal aorta has its maximum number of elastin cells (which produce elastic 
fibres) at birth [11]. Also, the infrarenal aorta has an increased susceptibility due to reflected 
pressure waves from the iliac bifurcation leading to a disturbance of the laminar flow and an 
alteration in the wall shear stress. When compared to the supracoeliac aorta, the infrarenal 
aorta has, at times, a reversal of flow during diastole, and this can lead to an upregulation of 
factors that increase the inflammatory infiltrate and proteolytic pathways [12].

4. Mouse models of AAAs

The pathogenesis of AAAs is multifactorial with contributions from a few key risk factors. 
Aortic tissues received from human subjects reflect a late stage of the disease and may not 
reflect the early factors involved in initiation. Thus, animal models may provide a better 
insight into the mechanisms behind aneurysmal degeneration. One of the major advantages 
of using experimental models of AAA is the ability to knock out or replace endogenous genes, 
enabling the assessment of the influence of protein expression on the development of disease.

There are several mouse models of chemical-induced AAAs such as elastase infusion into 
the infrarenal segments of mouse aortas and periaortic administration of calcium chloride 
between the renal branches and the iliac bifurcation. A more widely used model administers 
Angiotensin II to induce reproducible AAA. The Angiotensin II-infused mouse model mim-
ics several features of AAAs in humans such as a male gender bias, dilatation of the lumen, 
degeneration of elastin fibres, inflammatory cell recruitment and thrombus formation [13].

Angiotensin II, a hormone of the renin-angiotensin system, is produced both systemically and 
locally in the vessel wall [14]. It has diverse actions on signalling pathways that ultimately 
promote cell growth, proliferation and vascular inflammation [14]. Accordingly, Angiotensin 
II-induced vascular inflammation can be studied by treating hyperlipidaemic mice with 
Angiotensin II to investigate long-term chronic inflammatory responses such as plaque forma-
tion or short-term acute inflammatory processes such as cellular infiltration. This is thought 
to occur via activation of the NF-ĸB cascade, resulting in elevation of cytokines. Furthermore, 
there is a growing body of evidence that suggests chemokines are involved in the modulation 
of Angiotensin II-accelerated leucocyte recruitment to the vessel wall [15].

5. Inflammatory cells in AAA

The inflammatory milieu consists of macrophages, monocytes, T cells, NK cells, B cells and 
other polymorphonuclear cells. They produce various inflammatory factors and mediators, 
which add to the degradation of collagen, elastin and smooth muscle cells in the aortic wall. 
The striking histological feature of AAAs is the adventitial and medial inflammatory infiltrate 
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together with medial elastin destruction and fragmentation, and destruction of structural col-
lagens (type 1 and 3) [16, 17]. This excessive elastolysis and collagen destruction are mediated 
by proteases, most notably the matrix metalloproteases (MMP) family [18]. Several MMPs 
have been implicated in aneurysm development (MMP-2, 8, 9, 12), with the most evidence for 
MMP-9 [19]. The other proteases involved are serine proteases (tpa, U-pa, plasmin,  neutrophil 
elastase) and cysteine proteases (Cathepsin D, K, L and S) [16]. The MMPs and the other 
proteases can be secreted by most of the cells in the aorta (endothelial cells, vascular smooth 
muscle cells, fibroblasts and macrophages) [16, 20]. MMPs interact closely with tissue inhibi-
tors of MMPs (TIMPS) and these are largely secreted by macrophages, and the process is 
regulated by cytokines through a feedback loop.

Inflammatory cells occur with a greater frequency in the aneurysmal aorta when compared 
to the atherosclerotic or non-diseased aorta. The T-cell pattern is different when compared to 
that of atherosclerotic tissue [21]. The predominant cell types are CD4 T cells, macrophages 
and B cells [22], and this has led to the assertion that an aortic aneurysm is an inflammatory-
mediated condition. It is still not definitively known if the inflammatory cell infiltrate is a 
cause of, or a reaction to AAAs. It is the microenvironment created by the cellular infiltrate 
that mediates the production of the proteases that underlie aneurysm progression and prob-
ably rupture. One theory suggests that aortic atherosclerosis diverges into aneurysmal forma-
tion through a Th2 cytokine response under environmental or genetic stimulation [23].

It has been proposed that an AAA is a specific antigen-driven T-cell disease, where the anti-
genic specificity remained to be determined [24]. AAA may be an autoimmune disease, and 
this theory is supported by the following [25]:

1. The presence of mononuclear inflammatory cell infiltrates consisting mainly of T and B 
cells, macrophages and NK cells [22].

2. Mononuclear cells infiltrating the aneurysm wall show early (CD69), intermediate 
(CD25, CD38) and late (CD45RO, HLA Class II) activation antigens, suggesting an ongo-
ing inflammation [24].

3. IgG antibody purified from the wall of AAA is immunoreactive with protein derived 
from normal aortic tissue [26].

4. AAA is associated with particular alleles such as the HLA DRB1 [27].

5. Molecular mimicry may be responsible for T-cell responses in AAA [25].

The pattern of cytokine production by the inflammatory cells influences matrix degradation 
by regulating their MMP, serine protease and cathepsin production. In murine models of 
AAA, an IL-4 upregulation and interferon-γ (IFN- γ) blockade together with a predominance 
of macrophages are the features of early aneurysm formation [23]. The macrophages produce 
MMP-12, which are stimulated by IL-4 production from T cells, reinforcing the role of IL-4 in 
early atherosclerosis development [23]. The downstream effects of murine cytokine expres-
sion are not always applicable to humans; thus, mechanistic animal studies are difficult to 
interpret. Also, studies are carried out on tissues in vitro, and the complex interaction of the 
various cytokines is not entirely reproducible [6].
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5.1. Macrophages

Macrophages are recruited early into the aneurysmal wall, and macrophage cytokines play 
an important role in AAA progression. This response is associated with innate immunity 
as opposed to adaptive immunity. Macrophages exhibit plasticity with regard to their phe-
notypic cytokine output. They can either be M1 or M2 and can change between the two 
depending on the prevailing conditions. Typically, M1 macrophages are pro-inflammatory, 
whereas M2 macrophages are involved in repairing tissue. A balance between M1 and M2 
is thus vital in preventing a chronic inflammatory cell infiltrate, which leads to persistent 
inflammation and aneurysm progression. IL-6, tumour necrosis factor (TNF)-α, IL-1β and 
interferon (IFN)-γ have been detected peripherally and are associated with aneurysm for-
mation [28].

In murine models of AAA, M1 macrophages are strongly associated with aneurysm formation 
and elastin degradation; conversely, an M2 phenotype is protective for AAA development 
[29]. Investigation of human aneurysm tissue has revealed an M1 phenotype, though this 
 tissue represents an end stage of the disease. Most human studies have focused on circulating 
monocytes and their link to increased elastases and ECM breakdown [30]. ECM breakdown 
is a recruiter of monocytes, and the use of a monoclonal antibody has been shown to decrease 
this infiltration and prevent further ECM degradation [31]. Furthermore, the monocytes have 
demonstrated CD14 and CD16 cell surface marker positivity, and this pattern is associated 
with M1 macrophage activation [32].

5.2. T cells

As a broad categorization, T cells can be divided up into CD4+ and CD8+ cells. CD4 cells can 
be further categorized into Th1, Th2, Th17 or regulatory (Treg) cells. This is dependent on driv-
ers of cellular output as well as their cytokine expression. Similar to M1 and M2 macrophages, 
it would appear that the balance in the different subsets is important for regulation.

Th1 cells are activated by IL-12 and output INF-γ. Aneurysmal tissue displays features of 
Th1 upregulation with increased INF-γ in the aneurysm tissue and in the circulating blood 
[28, 33, 34]. Although Th2 cells are found in some specific inflammatory diseases, they are 
considered to be anti-inflammatory. IL-4 activity is responsible for Th2 differentiation of 
CD4 T cells, and results are conflicting in murine and human models as to the role of Th2 
cells. This discrepancy may be a result of a similar cytokine profile to NK cells (Th0) [35] or 
from differences in the measurement of the cytokines. Th17 cells produce IL-17, are related 
to several inflammatory diseases and play a key role in vascular superoxide production [36]. 
Their role in AAA has not been fully clarified, but they appear to be related to aneurysmal 
progression.

The frequency of CD4+CD25+FOXP3+ T cells (Treg) is decreased in the peripheral blood 
of patients with AAA when compared to occlusive atherosclerotic disease or healthy 
donors [37]. Treg cells are a unique class of T cells that serve as a counter-inflammatory mech-
anism. In the normal autoregulation of bodily function, there is a balance between T effector 
cells, which promote inflammation, and Treg cells which counteract this [38]. In inflammatory 
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conditions such as rheumatoid arthritis [39], scleroderma [40], inflammatory bowel disease 
[41] and transplant organ rejection [42], a dysfunction of Treg cells has been implicated. Treg 
cells express forkhead box P3 (Foxp3) and are also known as Foxp3+CD4 T cells. They make 
up approximately 5% of the total CD4+ T cells [43]. The majority of Treg cells express CD25. 
In the human, Treg cells can be identified by a high expression of CD25 and an absence of 
IL-7Rα [44].

5.3. Other cell types

Mast cells have been found in the adventitia and media of AAAs and are implicated in AAA 
formation [45]. They have been found in areas of neovascularization and are able to secrete 
various cytokines and chemokines. Inhibition of mast cells in experimental mouse models 
decreases the incidence of aneurysmal formation, furthermore implicating mast cells in the 
pathogenesis of aneurysms [46]. Neutrophils are early responders to injury and are found in 
the aneurysm wall as well as the intraluminal thrombus [47]. They interact with many cells 
including platelets resulting in further inflammatory cell recruitment [48]. In human studies, 
they have been associated with larger aneurysms, and in animals that are neutrophil deficient, 
there is a decrease in aneurysm formation [49, 50].

6. Micro-RNAs

Micro-RNAs (miRNA) are a class of non-coding RNA, which are regulators of posttranslational 
gene expression [51]. They have emerged as potential therapeutic targets due to their ability to 
control multiple downstream processes. Mir-21 is a regulator of smooth muscle homoeostasis 
and is upregulated in human as well as animal models of AAA [52]. The mir-29 family encodes 
multiple ECM targets including elastin and collagen isoforms (type 1 and 3) and fibrillin-1 [53]. 
Thus, it is important in aneurysm formation. Mir-29b has been found to be downregulated in 
humans and animal models of AAA as well as in animal models of ageing [54].

7. Intraluminal thrombus (ILT)

The majority of AAAs requiring surgery contain ILT. They are thought to develop second-
ary to an activated endothelium in combination with disturbances of flow within the aneu-
rysm sac. The volume of ILT is related to growth of the aneurysm, and the thrombus-lined 
segment of the aorta is structurally different to the non-thrombus-lined area of the aneu-
rysm [55, 56].

There are two major theories on the effect of aneurysmal growth on aortic aneurysm forma-
tion. The first relates it to hypoxia of the wall due to the layered thrombus, and the second 
ascribes it to the inflammatory cell constituents of the thrombus acting in a paracrine manner 
[57]. The inflammatory cell infiltrate contains macrophages, T cells, granulocytes and NK 
cells as well as activated platelets [58, 59]. These cells are phenotypically different to the cells 
found in the wall and the peripheral blood [60]. The exact pathway of interaction between 
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the wall and the ILT has not been fully elucidated, but one theory suggests that microvesicles 
(ADAM10/ADAM17) shed from the luminal to the abluminal area result in wall breakdown 
through the formation of elastases in the wall [61].

8. Conclusion

Abdominal aortic aneurysms are regulated by complex and multifactorial processes. At a cel-
lular level, there is a chronic inflammatory cell infiltrate that controls these processes, which 
lead to growth and rupture. The role of these inflammatory cells has been elegantly demon-
strated in experimental models of AAA, and genetic interventions targeting their recruitment 
and signalling have been known to prevent the development of disease. However, the lack of 
experimental tools to test the efficacy in human AAA in the preclinical phase and the compo-
sition of the thrombus in experimental models has yet to be explored. There has been much 
work done to understand the inflammatory process, and the hope is that this will lead us to 
new biomarker discovery and potential therapeutic targets in treating this disease.
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Abstract

Sex is the largest nonmodifiable risk factor for the development of abdominal aortic 
aneurysms (AAAs) in humans and experimental models. Data from several studies con‐
sistently demonstrate a higher AAA prevalence in males than in females, contributing 
to divergent recommendations for AAA screening in men and women. Despite a higher 
AAA prevalence in males, females have more rapid rates of aneurysm dilation, and 
aneurysms rupture at smaller sizes. Unfortunately, no therapies have been effective to 
retard aneurysm dilation in either sex. Results from experimental AAA models indicate 
a protective role for estrogen in AAA development and progression, while male tes‐
tosterone has been demonstrated to markedly promote angiotensin II (AngII)‐induced 
AAAs. Potential mechanisms implicated in sex hormone regulation of AAAs include 
regulation of inflammation, matrix metalloproteinases, aromatase activity, oxidative 
stress, stem cells, and transforming growth factor‐beta. In addition to sex hormones, sex 
chromosomes have been implicated in diseases of the aorta. Turner's syndrome (mono‐
somy X) patients have a high incidence of thoracic aortic rupture. Recent studies indicate 
a novel approach to define the relative role of sex hormones versus sex chromosomes in 
experimental AAAs. Further studies are warranted to determine interactions between 
sex hormones and sex chromosomes in AAA development and progression.

Keywords: sex chromosomes, sex hormones, gender, AAA

1. Introduction

As defined by the Society of Vascular Surgery, abdominal aortic aneurysms (AAAs) are a per‐
manent dilation of the infrarenal aorta (ratio of ≥1.5‐fold increase in normal abdominal aortic 
diameter) [1], leading to infrarenal aortic diameters >3 cm that can expand to more than 5.5 
cm [2]. AAAs are typically asymptomatic, which is of concern due to the high mortality rate 
from aneurysm rupture. The prevalence of asymptomatic AAAs in geriatric men and women 
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ranged from 4 to 14.2% and from 0.35 to 6.2%, respectively [3–5]. Between the ages of 50 and 
84 years, it has been estimated that AAA prevalence could be as high as 1.1 million people in 
the United States [6]. AAAs are responsible for 1.3% of all deaths in men between the ages of 
65 and 85 years [7]. According to the Society of Vascular Surgery, in the United States, there are 
200,000 people diagnosed with an AAA each year, and it is the 10th leading cause of mortality 
in men more than 55 years of age [8]. Impending rupture of AAAs is associated with sudden, 
severe, and constant groin, abdominal, and lower back pain. Because the aorta is the main sup‐
plier of blood throughout the body, AAA rupture can result in fatal bleeding with 85% chance 
of death. Depending on AAA expansion rate and size, treatment might vary from frequent 
monitoring (typically by ultrasound) to open or endovascular aneurysm repair. As AAA size 
increases (diameter > 5.5 cm), the probability of rupture also increases. While age, smoking, 
male sex, and family history are positively associated with AAA development, female sex, 
smoking cessation, and a healthy diet are negatively associated with AAA formation [6].

2. Sex differences in AAA prevalence in human and experimental models

Sex is considered a strong nonmodifiable risk factor for AAA formation. The incidence of 
AAAs has been reported to range from 4‐ to 5‐fold higher in men compared to women [9, 
10], with studies indicating that men are at a 10‐fold higher risk to develop AAA compared 
to age‐matched women [10]. Results from the Tromsø Study demonstrate that male sex con‐
tributes a 2.66 relative risk for AAA formation [11]. Epidemiological studies have shown an 
increased AAA incidence and rupture in men originating from western countries [12, 13]. In 
a community‐based older population screening study, it was found that the AAA prevalence 
was 1.3% in women in comparison to 7.6% in men [14]. Correspondingly, the male:female 
ratio in a surgical series was ≈5:1. Hospitalization for ruptured or intact AAA was 5 times 
more prevalent among men than women [9]. After controlling for time of surgery and age, 
men were around 1.8 times as likely to have an intact AAA treated surgically and 1.4 times 
to have a ruptured AAA in comparison to women. Current screening recommendations are 
to screen annually by ultrasound for men between the ages of 65 and 75 years with either a 
family history of AAA or who smoke. Conversely, studies have also shown that female sex 
decreases the AAA risk [10]. These results indicate that across a broad range of large‐scale 
clinical trials, AAAs are much more prevalent in men as compared to women. In addition to 
male sex, the most predominant risk factors for AAAs are age, smoking, and family history.

Even though women have far lower AAA prevalence compared to men, women have worse 
prognosis than men, as AAAs in women progress faster and rupture at smaller sizes [15, 
16]. Using the Vascular Study Group of New England database, Lo et al. have shown that 
women are older when diagnosed with an AAA, have smaller aortic diameters, and stay 
in the hospital longer than men diagnosed with an intact AAA [17]. Furthermore, women 
more frequently experience complications (e.g., leg and bowel ischemia) and have a higher 
mortality after 30 days than men after open AAA repair [17]. Also, according to the National 
Service hospitals in England, all cause and aortic‐related mortalities were higher in women at 
all‐time points (30 days, 1 year, and 5 years) in both open and EVAR surgeries [18]. Additional 
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studies have shown that the survival rate in women after surgical repair is lower than that 
of men; however, mechanisms for these effects are largely undefined [19, 20]. Differences in 
AAA rupture and progression between men and women could relate to vascular anatomy. 
For example, Lo and Schermerhorn noted that if the ratio of infrarenal to suprarenal diam‐
eter is ≥1.2 or a definition of ≥1.5 times the normal aortic diameter, then AAA prevalence in 
women could be as high as 6.2–9.8% [21]. This would indicate that using the same vascular 
anatomic criteria for men and women could lead to underdiagnosis of small AAAs in women 
[21]. While there is general consensus that men should be screened at 65 years of age or older, 
only the Society for Vascular Surgery recommends screening women (65 or older) who have 
smoked or have a family history of AAA [21]. In fact, some studies have indicated that women 
who smoke are more likely than nonsmoking men to develop AAAs [22]. An additional area 
of concern relates to recommendations for endovascular aneurysm repair as women having 
this procedure with a small AAA have poor outcomes (and also for open AAA repair) [17, 
18]. Another issue related to the use of endovascular aneurysm repair in women is poor access 
to smaller vessels. These access‐related complications lead to arterial injury of vessels which 
may result in additional surgeries and/or problems with stent engraftment.

In addition to anatomical differences, aortic wall stress differs between men and women. 
A recent study analyzed biomechanical and microstructural properties of nonaneurysmal 
human male and female aortas and concluded that male aortas are stiffer than female aortas 
[23]. Male aortas had higher failure load and tension than female aortas [23], which was sug‐
gested as a mechanism explaining rupture of AAAs in women at smaller sizes. Additionally, a 
small study (15 women and 15 men) examined peak wall stress (PWS) and peak wall rupture 
risk (PWRR) of AAA between men and women. Using computed tomography (CT) scans, 
results did not support differences in PWS between men and women; however, there was a 
trend for higher PWRR in females [24]. Future studies should utilize CT imaging to determine 
if criteria such as PWRR are informative for AAA diagnosis and in defining AAA growth.

An interesting study examined 140 Swedish women with an AAA compared to the same 
number of women with peripheral arterial disease (non‐AAA) [25]. Results demonstrated 
smoking as a risk factor for AAA while diabetes was protective, but an interesting aspect of 
this study was the segregation of women who had an AAA ≥5 cm versus <5 cm that showed 
differences in onset of menopause. Women who had large AAAs were approximately 2 years 
younger at age for menopause than those women who had smaller AAAs [25]. These data 
suggest that ovarian hormones may play a role in protection from large AAA development.

In addition to humans, experimental AAA models also exhibit sexual dimorphism, and have 
been used to define mechanisms of AAA formation and progression. Depending on the exper‐
imental model under study, AAAs recapitulate several facets of the human disease including 
medial degeneration, thrombus formation, and inflammation. The majority of experimental 
AAA models are evoked by genetic and/or chemical interventions, including increased deg‐
radation of collagen and elastin, defects in extracellular matrix maturation, aberrant choles‐
terol homeostasis, increased aldosterone, and salt levels, as well as enhanced generation of or 
exposure to angiotensin peptides [26–30]. Similar to humans, male mice infused with angio‐
tensin II (AngII) exhibit a 4‐fold higher prevalence of AAAs compared to female mice [31]. 
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Typically, AAA incidence in male, hypercholesterolemic mice is 80% with females having a 
much lower incidence (20%) [31]. Our laboratory demonstrated previously that sex hormones 
are primary contributors to higher AAA susceptibility in male compared to female apolip‐
roprotein E deficient (Apoe‐/‐) mice, as ovariectomy had no effect on AAA formation while 
orchiectomy decreased AAA incidence to the level of females [31, 32]. We also demonstrated 
that testosterone promotes AAA incidence in male and female mice associated with increased 
expression of angiotensin receptor 1a (AT1aR) expression specifically in abdominal aortas 
[32]. Similarly, in the elastase perfusion AAA model, male rats had larger and more frequent 
AAAs than females [33].

3. Influences of sex hormones on AAA development and progression

Limited studies have examined effects of sex hormone replacement therapy (HRT) in relation 
to AAA development, while experimental studies have focused primarily on therapeutics of 
sex hormones. Use of HRT for greater than 5 years in women decreased the odds ratio of 
developing an AAA [34]. However, other studies have shown no beneficial effect of HRT on 
AAA outcomes [35, 36]. Castration of male mice decreased AAA development and progres‐
sion in both elastase and AngII‐induced models [31–33, 37, 38]. In contrast, castration of female 
mice did not influence AAA development in either of these models [31, 37]. However, another 
study demonstrated ovariectomy of Wistar rats promoted elastase‐induced AAAs [39].

In addition to effects of endogenous sex hormones, exogenous administration of estrogen inhib‐
ited AAA development and/or progression in AngII‐infused male mice, while exogenous dihy‐
drotestosterone administration also promoted AngII‐induced AAAs in females [32, 37, 39–42]. 
Mechanisms of estrogen to protect against AAA formation and/or progression are multifacto‐
rial. Inflammation is frequently associated with AAAs [43], and recent studies demonstrated 
that peripheral blood monocytes contained sex and disease‐specific inflammasome signatures 
that could be potential biomarkers to determine which patients may have AAAs [44].

In experimental AAAs, results demonstrated that estrogen replacement in ovariectomized 
female low density lipoprotein receptor deficient mice (Ldlr‐/‐) decreased neutrophil AAA 
content [40]. Also, exogenous estrogen administration to AngII‐infused male Apoe‐/‐ mice 
decreased nuclear factor‐kappa B (NF‐kappa B) activity and immune cell adhesion markers in 
the aorta [42]. Dietary phytoestrogens have also been demonstrated to decrease inflammation 
and AAA formation in elastase‐induced male mice [45]. Plasmin activator inhibitor‐1 (PAI‐1) 
expression was increased in aortas from elastase‐perfused female mice compared to males, 
while PAI whole body deficiency enhanced AAA development in both sexes [46].

An additional mechanism evoked in sex hormone effects on AAA development and/or pro‐
gression is regulation of matrix metalloproteinase (MMP) activity. Results demonstrate that 
aortas from elastase‐perfused female rats and mice have lower MMP activity than males 
[33, 47]. Likewise, ovariectomy of female Wistar rats increased aortic MMP‐2 and ‐9 activity 
[39]. Conversely, administration of estrogen to male rats decreased aortic MMP‐2 or MMP‐9 
 activity compared to vehicle controls [33, 48]. An ability of estrogen to regulate MMP activity 
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differs according to the experimental model understudy, as estrogen incubations in rat aortic 
smooth muscle cells (SMCs) did not alter MMP‐2 activity, while estrogen stimulated MMP 
activity in aortic explants [48].

Oxidative stress has also been implicated as a mechanism for sex hormone regulation of 
AAAs. Superoxide dismutase (SOD) is an enzyme that converts superoxide radical to either 
oxygen or hydrogen peroxide. Deletion of SOD abolished sex differences in myogenic tone of 
mesenteric arteries from male compared to female mice [49]. Additional studies demonstrated 
that SMCs harvested from male and female rat aortas respond differently to ultraviolet B 
(UVB)‐induced radiation [50]. Male SMCs were shown to produce more superoxide anion 
and SOD levels were lower in SMCs from male than female mice [50]. UVB‐induced radia‐
tion resulted in apoptosis of SMCs that was also greater in male compared to female mice 
[50]. Interestingly, nitric oxide regulates SOD levels, but results using a carotid injury model 
demonstrated that males increase SOD levels in response to nitric oxide whereas females do 
not [51]. A recent study demonstrated that UVB‐induced radiation resulted in upregulation 
of survival proteins in the nucleus of SMCs from female rats, but increased proapoptotic pro‐
teins and reduced mitochondrial membrane potential in SMCs from males [52].

Differences in estrogen formation and signaling such as aromatase activity and levels of estro‐
gen receptors (ERs) could also contribute to sex differences in AAAs. Deletion of aromatase 
abolished the protective effects of female gender on elastase‐induced AAAs [53]. Aortas from 
female mice had higher expression levels of ER α compared to male mice by day 3 of elastase 
perfusion [47]. Increased ERα expression was also detected in female human AAA patients 
compared to males [47]. Tamoxifen, a selective estrogen receptor modulator, decreased AAA 
development in male rats associated with decreased aortic neutrophil content, MMP‐9 activ‐
ity, and oxidative stress [54].

Sex differences have also been found in transforming growth factor‐beta (TGF‐β) and other 
members of the bone morphogenetic protein family (BMPs) related to AAA development [40, 
55]. Elastase‐perfused aortas from female rats had decreased TGF‐β expression compared 
to males [55]. Moreover, exposure of murine SMCs to exogenous estrogen increased TGF‐β 
expression and enhanced wound healing [40]. Deletion of the androgen receptor (AR) in 
either macrophages or SMCs lowered TGF‐β1 expression levels and suppressed AAA devel‐
opment in male mice [56]. In contrast, antibody‐based depletion of TGF‐β increased AAA 
ruptures in male mice [57, 58]. Mechanisms for these discrepancies are unclear, but may relate 
to sex hormones, sex chromosomes, or an interplay thereof [59].

Recent studies indicate that bone marrow‐derived mesenchymal stem cells (MSCs) exhibit 
sex‐dependent effects that influence AAA development [60]. When female MSCs were 
injected into male mice, elastase‐induced AAAs were attenuated [60]. Furthermore, when 
conditioned media from MSCs was injected (i.v.) to male mice AAA formation was attenu‐
ated [60]. Moreover, the 5‐alpha‐reductase inhibitor, finasteride, decreased proinflammatory 
cytokine expression in male MSCs [60]. In humans, endothelial progenitor cells from AAA 
patients are impaired [61]. Taken together, these studies suggest that stem cells may have 
therapeutic potential for AAAs depending on patient sex.
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In addition to protective effects in females, results indicate that male sex hormones may have 
detrimental effects on AAA formation and/or progression. For example, high levels of lutein‐
izing hormone were positively associated with AAA outcomes [62]. Interestingly, lower tes‐
tosterone levels have been linked to coronary artery disease and peripheral arterial disease in 
older men, but show little association when grouped with younger men [63–65].

Previous studies in our laboratory demonstrated that testosterone is a primary mediator of 
higher AAA prevalence in adult AngII‐infused male mice, as orchiectomy decreased AAA 
incidence to the level of adult females [32]. Additional studies demonstrated a greater abun‐
dance of AT1aR mRNA in abdominal compared to thoracic aortas of male, but not female 
Apoe‐/‐ mice [32]. Moreover, castration of male mice decreased AT1aR mRNA abundance in 
abdominal aortas, which was restored when castrated male mice were administered dihy‐
drotestosterone [32]. Administration of dihydrotestosterone to female mice also increased 
abdominal aortic AT1aR mRNA abundance, and promoted AngII‐induced AAAs. To explore 
mechanisms contributing to regional differences in AT1aR abundance along the aortic length, 
we initiated studies examining developmental influences of testosterone. The rationale for 
these studies was based on diversity of SMC origin along the aortic length [66], coupled with 
expression of AR in abdominal aortic SMCs derived from mesenchymal stem cells [67]. Using 
a novel model whereby neonatal female mice were exposed to a single dose of testosterone 
(e.g., to mimic testosterone surges after birth in males), we demonstrated a robust increase 
in adult AAA susceptibility in females that was associated with increased abdominal aortic 
AT1aR expression [31, 32]. Since increased abdominal aortic AT1aR mRNA abundance and 
high AAA susceptibility persisted in adult females exposed transiently to testosterone dur‐
ing development despite a low‐level of circulating testosterone, these results indicate that the 
simple presence of testosterone does not define sex differences in AAA susceptibility. Finally, 
in addition to influencing AAA formation, recent studies from our laboratory demonstrated 
that castration of male Apoe‐/‐ mice after an AAA was established halted progressive increases 
in abdominal aortic lumen diameter but had no effect on maximal AAA diameters [38]. 
Castration of male mice was associated with increased aortic wall rigidity through increases 
in collagen and smooth muscle α‐actin [38].

As an alternative approach to administering exogenous sex hormone, genetic deficiency of AR 
decreased elastase‐induced AAA formation in male mice associated with decreasing aortic mRNA 
abundance of proinflammatory cytokines IL‐1α, IL‐6, and IL‐17 [68]. In different studies, whole 
body AR deficiency in male Apoe‐/‐ mice was demonstrated to suppress IL‐1α expression in aor‐
tic tissue, while AngII infusion stimulated aortic IL‐1α expression in wild type male controls [56]. 
Deletion of the AR specifically from macrophages or SMCs decreased AngII‐induced AAAs in male 
Apoe‐/‐ mice that could be partially restored by administering recombinant IL‐1α [56]. Male mice 
have increased abdominal aortic IL‐1β mRNA and protein levels when perfused with elastase [69], 
and increased levels of c‐Jun‐N‐terminal kinase (JNK), proMMP‐9, proMMP‐2, and active MMP‐2 
[70]. While it is unclear if these sex differences relate to testosterone, results consistently indicate 
differences in aortic inflammatory pathways that may contribute to sexual dimorphism of AAAs.

Several sex hormone‐mediated effects that may relate to AAA development have been demon‐
strated in SMCs. For example, testosterone stimulated oxidative stress of SMCs harvested from 
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male mice [41]. Moreover, SMCs harvested from male mice exhibited increased MMP‐2 and 9 
activity and AKT phosphorylation [71], increased levels of phosphorylated extracellular signal‐
regulated kinase (p‐Erk), and elevated proMMP‐2 levels when exposed to elastase [72]. Male 
SMCs exhibit increased levels of MMP‐2 compared to female rats when stimulated with IL‐1β [48]. 
Additionally, MMP‐9 mRNA abundance was 10‐fold higher in male compared to female SMCs.

4. Potential influence of sex chromosomes on AAA development

Sex chromosomes can also contribute to sexually dimorphic responses of the cardiovascular sys‐
tem [73]. However, as described above, sexual dimorphism of AAAs has primarily been attrib‐
uted to direct or indirect effects of sex hormones, even though sex hormones do not fully explain 
all sexual dimorphism. Studies have shown that there are large sex differences of gene expres‐
sion in somatic tissues of mice [74]. Sex hormones are known to be important in differentiation 
of the reproductive system and also impact sex differences in gene expression in somatic tissues. 
However, differences in pregonadal embryo size between males and females are also influenced 
by sex chromosome complement [75, 76]. Moreover, before gonadal differentiation, a large num‐
ber of genes are expressed differentially in preimplantation embryos [77]. These results indicate 
that sex chromosome genes in addition to sex hormone regulation influence development.

Beyond their effects on sex determination and reproduction, there is little known about the 
role of genes residing on sex chromosomes in disease development, especially in the vascula‐
ture. The sex chromosomes are designated as X and Y. In mammals, there are 23 pairs of chro‐
mosomes, one pair of sex chromosomes that are either XX or XY, and 22 pairs of autosomes. 
The Y chromosome is responsible for sex determination, because it has the Sex determin‐
ing Region of the Y (Sry) gene that resides in the male‐specific region of the Y chromosome 
(MSY). The MSY represents 95% of Y chromosome content and does not recombine with the 
X chromosome during meiosis. This region of the Y chromosome is responsible for testis 
formation; however, if the Sry gene is absent, the fetus will be female even in the presence of 
the Y chromosome. The Sry gene has been demonstrated to regulate the expression of several 
components of the renin‐angiotensin system. It has been shown that Sry increases the pro‐
moter activity for angiotensinogen, renin, and angiotensin‐converting enzyme 1 (ACE1) and 
decreases angiotensin‐converting enzyme 2 (ACE2) promoter activity in Chinese Hamster 
Ovary (CHO) cells [78]. It is unclear if these effects are related to sex differences in AAAs and/
or other cardiovascular diseases associated with an activated renin‐angiotensin system.

The sex chromosomes do not recombine normally like autosomes; they usually recombine 
at their tips which are called pseudoautosomal regions (homologous regions of nucleotides 
sequences that recombine with each other during meiosis). The most important characteristic 
feature of sex chromosomes is that the Y chromosome is missing a large number of genes 
compared to the X chromosome. As a result, male and female cells have a different dosage of X 
and Y genes that could influence cell function differently in gonadal and nongonadal tissues.

In addition to sex hormones, genes present on the sex chromosomes are thought to be a pri‐
mary mechanism for differences between males and females. While the Y chromosome is 
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small and has few genes, the X chromosome is large and contains 1098 genes [79]. X‐linked 
genes, including components of the renin‐angiotensin system such as ACE2 and angiotensin 
type 2 receptors (AT2R), are present in males and females, but two X chromosomes in females 
can cause gene‐dosage differences for X‐linked genes between males and females. The pos‐
sible difference in expression of genes on the X chromosome is typically compensated for 
by X chromosome inactivation, in which one of the two X chromosomes becomes silenced 
transcriptionally. However, some genes escape X‐inactivation, or are differentially expressed 
depending on which X chromosome is inactivated (maternal or paternal) and can lead to 
gene‐dosage effects between XX and XY cells.

Genes on sex chromosomes have been linked to inherited forms of cardiovascular diseases 
[80, 81], but it is still unclear what role sex chromosomes and their interaction with sex hor‐
mones have on the development of these diseases. Recently, an experimental study dem‐
onstrated that the numbers of X chromosomes influences protection from cardiac ischemia, 
because mice with two X chromosomes were more vulnerable to myocardial infarction when 
compared to mice with one X and one Y chromosome [82]. Klinefelter syndrome (47 XXY), 
the most common abnormality of sex chromosomes in males due to the presence of an extra 
X chromosome, is associated with increased cardiovascular risk and mortality [83, 84]. Turner 
syndrome (45X) in females, or monosomy X (XO), is a common chromosomal disorder that 
is due to partial or complete loss of one of the X chromosomes. Females with Turner syn‐
drome exhibit a 100‐fold increased risk of aortic dissection [85]. These results suggest that sex 
chromosome complement can influence the vasculature, but mechanisms for these effects are 
unknown.

AAAs are also an aortic disease that can be genetically inherited [86–89]. First degree rela‐
tives of AAA patients are at 11.6‐fold higher risk of developing aneurysmal degeneration 
compared to non‐AAA families [86]. Moreover, in a multinational study that investigated a 
large number of families, each family that contained at least two individuals with a diagnosed 
AAA were predominately male (77% of patients) and the most common relationship was 
being a male sibling [90]. Since the Y chromosome is passed only from father to son, this sug‐
gests a potential role for the Y chromosome in male AAA susceptibility. However, despite the 
strong predisposition for AAA formation in males compared to females, the contribution of 
sex chromosome effects to AAA inheritance and sexual dimorphism of this vascular disease 
has not been explored.

Since XX chromosomes are most commonly presented in nature with ovaries (females) while 
XY chromosomes exist in males with testes, previously it has not been possible to examine 
the role of sex chromosome complement independent of gonadal hormone effects in experi‐
mental animal models. However, there are now experimental models, such as the four core 
genotype model in mice, which can be used to understand the relative influence of sex chro‐
mosomes in the absence or presence of gonadal hormones. The four core genotype model is 
produced from male mice with a natural mutation of Sry, where this gene was reinserted on 
autosomes. Breeding of male mice with autosomal Sry to females produces four genotypes, 
XX and XY females (with ovaries) and XY and XX males (with testes) [91]. Recent studies using 
this model identified that blood pressure responses to infusion of AngII were influenced by 
both sex hormones and sex chromosomes, as blood pressure responses to AngII were greater 
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in  gonadectomized XX than XY females [92]. Furthermore, vasodilation of iliac arteries was 
greater in XX than XY females and this effect appeared to be AT2R‐dependent [93].

Since sex chromosome complement also influences the blood pressure response to AngII, it 
is highly likely that sex chromosome effects on gene expression influence other AngII‐medi‐
ated responses, such as AAAs. Moreover, uncovering the basic knowledge of the interplay 
between sex hormones and sex chromosomes on aortic vascular biology and disease may lead 
to discovery of novel drug targets that have efficacy in a sex‐specific manner.

5. Summary

It is clear that AAAs are sexually dimorphic in prevalence and prognosis. The majority of 
studies defining mechanisms for sexual dimorphism of AAAs have focused on potential roles 
for sex hormones (see Table 1 for summary), with estrogen generally thought to be protective 
while testosterone exerts detrimental effects that promote AAA formation and progression. 
However, given a strong inheritance for AAAs, coupled with an association of sex chromo‐
some abnormalities with aortic vascular disease, additional studies defining potential roles 
for sex chromosome genes in AAA development are warranted.

Gender Study [Ref.] Model Intervention Effect on AAA

Males Martin‐McNulty 
et al. [42]

AngII‐induced 
AAA in mice

17 Beta‐estradiol 
administration

Decrease

Males Henriques 
 et al. [31]

AngII‐induced 
AAA in mice

Orchidectomy Decrease

Males Grigoryants 
et al. [54]

Elastase perfusion 
in rats

Tamoxifen (selective 
estrogen receptor 
modulators) administration

Decrease

Males Laser et al. [47] Elastase perfusion 
in mice

Low ERα expression High AAA

Males Zhang et al. [38] AngII‐induced 
AAA in mice

Orchidectomy Decrease the progression of 
established AngII‐induced 
AAAs

Males Cho et al. [37] Elastase perfusion 
in rats

Estrogen administration or 
orchiectomy

Decrease AAA diameter

Males Huang et al. [56] AngII‐induced 
AAA in mice

ASC‐J19 (androgen receptor 
degradation enhancer)

Decrease

Males Huang et al. [56] AngII‐induced 
AAA in mice

Androgen receptor knockout 
in macrophage or smoth 
muscle cells

Decrease

Males Huang et al. [56] AngII‐induced 
AAA in mice

Androgen receptor knockout 
in endothelial cells

No effect

Males Davis et al. [68] Elastase perfusion 
in mice

Flutamide (androgen 
receptor blocker)

Decrease

Males Davis et al. [68] Elastase perfusion 
in mice

Ketoconazole (androgen 
receptor blocker)

Decrease
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in mice

High ERα expression Low AAA

Females Thatcher et al. [40] AngII‐induced 
AAA in mice

17 Beta‐estradiol 
administration

Decrease the progression of 
established AngII‐induced AAA 
in ovariectomized females

Females 
and Males

Laser et al. [47] Human ERα protein level ERα protein levels 80% higher 
in female human AAA patients 
than those in male counterparts

Females 
and Males

Johnston et al. [53] Elastase perfusion 
in mice

Aromatase knockout Increase in females and no effect 
in males

Table 1. Influence of sex hormone manipulation on experimental AAAs.
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Abstract

While a tight seal and fixation of aortic stent-grafts to the vessel wall are vital for posi-
tive outcomes in treating abdominal aortic aneurysms (AAAs), optimal aortic stent-graft 
sizing for endovascular aneurysm repair (EVAR) remains debatable. We performed a 
holistic review of the data surrounding the sizing of endografts using instructions for 
use (IFU) guidelines, as well as experimental, computational, and clinical studies. Most 
clinical studies that have investigated the role of sizing and outcomes are limited by the 
strict selection criteria, or the inability to account for the multitude of confounders associ-
ated with sizing. Currently, oversizing of endografts between 10 and 20% remains safe 
and favored, but sizing outside the IFU guidelines frequently occurs. Oversizing up to 
25% appears to be associated with decreased rates of proximal endoleak and aneurysm 
sac enlargement, while excessive oversizing (>30%) has been linked to graft infolding, 
collapse, and aortic dilatation. It is unclear, however, whether there is an association 
between oversizing associated with neck dilatation and graft migration. During sizing, 
surgeons should take an individual approach and consider several factors including 
device type, calcification and/or thrombus of apposition site, hemodynamics, and aor-
toiliac morphology.

Keywords: endovascular aneurysm repair, sizing, endograft, instructions for use, 
abdominal aortic aneurysm

1. Introduction

Aortic aneurysms, a ballooning of a weakened portion of the aorta, are most frequently 
seen in the abdominal aorta. When indicated, an abdominal aortic aneurysm (AAA) can be 
treated with open surgical or endovascular repair. With a higher perioperative morbidity 
and mortality of open surgery [1–6], endovascular aneurysm repair (EVAR) of the abdomi-
nal aorta has grown in popularity as a safe, effective, and minimally invasive alternative 
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for certain patients. The goal of EVAR is to achieve adequate fixation and to seal the stent 
graft to the vessel wall, thus redirecting blood flow away from the pathologic section of the 
aorta n/a. Failure to do so can result in several noteworthy complications, including device 
migration or kinking, dilatation, and most commonly perigraft endoleak. In fact, some have 
reported endoleak complications in up to 20–25% of patients following the EVAR [7, 8]. 
Ultimately, these complications can lead to occlusion of adjacent branches, aneurysm sac 
growth, or even rupture.

Exploration of the use of nonporous endoprosthesis for the treatment of AAA dates back to 
1976, when Parodi et al. [9] began to transform Dacron prosthetics into intraluminal devices. 
Several others went on to test the intraluminal grafts in animals with an array of sizing pro-
tocols [10–13]. However, it is difficult to interpret sizing practices from these early studies 
since most involved balloon-expandable stents and not the self-expandable stents that are 
frequently used today. Since the approval of self-expandable aortic stent-grafts in humans 
with AAAs over a decade ago, sizing has become a crucial component of the successful EVAR. 
Early feasibility studies recommended sizing the device larger than the vessel (i.e., oversiz-
ing) without strong scientific backing. After years of use, evidence for oversizing has been 
validated [14, 15]. Oversizing helps in securing the device in place and achieving adequate fix-
ation and seal by increasing the frictional force between the vessel and device. Additionally, 
oversizing addresses the unevenness of each vessel and allows the vessel to take the circular 
shape of the device [16]. Ultimately, the device must generate a large enough radial force to 
resist displacement from the vessel wall, but not so large that the endograft starts to fold or 
cause adverse vessel remodeling.

Although most surgeons agree about the importance of sizing, several factors make it a dif-
ficult task. For one, angulated vessels may introduce variability in the degree of oversizing 
delivered around the vessel wall. Others include the presence of thrombus or calcification at 
the attachment sites, length and shape of apposition sites, graft features, and stability of ves-
sels. Further complicating, sizing is the reality that the pulsatility of vessels and hemodynam-
ics of each patient is variable. Nevertheless, the instructions for use (IFU) guidelines of most 
devices recommend sizing the endovascular graft 10–20% larger than the vessel diameter. 
However, these sizing recommendations lack comparable safety and effectiveness studies for 
aortic grafts sized outside that range. Moreover, graft oversizing in patients frequently varies 
from the manufacturer’s IFU, with reported oversizing ranging from less than 5% to greater 
than 40% [17]. With this variability, and because the complication rate post EVAR remains sig-
nificant, the optimal degree of oversizing continues to be a topic of interest for many surgeons.

2. Aim of the chapter

The aim of this chapter is to provide physicians with a useful resource when sizing stent-
grafts for EVAR of the abdominal aorta. This chapter provides the instructions for use guide-
lines published by each graft manufacturer and objectively reviews the relationship between 
the endograft sizing and outcomes using experimental, computational, and clinical studies.
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3. Early development and sizing

The difficulty of sizing prosthesis can be seen as early as the implantation of sutureless intra-
luminal grafts during open surgery. With the goal of better fixation, Matsumae et al. [18] pro-
posed the addition of elastic rings and saw no dislodgment or migration in nine canines with 
a ratio of 0.92–0.70 (31.4%) of ring to aorta diameter. In 1983, Nitinol wires were inserted in 
animals using a transluminal approach with only the stent dimensions reported [19, 20]. Since 
wires were not a feasible solution to exclude the aneurysm sac, several attempts were made 
testing intraluminal grafts in animals [9–13]. Balko et al. [10] used 10 mm intraluminal poly-
urethane prosthesis with a compressible Nitinol wire frame in a 9 mm self-made aneurysm 
in sheep. Laborde et al. [13] used 10 mm modified tubular Dacron grafts affixed to balloon-
expandable stents and applied it to 10 mm mongrel vessels and found inconsistent results; 
yet, they recommended expanding the stent to a diameter 10–15% larger than the aorta. In 
1991, Parodi et al. [9] achieved a “watertight seal” in humans using a balloon-expandable 
stent, but unfortunately, the sizing of each patient was not reported. Soon after, several stud-
ies investigated the anatomy of patients with AAA in order to identify the range of endograft 
sizes necessary for treatment [21, 22]. Thus, the importance of accurately sizing endografts 
was clear early on. Manufacturers of these early grafts recommended that stent-grafts should 
be oversized a few millimeters. It is not clear, however, what scientific observations were 
used to make these recommendations. Even in 1999, an experimental study reported that 
they supported the “theoretical” advantage of oversizing prosthesis [15]. Nevertheless, these 
early feasibility studies highlight how oversizing has been an important part of EVAR since 
the early development.

4. Endograft devices and instructions for use

Since the first device implanted in patients in 1991, several modifications have been made 
with efforts to address access, fixation, and sealing. Devices can be classified as either bal-
loon- or self-expandable. The most commonly used devices today are self-expandable and 
they have the advantage of providing more anatomically correct support. The manufacturers 
of approved endografts suggest measuring either from intima to intima (inner wall) or adven-
titia to adventitia (outer wall). Thus, when deciding how much to oversize, the apposition site 
diameter measurements should be device-specific. The following consists of a brief timeline 
of the currently available self-expandable devices.

In 1999, the Food and Drug Administration (FDA) first approved the use of two self-expand-
able endografts, the AneuRx (Medtronic Vascular, Santa Rosa, CA, USA) and Ancure (Guidant 
Corporation, Indianapolis, IN, USA). Yet, by 2001, Guidant suspended the production and 
announced the recall of all Ancure devices. In 2002 and 2003, respectively, the Excluder 
(W.L. Gore & Associates, Flagstaff, AZ, USA) and Zenith (Cook Inc., Bloomington, IN, USA) 
devices gained approval. More recently, the Powerlink (Endologix, Irvine, CA, USA), Talent 
(Medtronic, Inc., Minneapolis, MN, USA), and Endurant (Medtronic, Inc., Minneapolis, MN, 
USA) devices were all approved. The characteristics of each device currently available along 
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with their recommended sizing protocols are given below (Table 1). The associated exclusion 
criteria, study designs, and outcomes from their clinical trials are also summarized (Table 2). 
Of note, the anatomical requirements for inclusion in these studies are often strict and do 
not represent the scope of patients currently being treated with EVAR. Thus, the anatomical 
characteristics of each study should be considered when evaluating the degree of oversizing 
used. Finally, by proving safety and effectiveness, many of these studies helped in guiding 
the recommendations for the endograft sizing today. What they did not show, however, was 
the effect of different levels of sizing on outcomes. In general, the instructions for use recom-
mendations suggest using an individual approach and oversizing stent-grafts 10–20% in the 
abdominal aorta with a wider accepted range of up to 25% in the iliac arteries.

Device Design Active fixation Suprarenal or 
infrarenal

Available sizes Sizing 
recommendation

AneuRx 
(Medtronic, Inc.)

Modular, 
bifurcated, Nitinol 
stent, polyster 
fabric

No Infrarenal Main body: 
20–28 mm, iliac 
limb: 12–24 mm

Approximately 2 mm 
larger than the aortic 
diameter and 1 mm 
larger iliac diameter 
(10–20% oversizing)—
see IFU

Excluder (W.L. 
Gore & Associates, 
Inc.)

Modular, 
bifurcated, Nitinol 
stent, ePTFE fabric

Yes (anchors) Infrarenal Main body: 
23–31 mm, iliac 
limb: 10–20 mm

At least 2 mm larger 
than the aortic inner 
diameter (10–21% 
oversizing) and 1 mm 
larger than the iliac 
inner diameter (7–25% 
oversizing)—see IFU

Zenith (Cook 
Medical, Inc.)

Modular, 
bifurcated, stainless 
steel Z-stents, 
polyster Dacron 
fabric

Yes (barbs) Suprarenal Main body: 
22–36 mm, iliac 
limb: 8–24 mm

Varying based on 
outer diameter 
aortic: (14–24%) iliac: 
(0–20%)—see IFU

Powerlink 
(Endologix)

Modular, 
bifurcated unibody, 
cobalt chromium 
stent, ePTFE

No Infrarenal Main body: 
25–28 mm, iliac 
limb: 16 mm, 
extenstion limb: 
16–25 mm

Varying based on 
diameter—see IFU

Talent (Medtronic, 
Inc.)

Modular, 
bifurcated, nitinol 
stent, polyster 
fabric

No Suprarenal Main body: 
22–36 mm, iliac 
limb: 8–24 mm

Varying based on 
diameter aortic: 
(14–24%) iliac: 
(0–20%)—see IFU

Endurant 
(Medtronic, Inc.)

Modular, 
bifurcated or 
aorta-uniiliac, 
Nitinol M-shaped 
stent, high filament 
polyster fabric

Yes (pins) Suprarenal Main body: 23–36 
mm, iliac limb: 
10–28 mm

Aorta: 10–20% larger 
than vessel inner 
diameter iliac: 10–25% 
larger than vessel 
inner diameter—see 
IFU

ePTFE, expanded polytetrafluoroethylene.

Table 1. Characteristics of commercially available self-expandable aortic stent-grafts.
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5. Clinical outcomes and oversizing

The goal of EVAR is a long-term exclusion of the aneurysm, without any complications such 
as graft migration or endoleak. Obtaining a tight seal and adequate fixation are important 
in lowering intrasac pressure and limiting further disease progression. In 2009, a systematic 
review evaluated the relationship between oversizing and outcomes and reported that 10–20% 
oversizing is relatively safe and remains as the preferred sizing choice of surgeons [17].

5.1. Biomechanics and vessel remodeling

Understanding the effects of EVAR on both the vessel wall and device itself is important for 
making improvements in endovascular surgery. Several authors have attempted to investi-
gate these consequences with specific consideration to the effects of oversizing. When a stent 
is apposed to an artery, the force created from the vessel wall opposes a stent’s outward radial 
force. After deployment, equilibrium is achieved between the vessel and stent-graft where the 
radial force is proportional to the final diameter of the incorporated device [23]. Thus, radial 
force is significantly correlated with the degree of oversizing. If the force delivered to the ves-
sel exceeds the equilibrium, it is plausible that the inward folding (i.e., infolding) or collapse 
of the graft can occur. In turn, infolding of the graft at its border can result in new interfaces 
between the blood flow and the graft, thus resulting in an increased risk of migration. In fact, 
excessive oversizing, in particular greater than 30%, has been linked to infolding of the device 
[24, 25]. In further analysis, Lin et al. [26] showed significantly less likelihood of folding when 
oversized below 23.5%. Interestingly, when stents collapse they do so asymmetrically. This 
has been shown in vitro where certain areas of the stent have more rigidity and thus takes on 
more force [23].

Another potential consequence of the radial force delivered to the vessel wall is the ability 
of the vessel to remodel. If the radial force is large enough, the vessel can dilate in order to 
accommodate for the stent graft. Several authors have reported these changes in the aneu-
rysm neck after the EVAR [16, 27–33]. In the results of four U.S. phase II trials, neck dilatation 
of 3 mm or more was reported in 13–20% of patients 2 years post EVAR [30]. In a study with 
longer follow-up (4 years) but with smaller sample size, all patients showed at least 2 mm 
of neck dilatation [33]. These results follow a previous description that the self-expandable 
stent-grafts dilate the aortic neck until the nominal diameter of the stent graft is reached [34]. 
This initial adaptation has been reported for almost all the self-expandable endograft-treated 
aortic necks as an adjustment to the devices present and is associated with the percentage 
of oversizing [31]. However, it is unclear, if oversizing is associated with dilatation beyond 
this initial adaptation. Importantly, expansion of the aortic neck to the size of the graft is 
infrequently associated with adverse complications [33]. However, neck dilatation exceeding 
the degree of oversizing can put patients at an increased risk of developing endoleak or graft 
migration [35].

The mechanism, in which, a dilatation larger than the percentage of oversizing can result 
in migration, is thought to be through a reduction in frictional force. Thus, many authors 
have shown that oversizing is positively correlated with neck dilatation [25, 28, 31, 33, 36–38]. 
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5. Clinical outcomes and oversizing
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Conners et al. [25] reported that oversizing greater than 20% was strongly associated with an 
accelerated late neck expansion. However, the effect of oversizing on dilatation is not black 
and white. In fact, several authors have failed to find any significant correlation when com-
pared to the postoperative diameter [27, 31, 39, 40]. For example, Cao et al. [27] failed to find 
an association between >15% oversizing and neck enlargement. This suggests that oversizing 
is not the only factor involved in the continued expansion of the aortic neck. Different endo-
grafts, stent types, and intramural or hemodynamic conditions could also play a role. It is also 
expected that a patient’s genetics is likely to influence susceptibility to enlargement. Although 
unproven, the intrinsic characteristics of the host aorta could also potentially encourage 
remodeling. If so, markers, such as elastin and collagen may be useful preoperatively in pre-
dicting dilatation.

5.2. Graft migration

Caudal migration of the endovascular graft is one cause of the unsuccessful EVAR. In fact, 
migration following the EVAR has been reported in many studies with rates ranging from 
0% to 45%, varying with different patient populations, follow-up times, and stent-grafts used 
[25, 41–43]. Migration can occur for a number of reasons, but can be best understood in the 
context of the biomechanical forces. If the drag force generated by the blood flow overcomes 
the fixation force between the endograft and aortic wall, the graft will dislodge or migrate. The 
main factors causing this imbalance are continued aortic neck dilatation, pulsatile blood flow 
acting on the seal zone, and mechanical or biological features complicating the attachment. 
Continuous exposure of displacement forces in the direction perpendicular to the endograft 
may cause eccentric graft compression and result in migration [44]. In turn, graft migration can 
lead to other complications, such as, endoleak, occlusion, or rupture. In addition, displacement 
of the stent graft from its apposition site may result in the need for secondary intervention. 
Since graft oversizing has been linked to aortic dilatation and because it plays an important part 
in achieving adequate fixation, correctly oversizing the device can potentially limit migration.

Several studies have investigated the association between oversizing and device migration 
[25, 27, 31, 33, 40, 45–49]. It should be noted that the definition of migration may vary from 
study to study and the amount of migration can ultimately be associated with worse out-
comes. For example, migration of a few millimeters, when compared to complete migration 
into the aneurysm sac, will have significantly different consequences. Oversizing can help 
limit migration by increasing the contact pressure between the vessel wall and device [50]. 
One experimental study found that when oversized an average of 27.7%, 336 g was needed 
to cause migration, as opposed to only 305 g needed to displace grafts oversized an aver-
age of 14.4% [15]. In terms of specific ranges, oversizing >20% seems to require a greater 
pullout force than when sized under 20% [15]. This result can help explain the trend toward 
greater oversizing in patients experiencing migration when oversized a mean of 23.5% vs. 
18.2% [25]. In a larger study of 1082 patients, oversizing 10–30% had the lowest percentage of 
migration [46]. Not oversizing enough, e.g., 10% will require lower magnitudes necessary to 
cause migration compared to devices oversized 20% [51]. Interestingly, migration has been 
suggested to occur after two displacement forces, one to start the movement and the second, 
substantially greater, force to cause significant caudal movement [51].
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As a potential solution for migration, several devices are now made with active fixation (barbs, 
anchors, and pins). Barbs and hooks increase the force needed to dislodge a graft [52]. Yet, 
migration of these grafts can still occur. Thus, when considering the connection of oversizing 
and device migration, the device type may play a crucial role. Increasing data has indicated 
that the biomechanical forces vary between devices with regard to active fixation. Kratzberg 
et al. [48] has shown that as the number of barbs penetrating the aortic wall increases, so does 
the pullout force. However, the displacement force is not significantly affected by oversizing 
until above 30%, at which less force is then needed to dislodge the graft [48, 51]. Importantly, 
grafts oversized >30% can experience significant circumferential deformation/folding at its 
perimeter that negatively affects the attachment [48]. This has been suggested as a major rea-
son for the lower pullout force for grafts oversized >30% compared to those sized 4–10%, 
11–20%, and 21–30% [48]. Sternbergh et al. [40] had similar findings, where they found a 14 
time increase in device migration of 5 mm or more for zenith (active fixation) stent-grafts 
oversized above 30%. Thus, excessive oversizing of aortic stent-grafts with active fixation may 
come with adverse outcomes. Congruently, Vad et al. have proposed sizing these stents up 
to 15% [50].

5.3. Endoleak

Although the pathogenesis of aneurysm enlargement is not completely understood, it is 
generally accepted that the persistent blood flow into the aneurysm sac can lead to further 
expansion and potentially rupture. Thus, incomplete exclusion and resulting perigraft flow, 
termed as endoleak, is a significant complication of EVAR. In particular, type I (incomplete 
seal) and III (mechanical failure of the graft) endoleaks are associated with worse outcomes, 
with type 1A (proximal) leak posing the greatest risk of rupture [14]. Endoleak is amongst the 
most common failures reported with rates ranging from approximately 5 to 40% [14, 53–55]. 
Furthermore, some authors estimate that endoleaks account for over 60% of EVAR reinterven-
tions [56]. Importantly, type I leaks have been attributed to inadequate sizing of endografts 
[14]. Thus, the impact of oversizing and its role in limiting endoleaks has received consider-
able attention.

One mechanism in which oversizing has been suggested to cause endoleak is through infold-
ing of the endograft. As mentioned earlier, higher degrees of oversizing have been linked to 
greater folds [24]. This is significant because the presence of endoleak was subsequently cor-
related to the size of the biggest fold [24]. Another cause of endoleak is due to the expansion of 
the aorta often seen from excessive oversizing. Aortic dilatation can create gaps between the 
endograft and vessel wall, thus allowing the blood to flow into the aneurysm. A third mecha-
nism for endoleaks is from undersizing the aortic stent graft. Undersized grafts exert a weaker 
radial force on the vessel wall and thus can be influenced by smaller displacement forces from 
the pulsatile blood flow. In turn, a decrease in radial force can lead to the development of 
proximal endoleaks [57]. This is likely to occur through the spaces that exist between the stent 
graft and vessel wall. In particular, separation during the decreasing phase of hydrostatic 
pressure has been described [57]. This suggests a delayed deformation as the pressure on the 
attachment site decreases and the aorta relaxes.
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Many studies have investigated endoleaks, but few have looked at the relationship between 
leak and oversizing. One such study of 2146 patients undergoing EVAR with multiple device 
types, showed a decreased risk of proximal endoleak starting at 10% oversizing with narrow 
confidence intervals up to 25% [14]. In another study, oversizing >20% was associated with 
fewer endoleaks (all) and less aneurysm sac enlargement, with the lowest rate of endoleaks 
occurring between 20 and 25% [58]. A mechanics study had similar findings suggesting that 
oversizing 20% helps prevent the occurrence of type I endoleaks [57].

Still, several studies failed to find any significance between oversizing and endoleaks, includ-
ing one that investigated those oversized >30% [40, 54, 59, 60]. Several of these studies were 
difficult to interpret, due to varying population characteristics and methodology. One reason 
for this is that oversizing can be complicated by several factors, one being the conditions at the 
attachment sites. Atherosclerotic plaque, thrombus, and calcifications can interfere with the 
device-wall interface. Intuitively, the presence of plaque between the graft and the vessel low-
ers the frictional coefficient, and thus the force too. Amblard et al. suggested that the plaque 
configuration at the attachment site can be used to predict type I endoleaks [57]. Apposition 
site morphology has also been thought to contribute to the risk of endoleak. Conical necks, in 
particular, can pose increased risk because oversizing in the proximal and distal portions of 
these necks are uneven. This often results in one end being undersized. Thus, greater oversiz-
ing may be appropriate if the characteristics are difficult, such as, a reverse tapered neck [61].

6. Histology of the attachment sites and oversizing

Several adaptations occur to the arterial wall after EVAR. Few studies have looked at the 
effects of oversizing in the abdominal aorta, but the changes seen in the thoracic aorta can still 
provide valuable information. When a stent graft is implanted, a foreign body reaction can 
result. One adaptation is a considerable loss of elasticity, especially at the area of compression, 
regardless of the percentage of oversizing [62]. The same study showed that the max strength 
sustained and the stress supported by fragments of the aortic wall suffered a linear and pro-
gressive loss with increased oversizing [62]. This change can be contributed to a reorganiza-
tion and change in quantity of collagen and elastic fibers distributed around the apposition 
sites. In particular, collagen increases in the aortic wall irrespective of the degree of oversiz-
ing [62] On the other hand, the amount of muscle fibers decrease in the inner third of the 
wall with more oversizing [62]. Importantly, oversizing >40% showed evidence of disruption 
of the fiber content and formation of an aneurysm within the aortic wall [63]. These results 
should be taken with caution, as the biology of the vessel at the infrarenal level may differ.

7. Imaging/preoperative measurements

Accurate sizing of aortic stent-grafts depends on precise preoperative measurements of the 
aorta and iliac arteries. In the past, measurements were done using computerized tomography 
angiography (CTA) axial images, but more recently three-dimensional (3D)  reconstructions 
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with center lumen line (CLL) analysis have taken over [64, 65]. The use of CLL has improved 
the measurement of preoperative diameters and lengths with superior outcomes, and less 
intra- and interobserver variability [64, 66]. Yet, accurate and reproducible measurement 
remains a challenge. Arteries are frequently not perfect circles and thus measurement can 
vary based on the axis. In response, some have proposed alternative methods that are yet to be 
validated, such as using circumference [67]. Thus, while using CLL, it is important to follow 
the manufacturer’s IFU measurement instructions. This has become even more evident, as an 
increasing number of patients undergoing EVAR today have complex apposition site features 
complicating their measurement.

The use of dynamic CTA can also provide some valuable insight for preoperative planning. 
Using dynamic CTA, several authors have found that the aortic and iliac arteries diameter, cir-
cumference, angles, and lengths change during the cardiac cycle [68–70]. Specifically, an asym-
metrical distension is seen with smaller dimensions occurring during diastole. Interestingly, 
preoperative aneurysm neck pulsatility remains similar even years after EVAR, but the base-
line pulsatility is higher for those who experience graft migration [71]. Furthermore, disten-
sion due to dynamic changes in the iliac arteries has been suggested to be a cause of distal 
endoleak [68]. These two observations show how the pulsatility of a patient’s vessels can 
contribute to the over or undersizing of stent-grafts and ultimately lead to poor outcomes. In 
fact, in one study, endografts were inadequately sized for approximately 25% of patients [72]. 
Since pulsatility can vary from patient to patient, measurement of those with complex vessel 
dynamics should be given appropriate attention. Additionally, the fact that vessels expand 
asymmetrically further supports the use of oversizing as a way to limit gaps between the graft 
and vessel wall. To account for these dynamic changes during the cardiac cycle, oversizing as 
much as 20% has been recommended [17, 68].

8. Recent sizing, our experience, conclusions

Advancements in endovascular technique, imaging technology, and device design have led to 
an expanded use of EVAR in the treatment of AAAs.

Aortic stent-grafts create a new channel for the blood flow and thus shield the diseased aor-
tic wall from continued pressure. A number of factors influence the sealing and fixation of 
self-expandable stent-grafts. Some include: (1) vessel shape/diameter, (2) seal zone length, (3) 
angulation/tortuosity, (4) calcification/thrombus, (5) device design (active fixation, material), 
and (6) vessel hemodynamics. Thus, the anatomy and conditions at or around the apposition 
sites are important to consider when sizing.

Some recent studies have provided the degree of oversizing of their cohorts and reported 
outcomes. The ENGAGE study of 1262 patients (approximately one-fifth outside IFU) 
oversized 20% with respect to the inner vessel diameter reported with no stent migra-
tion at 1 year and with satisfactory outcomes [42]. Pitton et al. showed strong results after 
10-year follow-up with 20–25% oversizing of proximal diameters and 10–15% oversizing 
distally [73]. Similarly, in a recent study, 351 patients (mean outer-to-outer wall oversizing 
17.7 ± 10.7%) from 2003 to 2014 showed that >20% oversizing was associated with decreased 
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rates of endoleaks (all) compared with 10–20% oversizing, with the lowest rates in patients 
oversized 20–25% [58]. Interestingly, larger infrarenal neck diameters were associated 
with less oversizing. This is suggestive that larger vessels are at risk of being undersized. 
Although the rate of limb occlusion after EVAR is relatively low, it is worth mentioning that 
greater than 15% oversizing at the iliac artery was identified as an independent risk factor 
for limb occlusion [74].

Almost all the recommendations for the degree of oversizing made by manufacturers are 
based on the patients with ideal conditions, such as, straight aortic necks and nontortuous 
iliac arteries. This can be problematic when endografts are delivered to complicated apposi-
tion sites. For consistency in preoperative measurement, surgeons should follow the protocols 
outlined by each device manufacturer, as to which axis measurements should be taken from. 
With regards to oversizing, sizing up to 25% in the aortic neck appears to increase the radial 
force and lower the risk of proximal endoleak. Although inconclusive, additional oversizing 
above 25% may be associated with greater risk of aortic dilatation or graft infolding with the 
potential to cause migration. Ultimately, oversizing, using the current standard of 10–20% 
remains safe and effective. As more complicated EVAR patients present, practice may need to 
be adjusted on a patient-specific basis.
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Abstract

Four major variations of the venous system in the retroperitoneal space are the retroaortic 
left renal vein, left renal vein collar, left-sided inferior vena cava, and caval duplication. 
During surgery, especially, injury in veins is responsible for the most unexpected intra-
operative bleeding. Therefore, above-mentioned anomalies pose potential hazards to sur-
geons during treatment of abdominal aortic aneurysm. Preoperative diagnosis is highly 
desirable but is not always available so, during abdominal surgery, familiarity with the 
anatomy of the most common types of venous variations is the first step toward prevent-
ing vascular injury. The chapter includes information describing the demographic, clini-
cal, and morphological characteristics of the presence of the aforementioned main vein 
anomalies including: gender distribution, frequency in population, the most commonly 
reported symptoms, and associate complications. Massive intraoperative bleeding may 
be dangerous during aortic dissection; however, venous bleeding is more complicated 
than arterial hemorrhage. Significant venous bleeding, in particular, can occur if major 
retroperitoneal venous anomalies are present. The anomalous veins are typically thin-
walled, dilated, and tortuous. As a result, manipulation of these veins during abdominal 
aortic surgery places the patient at high risk of long-term massive hemorrhage.

Keywords: aortic aneurysm, vascular variations, retroaortic left renal vein, left renal 
vein collar, left-sided inferior vena cava, caval duplication

1. Introduction

There are four major variations of the venous system in the retroperitoneal space: retroaor-
tic left renal vein, left renal vein collar, left-sided inferior vena cava, and caval duplication 
[1, 2] (Figures 1–3). These anomalies pose potential hazards to surgeons during treatment of 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



abdominal aortic aneurysm. An injury to an unrecognized anomalous vessels can result in 
severe hemorrhage [3, 4]. Especially, injury to veins is responsible for the most unexpected 
intraoperative bleeding [4, 5]. The anomalous veins are typically thin-walled, dilated, and tor-
tuous [6], and manipulation of these veins during abdominal aortic surgery places the patient 
at high risk of massive hemorrhage [1, 7]. The majority of cases of retroaortic left renal vein, 
left renal vein collar, left-sided inferior vena cava, and caval duplication are diagnosed inci-
dentally on the base of radiological examinations performed for other reasons, but these varia-
tions can have significant clinical implications [1, 5].

Figure 1. Computed tomography investigation of the abdomen with duplication of the inferior vena cava 
(CT-64-row MDCT scanner, Light-speed VCT, GE, Waukesha, Wisconsin, USA). (A) Transverse scan on L3 
level, (B) three-dimensional computed tomography reconstruction of the vessels (posterior view). Ao: aorta, 
AAA: abdominal aortic aneurysm, IVC: inferior vena cava, LIVC: left inferior vena cava, RIVC: right inferior 
vena cava.
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Preoperative diagnosis is highly desirable but not always available and most venous anoma-
lies are diagnosed during operations. Therefore, during abdominal surgery, familiarity with 
the anatomy of the most common types of venous variations is the first step toward prevent-
ing vascular injury [5].

Additionally, compression of surrounding vessels by abdominal aortic aneurysm or atheroscle-
rotic aorta forms a rich collateral circulation that exists in the abdomen and prevents the pres-
ence of ischemic symptoms [8, 9]. However, when hemodynamic compensation mechanisms 

Figure 2. Computed tomography investigation of the abdomen with retroaortic left renal vein (CT-64-row MDCT 
scanner, Light-speed VCT, GE, Waukesha, Wisconsin, USA). (A) Transverse scan on L2 level, (B) three-dimensional 
computed tomography reconstruction of the vessels (posterior view). Ao: aorta, AAA: abdominal aortic aneurysm, IVC: 
inferior vena cava, RLRV: retroaortic left renal vein.
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begin to fail, the effects may be extremely serious. Such coexistence may complicate surgical 
treatment and thus predispose the patient to thrombosis [10–12].

2. Duplication of the inferior vena cava

Duplication of the inferior vena cava is defined as an anomaly with two large veins situated 
on both sides of the abdominal aorta (Figure 1). These veins usually join to form one vein at 
the level of the origin of the renal arteries [1, 2]. It is a rare developmental variant that has 
been reported to occur in 0.2–4% of the population [13–16]. However, coexistence of duplica-
tion of the inferior vena cava with the abdominal aortic aneurysm is described only in a few 
studies [5, 17–19], in which it accompanies other vascular variations [18] or developmental 
anomalies [20]. The duplicated inferior vena cava has a reported incidence of 2–3% in autopsy 
studies [15, 18]. However, this anomaly diagnosed by CT, was only 0.3–0.6% [13, 16]. This 
difference in occurrence suggests that the smaller component is not readily apparent on CT. 
Duplicated veins are typically thin-walled, dilated, and even may be tortuous [8, 17]. Such 
morphology may complicate surgical treatment and predispose the patient to unexpected 
bleeding. Embryological explanation of such developmental variation as duplication of the 
inferior vena cava is complex. During fetal development three segments constitute the inferior 
vena cava: the upper hepatic segment, the renal (subcardinal) segment, and the supracardinal 
(sacrocardinal) segment [21–23]. In 1925, McClure and Butler proposed the theory of inferior 
vena duplication [23]. It was modified by Larsen in 2001 [24]. According to their explanation 

Figure 3. Three-dimensional computed tomography reconstruction of the vessels (CT-64-row MDCT scanner, Light-
speed VCT, GE, Waukesha, Wisconsin, USA). Ao: aorta, AAA: abdominal aortic aneurysm, CLRV: circumaortic left renal 
vein, IVC: inferior vena cava.
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such an anomaly occurs due to failure of the caudal left supracardinal vein to regress result-
ing in an additional vein: the left inferior vena cava [23, 24].

Chen et al. [25] note that inferior vena cava anomalies were significantly more common in 
men than in women. A radiological study by Morita et al. [16] also found that such anomalies 
were significantly more common in men (39 of 3821 cases—1%) than in women (12 of 2473 
cases—0.5%); men/women ratio is 2:1.

The knowledge of presence of a duplicated inferior vena cava in patient is clinically very impor-
tant. It increases risk during abdominal aortic surgery [2]. The main reason is that anomalous 
veins are typically thin-walled, dilated, and therefore manipulation on them is challenging 
and at high risk of massive hemorrhage [6]. Probably, several small vessels at retroperotineal 
space may be injured during abdominal surgery. They are formed as rich collateral circulation 
compression of both the surrounding inferior vena cava by abdominal aortic aneurysm or 
atherosclerotic aorta [3]. Most commonly the left inferior vena cava ends as a junction with the 
left renal vein. They form a preaortic trunk, which opens to the right inferior vena cava [1, 10, 
23, 25]. It existed in 67.9% of the cases with this variation [25]. In some examples, this junction 
is situated much lower and termed as the common iliac confluence [26, 27]. Sometimes the 
preaortic trunk was absent and the duplicated infrarenal left inferior vena ended as a left renal 
vein and with a reno-hemiazygos-lumbar trunk (RHLT) inserted into their junction [9, 28–30]. 
Knowledge on the duplication of the inferior vena cava with hemiazygos continuation of the 
left-sided IVC, preaortic trunk connection, and normal drainage of the right-sided IVC into the 
right atrium is also important from a hemodynamical point of view. Scrotal edema has already 
been described in patients with a duplication of the inferior vena cava, raising the question as 
to whether this anatomical variant is a predisposing factor [31].

Some studies speculate that duplication of the inferior vena cava may increase the incidence 
of thrombosis formation [7, 10–12]. Although the incidence of duplication of IVC is low, it cer-
tainly poses hazards during abdominal aortic aneurysm repair, and therefore endovascular 
treatment (EVAR) seems a safer choice than open surgery [9].

3. Retroaortic left renal vein

Usually, the human kidney is drained by several veins, which join near the hilum to form 
a single renal vein (RV). The left renal vein (LRV) passes anterior to the abdominal aorta and 
opens into the inferior vena cava (IVC) [32]. The morphology of the left renal vein (LRV) is 
much more complex than that of the right one because of its topography and relationship with 
the superior mesenteric artery and the abdominal aorta [33]. Also anomalies of the left renal 
vein are more common as those of the right renal vein because the left one is approximately 
three times longer and has a more complicated embryogenesis [34–36]. Knowledge about 
morphology of the left renal vein is especially important in transplantology because left kid-
ney is preferred before donor nephrectomy [14, 37, 38].

One of the most common anomalies of the left renal vein is a retroaortic left renal vein (RLRV; 
Figure 2). It is located between the aorta and the vertebral column and drains into the inferior 
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vena cava [32, 34]. This congenital anomaly occurs in 0.5–5.9% of the population according 
to the literature [14, 34, 39–41]. The retroaortic left renal vein was two times more frequent in 
females than in males [14]. However, according to Arslan et al. [42] and Nam et al. [43], the 
male to female ratio is similar.

The fourth and eighth gestational weeks are the time for development of the left renal 
vein. It is formed by the sequential formation, anastomoses, and regression of three paired 
veins (posterior cardinal, subcardinal, and supracardinal veins) [13, 14, 44]. At this time, 
there is an anastomotic junction between supracardinal and subcardinal channels, which 
produced a collar of veins around the aorta. When the ventral portion of the circumaortic 
collar persists, the normal left renal vein is formed. If the dorsal parts of this collar are 
persisted, the left renal vein passing posterior to the aorta produced a retroaortic left renal 
vein [34, 45, 46].

The retroaortic left renal vein is usually asymptomatic. However, its presence is clinically 
important [43]. Sometimes it may be due to clinical symptoms such as hematuria, abdomi-
nal/flank or inguinal pain, and vascular dilatations (varicocele) [34, 43, 47]. According to 
Karaman et al. [34], studying the frequency of the RLRV was significantly higher in the group 
with urological symptoms, especially in patients with hematuria, in comparison with the 
other group without urological symptoms. Heidler et al. [48] described that only 4 of 61 
(6.6%) patient with RLRV diagnosed by CT scan were clinical symptomatic (flank pain and 
microhematuria).

The presence of a retroaortic left renal vein during the renal surgery influences the technical 
feasibility of the operation. Failure to recognize these anomalies may lead to non-suspected 
hemorrhage and even renal damage [43, 49]. Therefore, special attention in retroperitoneal 
space surgery is needed when retroaortic left renal vein is recognized. It seems especially 
important during an abdominal aortic aneurysm repair. Aortic dissection may be complicated 
by massive intraoperative bleeding, the most troublesome being venous rather than arterial 
hemorrhage [3]. Control of this bleeding is very difficult [3, 50]. Brener et al. [50] reported 
that during abdominal aortic reconstruction, approximately 40% of retroaortic left renal veins 
were injured. Of these, five were successfully repaired, two needed nephrectomy for control 
of the hemorrhage, and two patients died as a result of hemorrhage. Also the lumbar and ret-
roperitoneal veins coalesce to form a complex retroaortic venous system whose topography 
and size depend on aortic aneurysm formation change and may be during dissection than the 
retroaortic LRV itself [3].

The fistula of the aorto-left renal vein in abdominal aortic aneurysms often co-occurs with 
the retroaortic left renal vein [51]. Mansour et al. [52] reported that 94% of the patients with 
aorto-left renal vein fistula also had a retroaortic left renal vein. Such complication is accom-
panied by hematuria, abdominal pain, left-sided varicocele, and a dysfunction of the left kid-
ney [52–55]. A fistula probably forms due to the combination of the inflammatory process of 
the expanding abdominal aortic aneurysm and compression of the retroaortic left renal vein 
between the vertebral bodies and the pulsating aneurysm [53, 54]. Also inflammatory abdom-
inal aortic aneurysm in patients with retroaortic left renal vein independently increases the 
complication rate during aortic surgery [56, 57].
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Familiarity with the morphology of the main venous anomalies (especially including ret-
roaortic and collar left renal vein) is the first step toward avoiding unexpected vascular injury 
during abdominal aortic procedures [3]. It seems important because coexistence nonruptured 
abdominal aortic aneurysm, with the prevalence of the retroaortic left renal vein estimated 
from 0.75 to 1.4% [2, 58].

4. Left renal vein collar

The circumaortic left renal vein (CLRV) or collar left renal vein is defined as the situation when 
this vein has an additional component that runs dorsal to the aorta and opens into the inferior 
vena cava (Figure 3) [32, 59]. According to statistics, the incidences of CLRV ranged 0.6–17.0% 
in cadaver dissection [60, 61], and 0.4–9.3% in clinical studies [47, 62]. In 2008, Natsis et al. [32] 
described a classification of the different forms of the circumaortic left renal vein based on the 
findings of 319 patients who underwent a CT angiography scan of the abdomen. The classifi-
cation distinguished three types: Type I has one left renal vein splitting into two branches, a 
preaortic and a retroaortic, both of which opened into the inferior vena cava; Type II has two 
independent left renal veins, one preaortic and another retroaortic, draining into the inferior 
vena cava; Type III has existing anastomoses between the preaortic and retroaortic vein, being 
multiple or not, or multiple preaortic or retroaortic renal veins without anastomoses [32].

During the development of the inferior vena cava, there are anastomotic communications 
between supracardinal and subcardinal channels. The ventral portion of this connection per-
sists as the normal left renal vein. If both the ventral and dorsal portions persist, the circumaortic 
(collar) left renal vein is formed [45, 46].

The CLRV in most cases is clinically silent and is discovered accidentally usually dur-
ing Doppler ultrasonography, computed tomography, or magnetic imagining resonance. 
However, such information of presence of this variation is useful before abdominal surgery 
especially renal transplantation, caval interruption procedures, nephrectomy, portocaval 
shunts, and aortic aneurysm connective surgery [39, 63].

Morphology of the circumaortic left renal vein is important in abdominal aortic aneurysms 
because the retroaortic component of the circumaortic renal collar is usually thinner than the 
preaortic one and it is always located more caudally [32, 63, 64]. The vein may be damaged 
when the posterior stitches of the anastomosis are inserted resulting in severe bleeding or the 
formation of a graft-left renal vein fistula [3]. Abdominal aneurysm surgery poses a particu-
lar problem, because the LRV is used as a landmark below which the aorta is clamped [65]. 
During a retroperitoneal surgery, a preaortic vein is always visualized, but surgeon may be 
unaware of an additional retroaortic component or a posterior primary tributary and may 
avulse it while mobilizing the kidney or clamping the aorta [39, 66]. Also the relationship of 
circumaortic left renal vein to the ureter in the retroperitoneal space may be confusing, espe-
cially when aortic aneurysm is present and its topography has been changed [67].

The coexistence of an abdominal aortic aneurysm with RLRV or CLRV may also increase the 
probability of nutcracker syndrome [68]. The posterior type of nutcracer syndrome results 
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in the narrowing of the LRV in its retroaortic or circumaortic position: compression between 
the aorta an`d the vertebral column [69, 70]. Therefore, the presence of an abdominal aortic 
aneurysm may also increase its symptoms and make treatment more dangerous.

5. Left-sided inferior vena cava

By definition, left-sided inferior vena cava, also known as transposition of the inferior vena 
cava, occurs when only one inferior vena cava is seen below the diaphragm on the left side 
of the abdominal aorta [71, 72]. A left IVC is thought to be caused by the regression of the 
right supracardinal vein with persistence of the left supracardinal vein during embryologi-
cal development of the venous system [73]. The incidence of left-side inferior vena cava is 
0.2–0.5% [74, 75]. According to Nishibe et al. [76], failure to recognize this variation when 
situated near the neck of the abdominal aortic aneurysm may lead LIVC injury and danger-
ous for live bleeding. Also proximal control of the neck of the aneurysm through a midline 
transperitoneal approach can be difficult if an anomalous inferior vena cava passes on the left 
side of aorta and crosses them during traveling to the right side of the body [2, 71]. Therefore, 
preoperative x-ray studies would be of value in this case [71, 77].

It is also important to remember that as a result of the transposition, the left adrenal and 
gonadal veins may empty directly into the left-sided inferior vena cava, while the right adre-
nal and gonadal veins drain into the right renal vein [78, 79].

6. Conclusion

Familiarity with the morphology of variations of the both left renal vein and inferior vena cava is 
important for all surgeons, urologists, and oncologists to reduce the risk of unexpected injury to 
these vessels. Such information is especially important when abdominal aortic aneurysm is pres-
ent due to changes in the topography of the retroperitoneal space. If it is possible, a preoperative 
x-ray examination should be always performed in patients undergoing repair of the abdominal 
aortic aneurysm. All additional information precisely describing number and topography of ves-
sels in retroperitoneal space prevents unexpected bleeding during surgical treatment of abdomi-
nal aortic aneurysm. Details of anomalous venous anatomy should be taken into consideration 
when choosing endovascular (EVAR) over classical treatment as the best and safest procedure.
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aortic aneurysm. All additional information precisely describing number and topography of ves-
sels in retroperitoneal space prevents unexpected bleeding during surgical treatment of abdomi-
nal aortic aneurysm. Details of anomalous venous anatomy should be taken into consideration 
when choosing endovascular (EVAR) over classical treatment as the best and safest procedure.
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Abstract

Infected aortic aneurysms are surgical urgencies, requiring prompt management to avoid 
the development of catastrophic complications. Although traditional open surgery com-
posed of radical debridement and aortic reconstruction remains the gold-standard, many 
favorable results of the endovascular repair strategy have been reported. In this chapter, 
the etiology, bacteriology, clinical manifestation, and diagnostic criteria of infected aortic 
aneurysms will be discussed in detail at first, followed by a comprehensive review of 
both traditional open surgery and endovascular repair, based on current evidences and 
the authors’ institutional experience. Along with long-term oral antibiotic suppression 
and aggressive adjunctive procedures, endovascular repair for uncomplicated infected 
aortic aneurysms could be a definite treatment alternative to traditional open surgery in 
the endovascular era.

Keywords: infected aortic aneurysm, mycotic aortic aneurysm, antibiotic, aortic 
reconstruction, graft, endovascular aortic repair (EVAR), thoracic endovascular aortic 
repair (TEVAR)

1. Introduction

An infected aneurysm, commonly known as “mycotic aneurysm”, is an abnormal dilatation of 
the artery associated with an infectious process [1–5]. In 1885, Sir William Osler first used the 
term “mycotic aneurysm” to describe multiple bead-like aneurysms of the aortic arch, resulting 
from suppuration in vessel wall in one patient with infective endocarditis-related aortic valve 
vegetations [1]. Currently, mycotic aneurysm is widely accepted as synonymous with infected 
aneurysm, describing all kinds of infected aneurysms with different etiologies, but not only those 
caused by septic emboli from a cardiac origin [6]. Moreover, the majority of infected (mycotic) 
aneurysms is caused by bacteria, but not fungus [4]. In this chapter, we will discuss in detail 
and review the current literatures about infected aneurysm, and we will present the authors’ 
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institutional experience of infected aneurysms involving the aorta. Here, the term “infected aor-
tic aneurysm” instead of “mycotic aortic aneurysm” is used to prevent any misunderstanding.

Infected aortic aneurysms are generally surgical urgencies and comprise about 0.7–2.6% of all 
cases of aortic aneurysms [7–12]. The therapeutic considerations for infected aortic aneurysms 
include perioperative medical management (i.e., preoperative and postoperative antibiotic 
selection and course), timing and type of surgical procedures (traditional excision, debride-
ment, and reconstruction versus endovascular technique), and the necessity of adjunctive 
procedures [7–15]. Complications occasionally occur at the initial presentation, including 
massive exsanguination due to free rupture and the development of aneurysm-related fistu-
lations. Emergency operation is indispensable to salvage patients presenting with ruptured 
infected aortic aneurysms. Since the infectious process is usually not suppressed sufficiently 
even with proper antibiotic treatment course at the time of operation in these patients, the 
risk of postoperative persistent or even outbreak of infection is high [16–18]. Furthermore, the 
management of infected aortic aneurysms with aerodigestive communications is much more 
complex and remains inconclusive according to current evidence [18–23]. Thus, we will focus 
on uncomplicated infected aortic aneurysm in this chapter and propose strategies in manag-
ing this rare but severe disease in the endovascular era.

2. Etiology

Vascular infections with infected aneurysm formation generally have four types of etiolo-
gies according to Wilson’s classification [4, 6]: (1) aneurysm formation after microbial arteritis 
due to bacteremia or local infection invasion, (2) posttraumatic infected pseudoaneurysms, 
which were usually related to drug abuse in the past and with increased incidence with the 
use of endovascular procedures [24] (3) infection of preexisting aneurysms, and (4) infected 
(mycotic) aneurysm resulting from infective endocarditis-related septic emboli (as described 
by Sir Osler) [1]. The intima of the arterial structure is normally resistant to infection; however, 
the presence of injury or pathological change makes it vulnerable to microorganisms, espe-
cially Staphylococcus and Salmonella species [25, 26]. Untreated local infection or arteritis that is 
not suppressed by host immunity in the early stage could progress to abscess formation, vas-
cular perforation, and pseudoaneurysm formation. Furthermore, since the aorta is the most 
common site of atherosclerosis and aneurysm formation, infected aortic aneurysms usually 
result from bacteremic seeding to the diseased intima [6]. Rarely, infected aortic aneurysms 
secondary to an infectious process of adjacent structures, such as intraabdominal infection, 
empyema, mediastinitis, and vertebral osteomyelitis, have also been reported in Refs. [27–30].

Infected aortic aneurysms are also often developed in patients with various degrees of immu-
nosuppressed status, such as in diabetes mellitus, liver cirrhosis, end-stage renal disease, 
alcoholism, chronic glucocorticoid therapy, chemotherapy, posttransplantation immuno-
suppression, human immunodeficiency virus infection, and malignancy [10, 31–34]. These 
patients frequently present with atypical clinical features that make the diagnosis difficult 
and uncommonly delayed [10]. In our institutional experience, more than 70% of the operated 
patients with infected aortic aneurysm had impaired immunity due to the aforementioned 
conditions at the time of operation.
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3. Bacteriology

Overall, blood cultures were positive in more than half of patients with an infected aortic 
aneurysm, and intraoperative cultures could provide an even higher positive rate [5, 6, 35]. 
The causative microbiology of infected aortic aneurysms has changed after the advent of the 
antibiotic era and has a significant geographical difference. Before the popularized use of 
antibiotics, nonhemolytic Streptococcus species have once been the most common infectious 
organisms; subsequently, they account for less than 10% of infection cases after the advent of 
the antibiotic era [5, 36]. Currently, in Western countries, Staphylococcus species are generally 
the most common pathogens, accounting for 28–71% of cases based on published literatures 
[13, 37, 38]. It is also noteworthy that methicillin-resistant Staphylococcus aureus (MRSA) preva-
lence is continuously rising, and some reports indicated MRSA as the most dominant patho-
gen [39, 40]. Vancomycin-intermediate Staphylococcus aureus (VISA) has also been associated 
with infected aneurysms [41]. Gram-negative bacterium–related infected aortic aneurysms 
are less prevalent in Western countries than in East Asia, where Salmonella species are the most 
frequent Gram-negative bacteria causing aortic infections [11, 13, 38]. A diseased aorta, such 
as that with significant atherosclerotic change or preexisting aneurysm, is more vulnerable 
to Salmonella species [11]. In the literatures from Taiwan and in our institutional experience, 
Salmonella species account for 50–83% of cases of infected aortic aneurysms [11, 12, 14, 15].

Furthermore, the bacteriological spectrum may also be broader than that expected [37]. 
A recent report on endovascular treatment of infected aortic aneurysms from a European 
multicenter study revealed that 62% of the cases had a positive blood culture in which 20% 
was Staphylococcus species, 12% Salmonella species, and 11% Streptococcus species; approxi-
mately 19% were caused by other microorganisms [42]. A less common organism should 
always be considered in patients with infected aortic aneurysms, especially those in an 
immunosuppressed state [43]. Several Gram-negative bacterium–related infected aortic aneu-
rysms have been described, including Pseudomonas, Klebsiella, Escherichia coli, Campylobacter, 
Yersinia, Brucella, Haemophilus influenzae, Coxiella burnetii, Acinetobacter, Burkholderia pseudom-
allei, Campylobacter, Enterobacter cloacae, and Bacteroides fragilis [44–55]. A Gram-negative bac-
terium–related infection is usually associated with more aneurysm rupture and mortalities. 
Moreover, infected aortic aneurysms due to various fungal infections have also been reported, 
such as Candida, Cryptococcus, and Aspergillus [56–58]. Mycobacterium species could also result 
in infected aortic aneurysms [59, 60], while Bacillus Calmette-Guérin–related abdominal aorta 
infection has also been reported in Ref. [61].

4. Clinical manifestation and diagnostic criteria

Unlike superficial infected aneurysms, which normally presents with painful, pulsatile 
masses along with local or systemic infection features, the clinical manifestation of infected 
aortic aneurysms is often obscure. Patients with an infected thoracic aortic aneurysm may 
have deep and vague chest or upper back pain, while those with infected abdominal aortic 
aneurysm may have abdominal or lower back pain. Oftentimes, patients with infected aortic 
aneurysms may only present with fever of unknown origin, and a diagnosis is made typically 
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only after the aneurysms rupture or other complications develop. The structures adjacent to 
the infected aorta could be affected by direct bacterial invasion or a mass effect, resulting in 
gastrointestinal bleeding, dysphagia, hoarseness, hemoptysis, or the development of empy-
ema, arteriovenous fistula, osteomyelitis, or psoas abscess [10, 62, 63].

The diagnosis of an infected aortic aneurysm is made by imaging studies and evidence of 
infection. Computed tomography (CT) angiography, which has been the diagnostic modality 
employed, could timely and clearly provide information on the size and location of the aneu-
rysm as well as the anatomic relationship and possible involvement of the surrounding struc-
tures. The typical CT image suggestive of the presence of infectious process in the aorta shows 
irregular aortic wall, periaortic fat stranding, and presence of periaortic soft tissue mass, and 
fluid or air accumulation [64–66]. The aneurysm is usually saccular or multilobulated [65, 66]. 
Active extravasation of intravascular contrast medium is seen in ruptured aneurysm. A ret-
ropleural or retroperitoneal hematoma formation adjacent to the aneurysm can be observed 
if the aneurysm has a contained rupture. If contrast medium exposure is contraindicated, 
magnetic resonance angiography is the alternative choice of imaging study. As previously 
mentioned, it is not uncommon that no microorganism is identified in the blood sample from 
patients with infected aortic aneurysms; thus, a negative blood culture could not exclude the 
presence of infected aortic aneurysms.

Moreover, an infected aortic aneurysm should be distinguished from an inflammatory aor-
tic aneurysm, although not always easy especially considering that both have the following 
clinical symptoms: chest, abdominal, or back pain and low-grade fever. The presence of posi-
tive serial antinuclear antibody (ANA) and elevated IgG4 in patients with aortitis or aortic 
aneurysm could imply an underlying autoimmune disease [67, 68]. A “mantle sign” on CT 
imaging is suspicious of an inflammatory aortic aneurysm, which displays a thickened wall 
of the aortic aneurysm with periaortic inflammation and fibrosis [67].

5. Management

Infected aneurysms are clinically serious, and those involving the aorta could result in more 
significant morbidity and mortality despite prompt surgical interventions. With the high 
percentage of disease evolution to aneurysm rupture, antibiotic treatment alone results in 
extremely poor prognoses and should be only reserved for those with very high surgical risk 
and significant medical comorbidities [69]. Aggressive debridement with aortic reconstruc-
tion remains the gold-standard operative procedure; however, a complicated postoperative 
course generally could be anticipated [7]. Furthermore, for infected aneurysms affecting the 
thoracic aorta and aortic arch, the surgical procedure typically employs extracorporeal circu-
lation, cardiopulmonary bypass, and even a period of deep hypothermic circulatory arrest 
(DHCA), further increasing the operative risks. The feasibility of endovascular aortic repair 
(EVAR) for infected aortic aneurysms has been investigated in numerous studies, which in 
turn provided encouraging short-term results [18, 42, 70–74]. However, the long-term sur-
vival and late-onset complications, especially recurrent or persistent infections, are of greater 
concerns [74].
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5.1. Antibiotic therapy

If an infected aortic aneurysm is suspected clinically, systemic broad-spectrum antibiotics 
should be initiated immediately before definite pathogen identification [69, 75]. Because of 
the high prevalence of Salmonella species infection in our country, we prefer administering 
ceftriaxone in every case of an infected aortic aneurysm if there is no contraindication [12, 
69, 71]. Once the culture and susceptibility results are available, antibiotics should be tailored 
accordingly. The minimum inhibitory concentration (MIC) of every susceptible antibiotic 
should be assessed and specialist consultation for infectious diseases should be liberal.

The optimal duration of antibiotic therapy both before and after surgical repair of an infected 
aortic aneurysm remains inconclusive. Generally, 4–8 weeks of systemic antibiotic course is 
accepted as the minimum treatment duration for infected aortic aneurysms [75]. The treatment 
effectiveness should be assessed, and the therapeutic course should be based on subsequent 
blood culture, serial examination of the inflammatory markers, and persistent evaluation of 
the clinical progress. Patients infected with highly drug-resistant organisms usually require 
a longer antibiotic therapy duration [76]. Furthermore, since the infected aorta is generally 
either reconstructed by prosthetic graft implantation or repaired with endovascular pros-
thesis deployment, suppressive oral antibiotics for a prolonged period following completed 
parenteral antibiotic therapy is often warranted [18, 69, 77]. Further details of the antibiotic 
therapy will be discussed in Sections 7.2 and 7.5.

5.2. Traditional open repair

Open surgical repair for an infected aortic aneurysm is composed of excision of the diseased 
aorta, debridement of the surrounding infected tissue, and immediate, and usually in situ, 
reconstruction of the aortic continuity. This operation technique for infected aortic aneurysms 
is generally consistent with that for noninfected aortic aneurysms. Patient positioning and 
surgical exposure depend on the anatomical and pathological conditions of the aneurysm, 
and the adjunctive monitoring or protective measures should be prudently executed based 
on the consensus between the surgeon and anesthesiologist. The operative considerations for 
infected aortic aneurysms with different anatomical locations are discussed below, and some 
representative completed reconstructions are illustrated in Figure 1.

5.2.1. Infected ascending aortic and aortic arch aneurysms

To replace an infected aneurysm of the ascending aorta and aortic arch, cardiopulmonary bypass 
is absolutely required, and an interval of DHCA is often necessary. Electroencephalographic 
monitoring or continuous recording of cerebral oxygen saturation is advisable. Intraoperative 
transesophageal echocardiography (TEE) is performed to assess cardiac function [78]. A full 
median sternotomy is the standard approach, and an extension to the neck or even a “trap-
door” incision is sometimes needed for better exposure of the distal arch and its branches. If 
aortic valve replacement is necessary for infective endocarditis or a concomitant pathology of 
the aortic valve, a composite graft replacement, or a separated replacement of the valve and 
aorta, is performed. Coronary arteries are reimplanted to the prosthetic graft with buttons of 
the aorta tissue (Button-Bentall procedure) if the aortic root is replaced [79, 80]. Occasionally, 
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Figure 1. Illustrations of different aortic reconstructions. (A) Ascending aorta and aortic root replacement, with a 
composite graft with a mechanical valve and reimplantation of the coronary arteries with buttons of the aorta tissue 
(Button-Bentall procedure). (B) Ascending aorta and aortic root replacement, with a composite graft with Cabrol 
modification. (C) Total arch replacement. (D) Descending thoracic aorta and proximal left subclavian artery replacement 
(semi-arch replacement), with reimplantation of the important spinal arteries (e.g., Adamkiewicz artery). (E) Juxta-
renal abdominal aorta replacement, with reimplantation of all visceral arteries. (F) Infra-renal abdominal aorta and iliac 
arteries replacement, with a bifurcated graft. Note the inferior mesenteric artery is not reimplanted. (G) Axillo-femoral 
bypass (extra-anatomical reconstruction), with aortic stumps closure. (H) Thoracic endovascular aortic repair (TEVAR), 
with chimney technique for left carotid artery debranching and a carotid-subclavian bypass for proximal sealing zone 
at zone I. (I) Endovascular aortic repair (EVAR), with chimney technique for left renal artery debranching and plug 
embolization for left internal iliac artery.
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no adequate healthy tissue for coronary artery reimplantation is found; a Cabrol technique 
or coronary artery bypass graft (CABG) can be used to reestablish the coronary flow [81, 82].

5.2.2. Infected thoracic and thoracoabdominal aortic aneurysms

Similar to noninfected thoracic and thoracoabdominal aortic aneurysms, an infected thoracic 
aortic aneurysm is repaired through a left thoracotomy with suitable intercostal spaces or a 
more extended thoracoabdominal incision [11, 77]. A simple clamp-and-sew technique, partial 
cardiopulmonary bypass, or left heart bypass can be chosen according to the characteristics of 
the aneurysm and the preference of the surgical team. If there is no space for proximal clamp-
ing, proximal anastomosis under a period of DHCA is necessary, and the use of intraoperative 
cerebral monitoring is also advisable. Cerebrospinal fluid (CSF) drainage should be routinely 
performed in all suitable patients, and evoked potential measurement should be considered [83, 
84]. If the operation is performed with simple aortic clamping, some adjunctive protective mea-
sures in addition to CSF drainage could be done, such as hypothermia (cool the patient to 34°C 
or slightly lower with low operation room temperature or cold intravenous fluid) and cold renal 
perfusion with crystalloid or blood [77, 83–85]. Of note, the adoption of clamp-and-sew tech-
nique during an infected thoracic aortic aneurysm repair should be carefully evaluated because 
excising the infected aorta and performing debridement often takes a considerably more time, 
which increases the distal ischemic time despite the  utilization of various protective strategies.

5.2.3. Infected abdominal (juxta-renal, supra-renal, and infra-renal) aortic aneurysms

Infected abdominal aortic aneurysms are generally repaired using a simple clamp-and-sew 
method through a median laparotomy, without extracorporeal circulatory support [9, 86]. 
Renal protective measures as previously described should be considered for those with a 
juxta-renal or supra-renal location. The involved visceral arteries are reimplanted to the graft 
[87]. Historically, aortic reconstruction with an autologous femoropopliteal venous graft has 
been advocated [88]. The time consumed and the morbidities caused by femoropopliteal vein 
harvest, along with the lack of availability of cryopreserved allografts, have urged more sur-
geons to prefer using prosthetic grafts, usually a Dacron graft, as alternatives [12, 14, 89–91]. 
An omental flap with preserved vascular supply is usually transposed to cover the graft and 
the anastomosis sites. Omental flaps separate the prosthesis from the surrounding contami-
nated structures and fill a dead space. The highly vascularized flap could also facilitate the 
systemic antibiotic delivery to the infected area [14].

5.2.4. Extra-anatomical reconstruction

To avoid prosthetic graft placement in the contaminated field and to restore the aortic flow 
with a remote route, extra-anatomical reconstruction is an attractive alternative to in situ 
reconstruction [9, 87, 92, 93]. Extra-anatomical reconstruction also includes excision of the 
infected aorta and debridement of the surrounding contaminated tissue, with aortic stump 
closure and aortic revascularization through a noninfected pathway. A unilateral or bilat-
eral axillo-femoral bypass after an infra-renal abdominal aorta excision is the most common 
 procedure. Extra-anatomical reconstruction has also been used for the repair of infected 
 aneurysm of the aortic arch [94]. Because of the residual aortic tissue fragility, a sustained risk 
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of aortic stump disruption exists [87, 95]. A two-layer closure is generally recommended, with 
coverage of a vascularized omental flap.

5.3. Endovascular technique

Since the first report by Semba et al. [96], an increasing number of investigations on endovas-
cular technique utilization in infected aortic aneurysm management, including one European 
multicenter study published in 2014 [15, 18, 42, 70–74, 97, 98], was noted. The general prin-
ciple and considerations of endovascular treatment for infected aortic aneurysms are identical 
to those for noninfected aortic aneurysms, including consideration of the characteristics of 
each device, arterial access route assessment (usually the iliac and femoral artery), anatomical 
characteristics of the aneurysm, and proximal and distal sealing zones.

A high-resolution multi-slice CT angiography providing essential information and a well-recon-
structed three-dimensional image is usually necessary for surgical planning. The endovascular 
procedure is performed in a hybrid operating room equipped with a fluoroscopic unit, where 
prompt conversion to traditional open surgery is possible. Depending on the patient’s situation, 
the procedure could be performed under general anesthesia, spinal anesthesia, or even local 
anesthesia. For patients with long-segment descending thoracic aorta coverage by the stent 
graft or, ideally for all patients undergoing thoracic endovascular aortic repair (TEVAR), CSF 
drainage should be performed for neuroprotection [99, 100]. Although controversial, the artery 
of Adamkiewicz, normally located between T8 and L2, should be preserved if possible [100]. 
If essential branches of the aorta are to be covered by stent grafts, revascularization by either a 
bypass surgery, open debranching, or endovascular debranching with a chimney technique or a 
fenestrated stent graft is necessary [101–105]. Adjunctive procedures, such as open debridement 
and percutaneous drainage, could be performed, based on the clinical judgment [74].

Although endovascular treatment for ascending aortic pathologies, including those with an 
infectious process, has been sporadically investigated [106–109], its use remains “off-label” 
for current commercially available aortic stent grafts. Further advances in the design of the 
devices and well-constructed studies are both necessary. Consequently, endovascular man-
agement for infected ascending aortic aneurysms is not discussed herein.

6. Outcomes

6.1. Antibiotic therapy alone

It was believed that patients with infected aortic aneurysms treated medically without under-
going aortic resection surviving to hospital discharge is almost impossible [38, 69]. In 2009, 
Hsu and colleagues from Taiwan reported the institutional experience of medical treatment 
of infected aortic aneurysms in high-risk patients, which revealed that the prognosis was not 
uniformly fatal [69]. The treatment strategy is composed of 6–8 weeks parenteral antibiotic 
administration during hospitalization, followed by lifelong oral antibiotics. Of the 22 patients 
(8 thoracic and 14 abdominal aortic aneurysms), the overall in-hospital mortality rate was 
50% and the 1-year event-free survival rate was 32%. Ruptured aneurysm was the major cause 
of death, accounting for 40.9% (9/22) of patients treated medically. Of note, two in-hospital 
deaths due to massive gastrointestinal tract bleeding, whose etiology was not mentioned, 
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were reported; aortoesophageal or aortoenteric fistulations could be the possible causes. The 
most common causative agent was the Salmonella species, which is responsible for 50% (11/22) 
of the cases, and the authors found that the prognosis of medically treated Salmonella-infected 
aneurysms was better than that of non-Salmonella infected cases. However, the prognosis of 
medically treated Salmonella-infected aortic aneurysm remains a subject of debate as most of 
the early reports from Western countries showed an extremely dismal result [38, 110, 111] 
(see more details in Section 7.1). The authors concluded that although the results of antibiotic 
treatment alone in patients with infected aortic aneurysm remained poor, it could still be an 
alternative treatment, especially in Salmonella-infected patients with very high surgical risks.

6.2. Traditional open repair

Due to the rarity of the disease, most reports regarding the surgical outcome of infected aortic 
aneurysms after traditional open repair have very heterogeneous case characteristics, with vari-
ous aortic segments involved and different methods for aortic reconstruction [9–14, 16, 17, 77, 
112–118]. Although admirable surgical outcomes have been reported, with both early and late 
mortalities as low as 5%, an early mortality rate of 5–40% and an at least 30% late mortality rate 
after open surgical repair of infected aortic aneurysms were demonstrated in most literatures 
[9–14, 16, 17, 77, 112–118]. Generally, the surgical outcomes for infected aneurysms with an infra-
renal location were better than those involving the aortic arch and descending thoracic, thora-
coabdominal, supra-renal, and juxta-renal aorta [11, 13, 16, 116]. An infected aneurysm of the 
ascending aorta is rare, and a successful surgical treatment has been reported in Refs. [119–123].

More than 50% of the patients undergoing open surgical repair of infected aortic aneurysms 
had early major complications, such as acute kidney injury, respiratory failure, and spinal 
ischemia. Late vascular complications, mostly a prosthetic graft infection, developed in up 
to 30% of the survivors [9–14, 16, 17, 77, 112–118]. Although the late outcomes are similar 
between in situ and extra-anatomical reconstruction, the latter is related to higher vascular 
complications, including aortic stump disruption (8–19%) and limb amputation (17–27%) 
 [91–95]. Re-infection of the prosthetic graft is also possible in patients undergoing extra- 
anatomical reconstruction [93, 95]. Nevertheless, extra-anatomical reconstruction is still a 
 reasonable option for patients who are unsuitable for in situ reconstruction.

6.3. Endovascular technique

The short-term advantage of endovascular infected aortic aneurysm repair has been gradually 
clarified, although most reports comprise small case numbers and limited follow-ups [15, 70–74, 
97, 98]. In 2007, Kan and colleagues reviewed English literatures investigating the efficiency of 
EVAR for infected aortic aneurysms [18]. The estimated overall 30-day survival rate was 89.6%, 
and the 2-year survival rate was 82.2% for the extracted 48 cases. Ruptured aneurysm, includ-
ing those complicated with aortic fistulations, and fever at the time of EVAR procedure were 
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antibiotic therapy duration after EVAR were usually advocated in the literatures [18, 72, 74] (see 
more details in Sections 7.4 and 7.5).

In 2014, Sörelius and colleagues conducted a European multicenter study, the largest retrospec-
tive study, to investigate the durability of EVAR for infected aortic aneurysms [42]. The 30-day, 
1-year, 5-year, and 10-year survival rate of the 123 patients identified was 91, 75, 55, and 41%, 
respectively. Of note, infected aortic aneurysms caused by non-Salmonella microorganisms were 
identified to have a worse long-term prognosis. Location of the aneurysm, presence of shock, or 
ruptured aneurysm at the time of operation showed no effects on the late outcome. Aneurysm-
related infection complications developed in 33 patients (26.83%) postoperatively, 23 of whom 
had an either early or late lethal outcome. The authors concluded that EVAR could be a feasible 
and durable choice for most patients with infected aortic aneurysms. Persistent or recurrent infec-
tion remained a great concern, necessitating a long-term antibiotic therapy and regular follow-up.

6.3.1. The institutional experience of endovascular management for uncomplicated infected aortic 
aneurysms from National Cheng Kung University Hospital, Tainan, Taiwan

National Cheng Kung University Hospital is a tertiary medical center in southern Taiwan and 
serves as a first-line hospital in Tainan City with an urban population of 1.8 million and also as 
a referral center for the whole southern Taiwan. As of the writing of this manuscript, a total of 
338 EVAR procedures (including TEVAR and hybrid procedures) for various purposes have 
been performed.

Since the first case of infected thoracic aortic aneurysm treated by TEVAR in March 2009, 
25 patients have undergone endovascular management for infected aortic aneurysms in our 
hospital. Six complicated cases were excluded from this study: two presented with aneurysm-
free rupture and hemorrhagic shock and received emergency EVAR and four were associ-
ated with aortoesophageal or aortobronchial fistulas. Finally, 19 cases, with a mean age of 
68.68 years (range: 43.94–83.65 years) and a mean follow-up of 20.54 months (range: 0.59–
85.13 months), were included. Several valuable preoperative and postoperative images from 
selected patients are shown in (Figures 2–5). There was one in-hospital mortality that had 
persistent periaortic graft infection despite continuous parenteral antibiotic treatment.

Figure 2. (A) Infected descending thoracic aortic aneurysm in a 70-year-old male patient (B) Oral antibiotic treatment 
continued for 1 year after TEVAR and CT angiography 2 years after TEVAR showed no residual aneurysm or periaortic 
infection. No adjunctive procedure was ever done for this patient.
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Figure 3. (A) Infected infra-renal abdominal aortic aneurysm in a 68-year-old diabetic male patient (B) CT angiography 
2 weeks after EVAR showed residual aneurysm but resolved periaortic inflammation. Percutaneous drainage of the 
aneurysm was done. (C) With long-term oral antibiotic suppression, the aneurysm disappeared completely on CT 
angiography 2 years later.

Figure 4. (A) Infected descending thoracic aortic aneurysm with periaortic foamy air collection (emphysematous aortitis) 
in an 83-year-old diabetic female patient. (B) Two weeks after TEVAR, there was still fluid accumulation around the stent 
graft and also abundant pleural effusion. Debridement through left mini-thoracotomy was done. (C) With long-term 
oral antibiotic suppression, the periaortic inflammation resolved 6 months later, despite this there was still some pleural 
effusion. (D) Gallium inflammation scan confirmed that there was no residual infection process.
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The patient refused open debridement and died 2 months after the EVAR procedure. Major 
postoperative early complications developed in nine patients (47.37%), including respira-
tory failure requiring tracheostomy in four, acute kidney injury in three, esophageal per-
foration in two, spinal cord ischemia in one, lower extremity ischemia in one, and hypoxic 
encephalopathy in one. The two cases developing esophageal perforation had no hemateme-
sis at initial presentation and their preoperative CT angiographies did not reveal any feature 
of aortoesophageal fistula. Persistent local infection or ischemic esophageal necrosis after 
TEVAR should be the cause resulting in esophageal perforation. Both these patients under-
went subsequent radical debridement and esophagectomy and were alive during the last 
follow-up.

Three late mortalities occurred, of which one was aneurysm-related mortality. The patient 
developed recurrent periaortic infection and subsequent aortoenteric fistula 2 years after the 
operation and died because of massive exsanguination. The estimated 30-day, 1-year, and 
5-year aneurysm-related survival rate was 100, 94.1, and 78.4%, respectively. No endoleak 
was detected by CT angiography beyond 30 days postoperatively. All patients with a follow-
up duration more than 6 months had disappearance of aneurysms along with complete reso-
lution of periaortic inflammation.

Long-term antibiotics were prescribed in nine patients (47.37%) in the study population. 
Adjunctive procedures to eliminate the infectious environment were performed in seven 
patients (36.84%), including open debridement in four (two patients also underwent concomi-
tant esophagectomy for postoperative esophageal perforation as previously mentioned) and 
percutaneous drainage in three patients. Due to the rarity of both early and late mortalities, 
the evaluation of the benefit of long antibiotic therapy duration and adjunctive procedures 
is challenging. For the same reason, analysis of other predictors of inferior early and late 
 outcomes was not performed.

Figure 5. (A) Infected descending thoracic aortic aneurysm caused by Salmonella enteritidis in a 60-year-old male patient. 
(B) The patient was complicated with persistent local infection and esophageal perforation 1 week after TEVAR. 
Debridement and esophagectomy by a video-assisted thoracic surgery (VATS) was done. (C) Oral antibiotics were kept 
for 1 year after hospital discharge and CT angiography 3 years after TEVAR showed completely resolved periaortic 
infection. Note the retrosternal gastric tube for esophagus reconstruction.
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7. Controversies

7.1. Salmonella-related versus non-Salmonella-related infected aortic aneurysm

Infected aortic aneurysms caused by Salmonella species were thought to be more virulent and 
tend to have a worse outcome, in view of the higher risk of early aneurysm rupture and 
prosthetic graft infection [110, 111, 128–132]. In 2010, Kan and colleagues compared the sur-
gical outcomes of 41 cases of infected aortic aneurysms identified from relevant literature 
reports and institute cases from 1990 to 2008 and found that Salmonella infection was a risk 
factor of postoperative aneurysm-related morbidity and mortality [71]; however, the type of 
 procedures (i.e., traditional open repair versus EVAR) was not.

With the advent of effective modern antibiotics, improved outcomes of Salmonella-related 
infected aortic aneurysms were reported in most of the recent literatures [12, 15, 118]. 
Salmonella infection prevalence in our institution is high; thus, we routinely prescribe ceftri-
axone as one of the empiric antibiotic agents (usually, vancomycin or oxacillin is added for 
a better coverage of Gram-positive microorganisms), provided that no contraindications are 
noted, once a diagnosis of an infected aortic aneurysm was made even before the availability 
of definite culture result. We also found a favorable outcome in patients with infected aortic 
aneurysms caused by Salmonella species in our institution. On the other hand, some studies 
identified a positive culture of non-Salmonella species as a predictor of a poorer outcome after 
both open surgery and endovascular procedures [17, 42, 77]. Thus, although still inconclusive, 
Salmonella infection should at least not be considered as a predictor of a worse outcome for 
infected aortic aneurysm.

7.2. Preoperative antibiotic course

Infected aortic aneurysms are surgical urgencies, and our mentors used to inculcate in us 
the cliché “avoid undue delay of operation.” Nevertheless, implanting a vascular prosthesis 
into a contaminated field in a patient with an active systemic infection might result in a cata-
strophic graft infection. Thus, the usual practice is to perform the operation after a period of 
parenteral antibiotic treatment if the patient’s condition permits [17, 18, 77, 116].

Hsu and colleagues retrospectively analyzed the clinical outcome of infected aortic aneurysms 
in National Taiwan University Hospital, Taipei, Taiwan, from 1995 to 2011 [118]. Of the 109 
patients identified, 85 underwent surgical intervention, including open repair in 77 and endo-
vascular repair in eight. The median preoperative antibiotic treatment duration was 8 days 
(interquartile range: 2–21 days). Ten deaths (early or late) directly related to  persistent/recur-
rent periaortic infection or prosthesis infection were reported. The authors found that shorter 
preoperative antibiotic treatment duration was associated with more aneurysm-related morali-
ties: a median preoperative antibiotic duration of 3 days (interquartile range: 0–7 days) in the 
deceased and 16 days (interquartile range: 3–26 days) in the survivors. In the systemic review 
of infected aortic aneurysms treated with EVAR by Kan et al. [18], 22 of the 48 patients received 
preoperative antibiotics for more than 1 week, and two patients had a postoperative persistent 
infection. In the univariate analysis, preoperative antibiotic treatment more than 1 week had a 
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protective effect against persistent infection; however, its benefit was not significant in the mul-
tivariate analysis. In fact, the decision on the preoperative antibiotic course is highly determined 
by other clinical conditions, which in turn could be confounding factors for worse prognosis. 
For example, the presence of aneurysm-related complications or profound sepsis would urge 
the surgeon to perform operation earlier, and both situations could affect the surgical outcome.

No study investigating the optimal surgical timing for infected aortic aneurysms after initial 
antibiotic treatment has so far been conducted; thus, the ideal preoperative antibiotic treat-
ment duration remains controversial. If the clinical condition permits, we favor performing 
operation (either open or endovascular repair) at least when fever subsides after adequate 
systemic parenteral antibiotic treatment or, more desirably, after a 7-day antibiotic course or 
confirmation of a negative culture result.

7.3. Choice of graft materials for in situ reconstruction

Numerous graft materials to reestablish the aortic continuity in situ are available, such as a 
prosthetic graft, an autologous venous graft, a cryopreserved allograft, and even an autolo-
gous or xenologous pericardial patch [91, 117, 133, 134]. An autologous venous graft or an 
allograft was considered to be more resistant to microorganisms than a prosthetic graft and 
thus used to be the preferred material for infected aorta reconstruction [88]. Despite the low 
reinfection rate and good durability of the autologous femoropopliteal venous grafts, consid-
erable major morbidities are associated with femoropopliteal vein harvest, including com-
partment syndrome requiring fasciotomy in 12% and chronic venous insufficiency in 15% of 
the patients [89]. The availability of cryopreserved allografts in Taiwan and most countries in 
East Asia is limited [14, 117].

The reinfection rate after in situ reconstruction with prosthetic grafts for infected aortic aneu-
rysms, which was as high as 20% in early reports [135], has decreased significantly recently. 
Several studies in Taiwan, including our institutional experience, have demonstrated a graft 
infection rate of 8.0–10.4% after in situ prosthetic graft replacement for infected aortic aneu-
rysms [11, 12, 113–116, 118]. In a more recent study investigating the outcomes of open repair of 
infected descending thoracic and thoracoabdominal aortic aneurysms by Lau et al., no postoper-
ative graft infection occurred in 14 patients who had in situ prosthetic graft reconstruction [77].

In 2011, Bisdas et al. analyzed the prognosis of cryopreserved allografts and silver-coated 
Dacron grafts for abdominal aortic infections with positive intraoperative culture and found 
comparable short-term and mid-term survival rates [91]. None of the 22 patients in the 
 cryopreserved allograft group developed graft infection, while two of the 11 patients in the 
silver-coated Dacron graft group had an ongoing or recurrent infection. Of interest, the costs of 
therapy were significantly higher for cryopreserved allografts. Moreover, other studies have 
revealed favorable results of in situ antibiotic-bonded prosthetic graft replacement for infected 
aortic aneurysms [117, 136]; nevertheless, its effectiveness still requires further investigations.

7.4. Adjunctive procedures after the initial EVAR

The major concern of endovascular treatment for infected aortic aneurysms is the residual 
infectious environment surrounding the deployed device. Additional surgical procedures, 
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such as debridement of the infected tissue and drainage of the abscess, could aid in eradicat-
ing the infection and thus improve the outcome [18, 74, 137]. Furthermore, additional culture 
information could be obtained through the specimen derived from these procedures.

In our systemic review, performing adjunctive procedures after EVAR serves as a protective 
factor against persistent infection in the univariate analysis; however, the benefit was insig-
nificant in the multivariate analysis [18]. In 2011, Kritpracha and colleagues published their 
institutional experience of endovascular therapy for infected aortic aneurysms and showed 
an impressive mid-term outcome for those without an aortic fistulation [72]. They routinely 
prescribed lifelong antibiotics to the patients, and no adjunctive procedure was conducted. 
During a mean follow-up of 22 months, no late mortality or aneurysm-related complication 
in the 15 patients surviving to hospital discharge was reported. Complete resolution of peri-
aortic inflammation and shrinkage of the aneurysms were observed in most of the patients 
starting at the 6-month follow-up. The authors thus suggested that aggressive debridement 
of the infected tissue may not be necessary for those with uncomplicated infected aortic 
aneurysms.

Determining the effectiveness of each adjunctive procedure is also difficult, and the selec-
tion should be individualized. We prefer performing CT-guided drainage if the patient 
remains febrile or unsterilized blood sample persists after EVAR provided that the periaor-
tic abscess has been adequately liquefied. Irrigation of the abscess cavity with antibiotics or 
disinfectants could also be performed [74]. A more extensive open debridement is gener-
ally reserved for those with an unsatisfactory response to the aforementioned less-invasive 
measures.

7.5. Postoperative antibiotic course

No consensus on the optimal postoperative antibiotic treatment duration is available. For 
other cardiovascular infections, at least 4–8 weeks of parenteral antibiotic therapy after sur-
gical intervention is generally accepted, and the course should be carefully tailored accord-
ing to the clinical and laboratory parameters [75]. Several authors have advocated long-term 
oral antibiotic suppression after hospital discharge for all operated patients, especially those 
who underwent endovascular repair [9, 10, 15, 42, 77]. However, drug adherence is typically 
less than ideal, mainly because of the development of antibiotic-related adverse reactions or 
patient noncompliance.

In the early institutional experience of in situ prosthetic graft replacement for infected 
abdominal aortic aneurysms published in 2003, Luo and colleagues found that oral antibiotic 
 suppression, prolonged or not, was not related to the development of late graft infection [12]. 
Thereafter, we did not routinely prescribe oral antibiotics to patients who had received open 
repair at hospital discharge. Following our strategy of both pre- and postoperative antibiotic 
treatment, as previously mentioned, only two patients have developed late graft infections 
after in situ prosthetic graft replacement for infected abdominal aortic aneurysms [14].

Moreover, in our practice, long-term oral antibiotic suppression is generally planned at hos-
pital discharge for those who had endovascular repair for infected aortic aneurysms [15]. The 
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surgeon’s decision on antibiotic treatment termination, provided that no residual infection 
based on clinical, imaging, and laboratory evidence is noted, is individualized. Of 18 hospi-
tal survivors with uncomplicated infected aortic aneurysms treated with EVAR, along with 
long-term oral antibiotic suppression and aggressive adjunctive procedures, only one patient 
(5.6%) developed a late aneurysm-related complication (i.e., recurrent periaortic infection 
complicated with aortoenteric fistula).

8. Epilogue

Based on current evidence and our institutional experience, we have introduced and adopted 
the following therapeutic strategy for infected aortic aneurysms in the endovascular era:

1. Open repair through the excision of the infected aorta and radical debridement of the sur-
rounding contaminated structure with immediate aortic reconstruction remains the gold 
standard. Although a higher reinfection rate is theoretically possible, in situ reconstruction 
with a prosthetic graft, along with adequate perioperative antibiotic course, is a safe and 
durable choice and could be applied in most patients. Long-term oral antibiotic suppres-
sion is not necessary provided that no evidence of ongoing infection after completion of 
parenteral antibiotic therapy is found.

2. For uncomplicated infected aortic aneurysms, endovascular treatment can be a reasonable 
alternative, especially for patients with significant comorbidities. If clinically feasible, an 
EVAR procedure can be performed after controlling overt infection, usually at least 3–7 
days after parenteral broad-spectrum antibiotic treatment. The postoperative parenteral 
antibiotic treatment duration is at least 4–8 weeks. Long-term or even lifelong oral antibi-
otic suppression is recommended, and adjunctive procedures to eliminate the infectious 
environment are also considered. With the adoption of the abovementioned therapeutic 
strategies, the role of EVAR for uncomplicated infected aortic aneurysms has evolved from 
a temporary palliation to a reliable definite therapy.
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Abstract

Abdominal aortic aneurysms (AAAs) are a significant cause of death in the Western 
world. Endovascular aneurysm repair (EVAR) is becoming the prevalently used proce-
dure to repair AAAs (versus the traditional approach of open surgery). In cases of infrare-
nal AAAs, there is a risk of the renal arteries being blocked by the stent graft (SG) inserted 
to repair the aneurysm. In these cases, two additional SGs termed”chimney” stent grafts 
(CSGs) are inserted into the renal arteries in parallel with the main SG to exclude this haz-
ard. In this study, the hemodynamics of an infrarenal AAA endovascularly repaired by a 
system of SGs using the “chimney” technique is investigated. Two AAA models are ana-
lyzed using computational fluid dynamics (CFD, Ansys Fluent)—a healthy abdominal 
aorta and an abdominal aorta post”chimney” endovascular aneurysm repair (ChEVAR) 
with a CSG inserted into each renal artery in parallel with the aortic SG. Results indicate 
that CSGs induce stagnation zones downstream the renal arteries yet mild and confined 
overall flow and wall shear stress (WSS) modifications. The flow regime remains princi-
pally laminar. The study findings indicate the limited hemodynamic modifications of the 
ChEVAR procedure and thus further support its merit.

Keywords: abdominal aortic aneurysm (AAA), “chimney” endovascular aneurysm 
repair (ChEVAR), chimney stent graft (CSG), computational fluid dynamics (CFD), 
hemodynamics, wall shear stress (WSS)

1. Introduction

Aortic aneurysms (AAs) affect 5–7% of older Americans [1], causing about 15,000 deaths each 
year, of which 9000 are caused by abdominal aortic aneurysms (AAAs) [1, 2]. Risk of rupture 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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distribution, and reproduction in any medium, provided the original work is properly cited.



within 1 year for patients with an initial AAA diameter of 5.5–5.9 cm is 9.4% and rises with 
increase in initial diameter [3]. The most common location of aortic aneurysm formation is the 
infrarenal section [4].

The traditional method of aneurysm repair is open surgery, in which a large incision in the 
patient's abdomen facilitates access to the aneurysm site. In recent years, increasingly a num-
ber of aneurysms are repaired endovascularly, excluding the aneurysm using stent grafts 
(SGs) delivered to its site via the arterial system in a minimally invasive procedure. Typically, 
small incisions in the groin are created in order to provide access to the repair site using the 
femoral arteries as entry points. Following SG implantation, the aneurysm sac is sealed and 
blood subsequently flows through the new artificial conduit replacing the previously bulging 
section of the aorta.

Successful endovascular repair necessitates addressing the specific morphologies of the 
aneurysm and its surrounding blood vessels. Aneurysms with short proximal (close to the 
heart) necks account for about 15% of all AAAs [5]. These require the physician perform-
ing the procedure to be very accurate when choosing the location of graft deployment. 
An aneurysm located near a visceral artery ostium is even more challenging to repair 
endovascularly. Here, the main undertaking is to achieve an adequate seal using the SG 
while keeping the aortic branches unobstructed [6]. Innovative solutions for this type of 
predicament include the fenestrated SG (FSG) system. FSGs are custom tailored to the 
individual morphology of each patient and required months of preparation ahead of the 
actual procedure [7].

In critical cases where the patient condition does not allow to wait several months for a 
custom SG system to be manufactured, a novel solution is recently being employed using 
off‐the‐shelf SGs. This solution is an endovascular surgical procedure termed the”chimney” 
technique. In”chimney” endovascular aneurysm repair (ChEVAR), one or more tubular cov-
ered stents (”chimneys”) are implanted inside the visceral arteries in parallel with the main 
aortic SG that excludes the aneurysm sac. These covered stents facilitate proper blood flow 
to arteries that would otherwise be blocked by the main aortic SG. A common case of repair 
with the”chimney” technique involves proximity of the aneurysm to the two renal arteries 
(Figure 1). In this case, in order to preserve blood flow to the kidneys, a chimney stent graft 
(CSG) is inserted into each renal artery.

In this study, we investigate the hemodynamics in the abdominal aorta post‐ChEVAR and 
compare it with a healthy abdominal aorta (Figures 1 and 2).

Computational fluid dynamics (CFD, ANSYS Fluent package) simulations of pulsatile blood 
flow during the cardiac cycle are employed. An idealized anatomy of the abdominal aorta is 
assumed based on averaged measurements taken from cadaver specimens and patient angio-
grams [8].

The effects CSGs have on abdominal aortic velocity and wall shear stress (WSS) fields are 
analyzed by evaluating blood flow patterns and regimes.
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Figure 1. Left: healthy abdominal aorta model. Right: infrarenal aneurysmatic aorta.

Figure 2. Model of the abdominal aorta post‐ChEVAR (aneurysm fully replaced by SG). Left to right: front, side, and top 
views, respectively. Chimney SGs are highlighted pink.
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2. Methodology

2.1. Governing equations

The governing equations for blood flow in the abdominal aorta are the Navier‐Stokes Eq. (1) 
and the continuity Eq. (2) for an incompressible fluid:

   ρ ∂ v / ∂ t + ρ (  v ⋅ ∇ )  v − µΔv + ∇ P = 0   (1)

  ∇ ⋅ v = 0  (2)

where v, ρ, µ, and P denote the fluid velocity, density, dynamic viscosity (discussed in 
detail below), and the pressure field experienced by the fluid, respectively. Blood density is 
assumed as 1045 kg/m3 [9]. ∇, ∇·, and ∇ denote the divergence, gradient, and Laplace opera-
tors, respectively.

2.2. Anatomical model

Figure 1 presents views of the three‐dimensional (3D) model used for analysis of the ideal-
ized healthy abdominal aorta. The model is based on angiograms and pressurized cadaver 
specimens measurements [8]. This model accounts for the elliptical cross section and tapering 
of the abdominal aorta as it gives off the main arterial branches. It also includes the slight cur-
vature toward the posterior wall. The seven main arterial branches are included: celiac trunk, 
superior mesenteric artery, left and right renal arteries, inferior mesenteric artery, and the left 
and right iliac arteries.

The model of the abdominal aorta post‐ChEVAR is based on the healthy model. Modifications 
made account for the renal CSGs. The bulging part of the abdominal aorta is assumed to 
be completely replaced by the aortic SG and is not included in the analysis. The renal CSG 
is a covered tubular stent originally used for applications like femoral vascular access. In 
the”chimney” technique, CSGs are used to ensure blood flow into the renal arteries in cases 
where standard endovascular aneurysm repair (EVAR) might block the blood flow to these 
arteries. In this study, the CSGs are modeled as long tube‐like structures having smooth inner 
and outer surfaces. The wall thickness of the CSGs is 0.1 mm, and its free diameter is 15–20% 
larger than the renal artery diameter. Here, a covered stent with a diameter of 7 mm is used 
[10, 11]. These dimensions are in compliance with common endograft dimensions in ChEVAR 
procedures. The three‐dimensional shape of the renal CSGs after deployment is helical‐like 
[12], and maintains an outline that does not block any of the major branching arteries.

The deployed CSG is in contact with different components along its length. It is restricted by 
the renal artery segment and then by the mixed contact area region where the CSG is confined 
by both the aorta wall and the main aortic SG. Each CSG ends in a segment that protrudes 
upstream from the aortic SG and into the main aortic duct (10 mm). At each of these segments, 
the CSG cross section is a little different as it morphs from a circle to a”flattened” elliptical 
shape and then to a larger circle [13]. These different cross sections are included in the numer-
ical models. The CSG models also incorporate their helical‐like nature [12].
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Additional assumptions made in the study include rigid (nonflexible) walls, neglecting plaque 
and thrombus existence, and assuming postdeployment geometry only.

2.3. Numerical model

Blood flow behavior in the abdominal aorta along the cardiac cycle is considered to be pre-
dominantly laminar [14]. Thus, a laminar CFD solver is employed.

Literature demonstrates that flow characteristics, e.g., WSS, differ by as much as 30% between 
the distensible and rigid blood vessel models [15]. However, overall flow traits remain similar 
[16]. Therefore, rigid wall approximation is sufficient for a comparative study. The domain 
wall boundary conditions have no slip/penetration. The inlet BC is a pulsatile velocity func-
tion adapted from a flow rate waveform of an abdominal aorta during rest [17]. This wave-
form (Figure 3) was transformed into a Fourier series and then modified to represent the 
corresponding average velocity. The spatial distribution of the inlet velocity is approximated 
as a parabolic profile distributed over the elliptical inlet, and perpendicular to it [15, 18–20]. 
The seven domain outlets present constant flow ratios with the inlet throughout the cardiac 
cycle–celiac trunk—21%, superior mesenteric artery—15%, left and right renal arteries—15% 
each, inferior mesenteric artery—4%, and the left and right iliac arteries—15% each [8]. 
ANSYS Fluent CFD package is used for the analysis.

2.4. Numerical discretization

The analysis uses second‐order discretization schemes: in space, the least squares cell based 
for the gradient and the upwind for the momentum and in time the implicit. The spatial 
domain of the post‐ChEVAR abdominal aorta is discretized using 2 million cells (Figure 4). 
Most cells are polyhedral, except prismatic cells used near wall regions to accommodate for 
the large gradients in these areas. The domain is discretized into tetrahedral elements in 
the Meshing module of the ANSYS software package and then converted into polyhedral 

Figure 3. Inlet flow rate waveform (representing a single cycle). A: peak systole, B: start of diastole, and C: peak 
diastole [17].
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 elements in the Fluent module. The cycle is discretized into 400 time steps. The convergence 
criterion is a scaled residuals value of 10–4. Periodic convergence is achieved in the third car-
diac cycle. The numerical parameters used for the healthy aorta model are similar (Figure 5).

2.5. Viscosity constitutive model

We studied two viscosity models—the Newtonian approximation and the Carreau constitu-
tive law for shear‐thinning fluids [9]. The Newtonian approximation assumes constant blood 
viscosity while the Carreau model accounts for the strain rate (Table 1):

  µ(γ ) =  µ  ∞   + ( µ  0   −  µ  ∞   )  (1 +  λ   2   γ   2  )   0.5(n−1)   (3)

where γ· represents the scalar flow shear rate and µ8 and µ0 represent the viscosities for infinitely 
large and zero strain rates, respectively. λ and n are fluid‐specific time constant and power index, 
respectively (Table 1). The Newtonian viscosity is taken as the viscosity of blood under infinite 
shear rate, as commonly assumed for blood flow in large arteries such as the aorta [14, 21].

Figure 4. Post‐ChEVAR model. Left: angled view. Right: close up of mesh transition zones (light blue ellipses).
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CFD simulations were performed for the healthy abdominal aorta using both the Newtonian 
and Carreau viscosity models. Three wall locations were used in order to compare the WSS 
behaviors of the two models (Figure 5). The time‐resolved WSSs (axial‐Y components) at 
these locations display different systolic and diastolic peak values (Figure 6). The Newtonian 
model consistently presents peak values lower than the Carreau model at all three locations. 
Additionally, the systolic phases at the infrarenal height have opposite sign derivatives during 
(0.15–0.25) ·t/T. The two models generate significantly different mean WSS values—14–20% 
(Table 2). Interestingly, the Carreau model consistently predicts higher absolute value 

Figure 5. Healthy aorta model. Left: wall surfaces evaluated in order to compare the Newtonian and Carreau constitutive 
models. Top to bottom (in light blue): supra‐celiac, infrarenal, and supra‐bifurcation cross sections. Right: close up of 
mesh transition zones (light blue ellipses).

Newtonian viscosity Carreau viscosity parameters

µ = 0.0033 Pa·s λ = 1 s

n = 0.4

µ0 = 0.016 Pa·s

µ8 = 0.0033 Pa·s

Table 1. Fluid properties for the Newtonian and Carreau blood viscosity models [9].
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shear stresses. The flows predicted using the two models also exhibit different patterns. The 
flow consistently presents more disturbed designs when employing the Newtonian model 
(Figures 7–9).

Since the discrepancies between the results of both models are not negligible, best practice is 
to choose the viscosity model that better describes blood behavior–the Carreau model.

Figure 6. Time‐resolved WSS (axial‐Y components) curves. Top: Newtonian viscosity model, middle: Carreau viscosity 
model, bottom: difference between the Newtonian and Carreau models.

WSS (dyne/cm2) Supra‐celiac Infrarenal Supra‐bifurcation

Newtonian ‐3.29 ‐0.888 ‐1.98

Carreau -3.832 ‐1.106 ‐2.453

Difference (%) ‐14 ‐20 ‐19

Table 2. Mean WSS (axial component) for the Newtonian and Carreau viscosity models.
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Figure 7. Contour plots of the hemodynamic conditions at peak systole. Left: Newtonian model. Right: Carreau model. 
Top row: velocity magnitude. Middle row: WSS magnitude. Bottom row: vorticity magnitude.
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Figure 8. Contour plots of the hemodynamic conditions at the start of diastole. Left: Newtonian model. Right: Carreau 
model. Top row: velocity magnitude. Middle row: WSS magnitude. Bottom row: vorticity magnitude.

Aortic Aneurysm180



Figure 8. Contour plots of the hemodynamic conditions at the start of diastole. Left: Newtonian model. Right: Carreau 
model. Top row: velocity magnitude. Middle row: WSS magnitude. Bottom row: vorticity magnitude.

Aortic Aneurysm180

Figure 9. Contour plots of the hemodynamic conditions at peak diastole. Left: Newtonian model. Right: Carreau model. 
Top row: velocity magnitude. Middle row: WSS magnitude. Bottom row: vorticity magnitude.

Computational Fluid Dynamics of Blood Flow in the Abdominal Aorta Post “Chimney” Endovascular...
http://dx.doi.org/10.5772/64611

181



3. Results

3.1. Validation

WSS for the healthy aorta (supra‐celiac section) was compared with experimental data avail-
able in the literature (Table 3) [22]. The temporal minimum, maximum, and average WSS 
values of each mesh cell at the supra‐celiac ring of Figure 10 were extracted from a full cardiac 
cycle. The spatial average of each of these parameters along the ring circumference was calcu-
lated and tabulated. Pulse WSS is the difference between the maximum and minimum WSSs 
for each element (also spatially averaged along the circumference). The differences evident 
in this comparison indicate that the numerical results are in reasonable agreement with the 
experimental data (Table 3).

3.2. Flow patterns

Stagnant regions are formed in the post‐ChEVAR aorta downstream from and in close proxim-
ity to the CSGs. These regions persist throughout the cardiac cycle, as demonstrated by velocity 

Figure 10. Left: supra‐celiac WSS comparison contour (highlighted blue). Right: coordinate system and regions of 
interest: A—anterior, P—posterior, R—right, L—left.

WSS (Pa) Minimum Maximum Average Pulse

Experiment ‐0.45 0.87 0.13 1.32

Numerical model ‐0.48 0.99 0.19 1.47

Difference (%) 6 14 44 12

Table 3. WSS numerical validation results (axial‐Y component), supra‐celiac region.
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contours plotted at the peak of the systole and at the start of the diastole—see Figures 11 and 12. 
These stagnant regions are not present in the healthy model—see Figures 13 and 14.

The healthy model portrays recirculation and stagnation zones along the infrarenal segment 
of the posterior wall of the abdominal aortic duct (Figure 14). This is evident in the form of 
closed single‐colored patches of low velocity in the start of the diastole and the peak of the 
diastole, and less distinctly in the peak of the systole. Similar patterns do not appear at this 
region for the post‐ChEVAR model (Figure 12).

Several low velocity patches are present downstream from the CSGs for the post‐ChEVAR 
model in the start of the diastole and the peak of the diastole. In the start of the diastole, dis-
organized streaks and variation in velocity values (contour colors) appear in the renal arteries 
for the post‐ChEVAR model. Stagnation zones radially surround the CSG cross sections for 
the post‐ChEVAR model in all three critical instants A–C of Figure 3 (Figures 11 and 12). In 
the peak of the systole and the peak of the diastole the stagnation zones are somewhat elon-
gated in the downstream direction from the CSGs and along the aortic wall.

Figure 15 displays vector plots of the blood velocity in the beginning of the diastole along the 
flow direction. The flow patterns for the two models are similar for the section ranging from 
the inlet and downstream roughly to the location of the celiac trunk and in the segment rang-
ing from the inferior mesenteric artery downstream to the iliac arteries outlets. This holds for 

Figure 11. Contour plots of blood velocity for the post‐ChEVAR model at two horizontal sections below the CSGs 
(marked red on the right). Top row: peak systole. Bottom row: start of diastole. Arrows: stagnant regions.
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Figure 12. Contour plots of blood velocity for the post ChEVAR model at two vertical sections (marked red at the top 
row). Middle row: peak systole. Bottom row: start of diastole.
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row). Middle row: peak systole. Bottom row: start of diastole.
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all three critical instants A–C of Figure 3. Several discrepancies are apparent in the middle 
segment, most notably in the infrarenal region. Here, reverse (retro) flow occurs near the 
walls in the post‐ChEVAR model while in the healthy model these flows take place gener-
ally about the centerline (with most flow oriented forward). Additionally, the post‐ChEVAR 
model exhibits somewhat disorganized forward flow in this area while the flow in the healthy 
model is more structured. Lastly, the velocity profiles along both renal arteries are notably 
skewed in the post‐ChEVAR model compared with the healthy model.

Figure 16 displays contours of the WSS magnitude at the walls for the two models in the three 
critical instants A–C of Figure 3—peak systole, beginning of diastole, and peak diastole. The 
post‐ChEVAR model exhibits low WSS at the CSGs and aortic wall contact zones. Close to 
these low WSS areas, slightly higher WSS regions in the shape of disorganized patches are 
present in the peak of the systole and the start of the diastole. Similar regions are present but 
take the shape of circumferential bands in the peak of the diastole.

For two segments of the aorta, the WSS distributions for the post‐ChEVAR model are very 
similar to those for the healthy model in all three critical instances. These are the segments 
ranging from the inlet to just downstream of the celiac artery ostium and from roughly mid 
length between the left renal artery ostium and the inferior mesenteric artery ostium to just 
downstream of the iliac arteries outlets.

Figure 13. Contour plots of blood velocity for the healthy model at two horizontal sections below the CSGs position 
(marked red on the right, same locations as in Figure 11). Top row: peak systole. Bottom row: start of diastole.
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Figure 14. Contour plots of blood velocity for the healthy model at two vertical sections (marked red at the top row, same 
locations as in Figure 12). Middle row: peak systole. Bottom row: start of diastole.
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Figure 15. Vector plots of blood velocity in the beginning of the diastole. Left: post‐ChEVAR model. Right: healthy 
model.

Figure 16. Contours of WSS magnitude at the walls—rotated anterior and posterior views. Top row: healthy model. 
Bottom row: post‐ChEVAR model. Right to left columns: peak systole, start of diastole, and peak diastole.

Computational Fluid Dynamics of Blood Flow in the Abdominal Aorta Post “Chimney” Endovascular...
http://dx.doi.org/10.5772/64611

187



3.3. Flow regime

Figure 17 illustrates key locations of interest for which WSSs were evaluated throughout the 
cardiac cycle. The axial‐Y components of these WSSs are plotted along the various sides of 
the post‐ChEVAR aorta (right, left, anterior, and posterior) throughout the cardiac cycle in 
Figures 18–20. Figure 21 illustrates the axial component of the velocity along the centerline 
for the post‐ChEVAR aorta throughout the cardiac cycle.

Figure 17. The different horizontal planes evaluated for WSSs for the post‐ChEVAR model. Left: section planes and their 
distances from the inlet. Right: the specific points of WSS evaluation at each plane (marked by a dot sign ).
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WSSs and velocity patterns follow the inlet flow waveform. There are no high frequency 
components present. When an inlet flow waveform is free of high frequency components yet 
locations inside the control volume present velocity/WSS waveforms having high frequency 
noise, the flow is typically transitional [23]. Here, however, all waveforms are free of high 
frequency components, thus indicating a laminar flow regime [23]. Therefore, the flow in the 
post‐ChEVAR abdominal aorta is expected to be principally laminar.

Figure 18. Axial component of the WSS along the right side of the post‐ChEVAR aorta throughout the cardiac cycle.

Figure 19. Axial component of the WSS along the left side of the post‐ChEVAR aorta throughut the cardiac cycle.
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4. Discussion

This study sets out to determine the hemodynamic effects in the abdominal aorta as caused 
by CSGs placed in the renal arteries (as part of ChEVAR repair of infrarenal AAAs). A healthy 
aorta is employed as a baseline (control) for comparative study. Blood flow in the aorta is 
mostly adversely affected in the renal arteries region. This is expected since the CSGs consti-
tute a substantial disturbance to the flow that does not exist in healthy abdominal aortas. Their 
presence induces stagnant velocity regions downstream from the renal arteries throughout 
the cardiac cycle that might promote thrombosis and inflammation.

Figure 20. Axial component of the WSS along the anterior/posterior of the post‐ChEVAR aorta throughout the cardiac 
cycle.

Figure 21. Axial component of the velocity along the centerline of the post‐ChEVAR aorta throughout the cardiac cycle.
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Nevertheless, the negative effects of the ChEVAR repair appear relatively mild and are gen-
erally localized and confined to the CSGs’ vicinity. The velocity fields further downstream 
for both models are nearly identical. The velocity fields’ similarity holds for the upstream 
segment comprising the inlet as well. Figure 15—the vector plots of blood velocity—further 
supports the overall confined segmental nature of the ChEVAR technique.

The WSS field for the post‐ChEVAR model exhibits irregularly shaped patches in the CSGs 
vicinity (Figure 16). In contrast, the WSS field for the healthy model is relatively uniform in 
this respective region, particularly in the peak of the systole and the beginning of the diastole. 
Nevertheless, as with the case of the velocity, the WSS fields for the post‐ChEVAR model and 
for the healthy model are very similar downstream from the inferior mesenteric artery and 
from the inlet to slightly upstream from the CSGs. This again supports the overall confined 
nature of the ChEVAR technique.

The temporal behavior of the flow field and WSSs for the post‐ChEVAR model presents no 
high frequency oscillations/components and appears to follow the inlet waveform. This indi-
cates lack of turbulent or transitional flow and points toward a predominantly laminar flow 
regime. Thus, supporting yet again the overall confined nature of the CSG presence.

Overall, we conclude that CSGs are expected to induce localized effects in the hemodynamics 
of the abdominal aorta, mostly confined to the pararenal segment. This result supports the 
merit of the ChEVAR technique.

5. Conclusions

CSGs presence in the abdominal aorta introduces blood flow and WSSs patterns variations. 
In particular, the formation of stagnant regions downstream from the CSGs throughout the 
cardiac cycle, potentially contributing to thrombosis [24]. Nevertheless, in general, the flow 
field and WSSs appear to remain nearly unaffected in adjacent segments upstream and down-
stream from the CSGs site. The effects of the CSGs seem to extend about 1 cm upstream and to 
the approximate location of the inferior mesenteric artery ostium downstream. Furthermore, 
the CSGs do not appear to shift the flow regime to transitional or turbulent [23]. This suggests 
that the changes induced by CSGs are limited and confined in their nature, thus supporting 
the ChEVAR technique merit.

The zone most prone to atherosclerosis, thrombus formation, and other maladies appears 
to be the infrarenal section of the posterior wall of the abdominal aorta. These diseases are 
mechanistically linked to low and oscillating WSS [17]. As expected, the post‐ChEVAR model 
is more adversely affected by these phenomena than the healthy model. These results mean 
that CSGs presence in infrarenal AAAs might function as a minor comorbidity factor in the 
future health of post‐ChEVAR patients.

Our findings are in good agreement with data indicating a relatively high success rate for 
ChEVAR procedures performed in recent years, evident both in short‐ and long‐term patient 
follow ups [25].
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