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Preface

An aortic aneurysm is an enlargement of the aorta. It is a major global public health
problem with unmet needs regarding primary prevention. Aortic aneurysm has an
incidence of up to 10 cases per 100,000, and is more common in men older than

60 years. Aortic aneurysm leads to at least 15,000 deaths when it ruptures due to
the enlarged aortic wall’s weakening. Aneurysm of the aorta can start anywhere
from the aortic valve sinuses to the common iliac arteries. Aortic aneurysm etiology
remains unknown, yet common cardiovascular risk factors remain strongly
associated. Aortic aneurysm mortality has not declined despite our innovations,
education, and contributions.

This book reviews the latest information on the diagnosis and surveillance of aortic
root dilation, mycotic aortic aneurysm, and the role of human immunodeficiency
virus. Written by international experts, chapters discuss such topics as animal
models for abdominal aortic aneurysm, safe methods of repairing type A aortic
dissection, and challenges in data image analysis. Each chapter is illustrated with
tables, figures, and diagrams to enhance content, and contains references for
further information. The book provides a simple framework for those who want

to understand the principles of aortic aneurysm and aortic dissection repair. It
provides a global outlook on the disease and its diagnosis and management.

We hope this book will be of value to all clinicians and healthcare providers as well
as patients who want to learn more about aortic aneurysm and aortic dissection.
Cardiologists, cardiac surgeons, cardiac pathologists, and radiologists will also learn
from this book how to help care for patients with this disease.

Jeffrey Shuhaiber MD
University of Massachusetts,
USA






Chapter1

Diagnosis and Surveillance of
Aortic Root Dilation

Ozan Unlu, Zaid 1. Almarzooq, Diala Steitieh,
Matthew Brandorff and Parmanand Singh

Abstract

Aortic root dilation (AoD) imparts increased risk of aortic complications such as
dissection, rupture, and valvular regurgitation. Multiple etiologies of AoD exist, such
as Marfan syndrome, bicuspid aortic valve, Ehler-Danlos syndrome, infections, and
idiopathic conditions. Due to the variety of clinical conditions that can result in AoD,
and the risks associated with worsening AoD, a thorough understanding of the patho-
physiology of AoD, noninvasive imaging modalities, and pharmacologic therapies is
critical. This chapter will review the various etiologies of AoD, pathophysiological basis
of each disease entity, overview of the diagnosis of AoD, noninvasive imaging modalities
employed for detection and surveillance, pharmacological therapies used in the preven-
tion and management, and the factors that guide intervention such as surgical repair.

Keywords: aortic root, enlargement, dilation, aneurysm, noninvasive imaging

1. Introduction

Aortic root dilation (AoD) is frequently an incidentally discovered, asymptomatic
finding in that is seen on various imaging modalities [1]. The anatomy of the aortic
root includes the annulus, sinuses of Valsalva, sinotubular junction and ascending
aorta [1], with the size being a function of a patient’s biologic variables such as height,
age, BSA, and gender [1, 2]. However, while natural variations in the size of the aortic
root are well known, the identification of progression from normal to pathologic AoD
is a key clinical diagnosis that carries significant cardiovascular risk including aortic
dissection, rupture, valvular regurgitation and cardiac tamponade [1, 3-5]. The etiol-
ogy of pathological AoD is varied, ranging from congenital, infectious, autoimmune,
and idiopathic conditions; and influences the medical and surgical management
[1, 5]. Due to the variety of clinical conditions that can result in AoD, and the risks
associated with worsening AoD, a thorough understanding of the pathophysiology
of AoD, noninvasive imaging modalities and pharmacologic therapies is critical. The
aim of this chapter is to review the most common conditions associated with AoD,
appropriate imaging modalities, and treatment strategies to manage AoD.

2. Etiologies of aortic root dilation

Multiple etiologies of AoD exist such as Marfan syndrome, bicuspid aortic valve,
Loeys-Dietz and Ehler-Danlos syndromes, idiopathic conditions, hypertension,
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infections, and inflammatory disorders. In this chapter, we will discuss the various
etiologies categorized into two standardized groups—genetically-mediated and
nongenetically mediated AoD.

2.1 Genetically-mediated aortic root dilation

Genetically-mediated aortic root dilation or enlargement is the leading cause of
thoracic aortic aneurysms. Marfan syndrome (MFS), the prototype condition for
AoD, and bicuspid aortic valve has led to a greater understanding of AoD patho-
physiology, pharmacologic treatment, timing of surgical intervention and optimal
surveillance strategies with noninvasive imaging [6].

2.1.1 Marfan syndrome

MEFS is one of the most common hereditary disorders of connective tissues and is
characterized by manifestations in cardiovascular, skeletal, and ocular systems [7].
MEFS is the most common genetic cause of thoracic aortic aneurysms (TAAs). Its
inheritance is almost exclusively autosomal dominant and mostly involves a muta-
tion of the fibrillin-1 (FBN1) gene encoding the connective tissue structural protein
fibrillin-1 [8]. The widely accepted incidence of Marfan syndrome is ~1 in 5000
individuals [9].

Although the inheritance pattern is predominantly autosomal dominant, rare
cases of autosomal recessive FBN1 gene mutations has been described [10]. While
patients with Marfan phenotypes usually have an affected family member, 25%
of the cases are sporadic due to de novo mutations [9]. In addition, in <10% of
Marfan cases, no mutation of FBN1 was determined [11]. Since it was first identi-
fied as the main cause of Marfan syndrome, FBN1 mutations, depending on how
it is mutated, were linked to a variety of syndromes and phenotypes [12]. Animal
studies investigating the pathophysiology of the disease demonstrated over-
expression of TGF-p in the mitral valve preceding prolapse, the aorta associated
with dilatation, skeletal muscle associated with myopathy, and the dura leading
to ectasia [12]. Later, mutations in TGF-beta receptor 2 (TGFBR2) and TGFBR1
genes were identified in some patients with Marfan phenotypes and subsequently
implicated in the disease process in FBN1 mutation negative individuals [13-15].
These genes were also linked to another condition later, namely Loeys-Dietz
syndrome (LDS) [14].

The diagnosis of Marfan syndrome is established by using a combination of
clinical manifestations, family history, and the presence of FBN1 mutation. In order
to facilitate accurate recognition of the syndrome and improve patient manage-
ment and counseling, a set of defined clinical criteria, called the Ghent nosology
was developed [16] and later revised [17] (Table 1). Apart from the genetic testing
for FBN1 mutation, Ghent nosology uses a systemic score calculation using clinical
manifestations of Marfan and an aortic root dilatation Z-score (see noninvasive
imaging below).

One of the major causes of mortality and clinical hallmark of Marfan syndrome
is aortic root dilation and related complications such as dissection, rupture and/
or aortic valvular regurgitation. Aortic root dilation is typically first identified
on echocardiography in 60-80% of Marfan patients [18]. Therefore, surveillance
echocardiography has been routinely used to serially monitor aortic dimensions.

If the aortic root diameter is above 4.5 cm in adults, aortic dilation rates are above
0.5 cm/year, and/or significant aortic insufficiency is already present, more fre-
quent monitoring is recommended [6] (see Diagnosis and Surveillance of Aortic
Root Dilation below for more detailed guidelines).
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Patients with family history of Marfan disease

* Ectopia lentis

¢ Systemic score > 7

e Aortic root dilatation Z-score
>2 in patients above 20 years old

>2 in patients below 20 years old

Patients without family history of Marfan disease

* Aortic root dilatation Z-score > 2 and Ectopia lentis

¢ Aortic root dilatation Z-score > 2 and FBN1 mutation

* Aortic root dilatation Z-score > 2 and systemic score > 7

* Ectopia lentis and FBN1 mutation associated with aortic root dilatation

Table 1.
Revised Ghent nosology.

2.1.2 Bicuspid aortic valve

Bicuspid aortic valve is one of the most frequent congenital heart anomalies in
adults, affecting 0.9-2% of the population [19]. Most cases of bicuspid aortic valve are
familial and studies show that heritability of the disease is ~90% making it an auto-
somal dominant pattern with incomplete penetrance [20]. Bicuspid aortic valve can
occur alone or with other congenital cardiovascular disorders such as coarctation of the
aorta, supravalvular or subvalvular aortic stenosis, and ventricular septal defect [21].

The diagnosis is often established by transthoracic echocardiogram (TTE),
which has high sensitivity (~92%) and specificity (~96%) [22]. TTE is also useful
for surveillance of potential complications of bicuspid aorta such as aortic stenosis,
aortic dilation, aortic regurgitation, and infective endocarditis [23]. Given the risk of
inheritance, first degree relatives are also recommended to be screened with TTE [21].

Prevalence of aortic dilation in patients with bicuspid aortic valve disease ranges
from 20 to 84% depending on the criteria used in different studies [24]. The risk of
aortic dilation increases with age and the risk of dissection increases as the aortic
diameter increases [25, 26]. When the aortic root diameter is above 4.5 cm, there is
a family history of aortic dissection, or aortic diameter change is rapid it is recom-
mended to perform echocardiogram annually [21]. More frequent surveillance is
recommended for patients with aortic root diameters approaching surgical thresh-
olds (see Surgical Interventions section below).

2.1.3 Loeys-Dietz syndrome

Loeys-Dietz syndrome (LDS) is a rare congenital syndrome characterized by
hypertelorism (widely spaced eyes), a split uvula or cleft palate, tortuous arteries and
aortic aneurysms. LDS shares many features with Marfan syndrome [14]. Most of the
LDS cases are sporadic or show an autosomal dominant pattern of inheritance [14].

The incidence and prevalence of the disease is still not well established.

Loeys-Dietz syndrome was initially classified into two subtypes based on the
severity of the cutaneous and craniofacial features but later was divided into six
subtypes stratified by genotypes [27]. These subtypes are labeled 1-6 and associated
with mutations in TGFBR1, TGFBR2, SMAD3, TGFB2, TGFB3, SMAD2, respec-
tively [27]. Type 1 and type 2 are the most commonly seen subtypes with frequen-
cies of 20 and 55% among all subtypes, respectively [28].
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Aortic root dilation is a hallmark feature of this disease entity and is frequently
seen in patients (~80%) [29]. Another vascular manifestation is aneurysms
throughout the arterial tree. This is a concerning clinical manifestations of the
disease and can cause aggressive arteriopathy; therefore, early operative interven-
tion at ascending aortic diameters of >42 mm is recommended [30].

2.1.4 Ehler-Danlos syndrome

Ehlers-Danlos syndromes (EDS) are a heterogeneous and relatively rare group of
connective tissue disorders characterized by skin hyperextensibility, joint hypermo-
bility, and tissue fragility [31]. Ehler-Danlos syndrome can present with a variety of
clinical manifestations and can be caused by different kinds of genetic mutations.
Overall prevalence of EDS is ~1 in 5000 and EDS hypermobile (hEDS) is the most
common type [31].

Vascular complications can be seen with different types of EDS; however, it
is most commonly seen in type IV (vascular or arterial ecchymotic type; vESD),
characterized by an autosomal dominant mutation in COL3A1 (collagen, type III,
a-1 gene) encoding type III procollagen [32]. Up to 80% with vESD patients suffer
from vascular complications by the age 40 years [32]. Therefore EDS patients,
especially VEDS, patients should be routinely evaluated for aortic root disease.
These patients are recommended to undergo elective operation at smaller diameters
(4.0-5.0 cm) to avoid acute dissection or rupture. Patients with a growth rate of
more than 0.5 cm/year in an aorta that is <5.5 cm in diameter are recommended to
be considered for operation [33].

2.2 Nongenetic
2.2.1 Idiopathic

Aortic root dilation is an established phenomenon that has shown strong correla-
tions to key pathobiological factors such as age, body surface area (BSA), height and
gender. The correlation of aortic root size with age and BSA were initially described
in the development of screening nomograms using M-mode echocardiograms [34].
Follow up studies with 2D echocardiography further validated these correlations,
allowing for the development of nomograms for normal patient populations or
adjusted for patients with underlying congenital disorders (i.e., Marfan syndrome)
[2, 35]. These studies evaluating AoD by echocardiograms are further supported by
reviews of autopsy data that show clear correlations to key pathobiological factors
such as increased age and height with AoD [36].

Despite the validation of age as being correlated strongly with AoD, the mecha-
nism of age on the development of AoD still remains an area of active research.

One of the predominant hypotheses is based on the idea of cyclic stress, and how
the aorta degrades through gradual mechanical decline of elastin proteins [37].
Elastic arteries, namely the aorta, are estimated to dilate by 10% with each beat
[38]. It is hypothesized that the shear stress over a normal lifetime results in the
degradation of elastic lamella, resulting in arterial dilation and stiffening [38]. This
is corroborated by histologic data demonstrating damage to medial elastin of the
proximal aorta [38]. Furthermore, there is evidence to suggest that in the absence
of risk factors such as hypertension or atherosclerosis, the aortic wall undergoes
age-associated reprograming that is proinflammatory promotes progression of arte-
rial disease [39]. Wang et al. demonstrated in pathologic samples of aortas that age
correlated with increased smooth muscle cell invasion, and increased production of
downstream angiotensin II mediators [39].

1
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In addition to age and BSA, gender is another key factor which can increase the
risk and progression of AoD [40]. In the Framingham study of 1849 men and 2152
women, not currently diagnosed with cardiac disease or having a cardiac history,
aortic root was 2.4 mm smaller in women than men with m-mode echocardiography
[40]. A systematic review in 2014 of 10,741 patients with hypertension revealed
men had a significantly higher incidence of AoD relative to women [41].

In conclusion, a series of biological variables are correlated with AoD, and it is
important to take these into account as they are potential confounders or contribu-
tors in the evaluation of patients with pathologic AoD. Even exercise capacity
has been correlated with AoD, with a recent meta-analysis showing that athletes
defined by participation in National Collegiate Athletic Association (NCAA) or
international equivalent had an aortic root diameter that was larger than nonath-
letic controls [42], and a statistically significant increase by measurement of sinuses
of Valsalva and aortic root annulus [42]. It is important to understand the signifi-
cance of biological variables such as age, height, BSA, or gender to fully evaluate
pathologic AoD without the influence of known confounders.

2.2.2HTN

Hypertension is a well-known risk factor for aortic dissection, and in some
studies, it is estimated to factor into roughly half of the overall risk for aortic dis-
section [43]. A recent prospective cohort study of 30,447 patients, 86% of patients
who developed aortic dissection had hypertension [4]. However the relationship
between hypertension and AoD is not as clearly established. In a Framingham study
of 3195 patients, there was no relationship between the development of AoD with
hypertension [44]. A subsequent follow up study of Framingham participants
evaluating aortic root diameter was positively correlated with mean arterial pres-
sure, but negatively associated with pulse pressure, indicating that the mechanism
behind AoD is more complicated [45]. Moreover, investigations have shown that in
patients with other comorbidities for AoD, such as, Turner syndrome, hyperten-
sion is significantly associated with increased prevalence of AoD [45]. This has
led to interesting insights into the cyclic stress hypothesis of the development of
AoD [43]. If AoD develops due to chronic shear stress, then it would be expected
that AoD is correlated with higher pulse pressure (PP), which would presumably
lead to greater stress and aortic dilation [43]. However, studies have reported an
inverse relationship between AoD and PP [43]. Additionally a systematic review in
2014 showed that in a population of 10,791 hypertensive patients, 9.1% had AoD
with a significant gender skew toward men [41]. However there was no significant
correlation of mean arterial pressure or pulse pressure values and AoD [41]. While
hypertensive patients have a higher incidence of AoD, the mechanism remains to be
further investigated. Moreover, these unclear correlations between MAP, PP, and
AoD suggest that the aorta is not static, but a dynamic structure whose response to
stress, such as hypertension, is still being elucidated [43].

2.2.3 Infections

Since the first mass production of penicillin in 1945, the modern era of antibiot-
ics has resulted in a decrease in the prevalence of mycotic aneurysms due to bacte-
rial infections in developed countries [46, 47]. However they can still be found in
developing countries, and are rare but well described causes of mycotic aneurysms
[46]. Most common pathogens include Salmonella, Staphylococcus and Streptococcus
pneumonia, and while rare have been in the pathogenesis of mycotic aneurysms
of the aortic root [46, 48, 49]. Other common bacteria include Mycobacterium
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tuberculosis and Treponema pallidum, which will be discussed below, and more rare
causes include Listeria, Bacteroides, Clostridium septicum, and Campylobacter jejuni
[46]. With the majority of bacterial aortitis, aneurysm development is generally
saccular, and Salmonella has been reported in case studies to predominantly affect
the abdominal aorta than the thoracic [46, 48]. Infections with Staphylococcal
species generally are related to underlying aortic valve infections, but have been
reported to progress into aneurysms of the aortic root [46, 49].

2.2.3.1 Treponema pallidum

Treponema pallidum, a sexually transmitted spirochete which is the caus-
ative organism of syphilis, is a well characterized cause of aortitis [46, 50, 51].
Cardiovascular involvement is limited to late stage, or tertiary syphilis, and gener-
ally occurs 5 to upwards of 40 years after primary infection [50, 51]. Aortitis, and
aneurysm development is due to invasion of the vasa vasorum, resulting in oblitera-
tive endarteritis that leads to degradation of the aortic media [50, 51]. The chronic
inflammation results in fibrosis of the intima, a phenomenon known as “tree-
barking” that ultimately progresses to aneurysm development. In an autopsy study
in 1960 of 51 aortic aneurysms secondary to syphilitic aortitis, 7.8% were found
at the sinuses of Valsalva and 29.4% involved the ascending aorta, representing a
majority of the sample [52]. This predominance to the ascending thoracic aorta have
been further corroborated in later studies, however the detailed echocardiographic
analysis of syphilitic aortitis, specifically in relation to AoD is limited due to the
rarity of the disease presentation [46, 50].

2.2.3.2 Tuberculosis

Tuberculosis is a relatively common infection especially in developing coun-
tries [53]. Mycobacterium tuberculosis, the causative pathogen, is a known cause of
mycotic aortic aneurysms [46, 50]. Pathogenesis of tuberculous mycotic aneurysm
is believed to be due to lymphatic spread or hematogenous seeding, and mortality
rates are reported as high as 60% in patients who develop this complication [50].
While more commonly affecting the distal aortic arch and descending aorta, there
are case reports detailing aortic root aneurysms due to tuberculosis [50, 54].

2.2.3.3HIV

There have been case reports proposing an association between aortic aneu-
rysms and HIV [50]. In a variety of these cases the causes are generally multifacto-
rial, as the majority of cases have reported coinfections (Q fever and leishmaniasis)
or comorbid autoimmune conditions (giant cell arteritis) [55, 56]. It is still an area
of investigation as to whether there is a true association, and there is sparse data
showing a relationship with AoD.

2.2.4 Inflammatory disorders
2.2.4.1 Ankylosing spondylitis

Ankylosing spondylitis, a seronegative spondyloarthropathy, is a chronic,
progressive rheumatologic disorder, and was one of the first found to be associated
with aortitis [50, 57]. The proposed mechanism of AoD in ankylosing spondylitis is
fibrous growth development along the intima, which leads to subsequent weaken-
ing [57]. Prior TEE studies further evaluated the prevalence of AoD in ankylosing
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spondylitis, and 82% of patients with ankylosing spondylitis had aortic root
abnormalities [58]. Specifically, 61% of patients had aortic root thickening and 25%
of patients had AoD [58]. AoD in these populations is a relatively common phenom-
enon and is associated with significant cardiac morbidity [45, 57].

2.2.4.2 Relapsing polychondritis

Relapsing polychondritis is another autoimmune disorder, which is a multisys-
tem inflammatory disorder that primarily affects the cartilaginous structures of
the body [59]. Cardiovascular involvement is common, estimated to be the second
most frequent cause of death and can result in aneurysm development in 5% of
cases of both thoracic and abdominal aorta [50, 59]. AoD has been known to occur,
albeit rare, with cases of requiring surgical revision after the development of aortic
regurgitation [60, 61].

2.2.4.3 Takayasu arteritis

Takayasu arteritis is a chronic granulomatous large vessel vasculitis, predomi-
nantly found in pediatric populations [50, 62]. A rare disorder, the pathogenesis
is characterized by granulomatous panarteritis that can affect the entirety of the
aorta and major branches, however predominantly affects the common carotid and
subclavian artery [62]. While rare, there are reports of AoD from Takayasu arteritis
resulting in aortic regurgitation [63, 64].

2.2.4.4 Giant cell arteritis

Giant cell arteritis is a large vessel vasculitis that is characterized by chronic
granulomatous inflammation [50]. While commonly affecting carotid, temporal
and vertebral arteries, it has been known to affect the ascending aorta, at times
resulting in dissection or aortic valve insufficiency [50]. The development of AoD
from GCA may be influenced by other comorbid conditions such as HIV; however,
this association is currently only supported with case reports [55].

2.2.5 Other
2.2.5.1 Left ventricular hypertrophy

Additionally left ventricular hypertrophy is reported to be positively correlated
with AoD. Early retrospective reviews of echocardiographic studies have shown a
positive relationship between LVH and AoD, and this has been further supported
in subsequent systematic reviews [41, 65]. Patients with AoD with concomitant left
ventricular hypertrophy are shown to have an increased risk of adjusted cardiovas-
cular events [66]. However as with previous studies, the exact mechanism between
LVH and AoD is still being determined.

3. Diagnosis and surveillance of aortic dilation
3.1 Clinical manifestations
Aortic root dilation is typically a silent disease, with most cases being diagnosed

incidentally on imaging. AoD can become symptomatic as the aneurysm enlarges.
Aortic root aneurysms grow at an average of 1-4 mm/year [5], with a faster rate
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of growth noted in patients with bicuspid aortic valves, Marfan syndrome, ESRD,
male gender, and smokers [5, 67]. When the aneurysm enlarges to the point of
compressing surrounding structures the patient may begin to observe symptoms—
the most common of which is chest pain, seen in up to 75% of patients [5, 68]. Other
nonspecific symptoms can include back pain, abdominal pain and fatigue (though
only present in 5% of patients).

Additionally, patients may present with symptoms secondary to complications
of a dilated aortic root such as aortic insufficiency and congestive heart failure.
Thus, patients can develop dyspnea as the presenting symptom of aortic root dila-
tion up to 40% of the time [68]. Other presenting symptoms may be related to the
complications noted in Table 2 [69-74].

3.1.1 Complications of aortic voot dilation

Acute aortic emergencies that occur secondary to aortic root dilation include dissec-
tion, rupture, and aortic insufficiency. As the aortic root diameter increases, the risk
for aortic dissection and rupture rises [75]. Aortic dissections are the most common
acute aortic emergencies [76], and can be classified depending on the segment of the
aorta affected: type A dissections involve the ascending aorta (seen in aortic root dila-
tion), while type B dissections are those that occur distal to the left subclavian artery.

Aortic dissection most commonly presents with acute onset chest pain that may
radiate to the back. The character of the pain has traditionally been described as
ripping or tearing in nature, however over half of patients may instead complain
of sharp pain [77]. In addition, geriatric populations are less likely to have an acute
onset of pain [78]. Physical exam findings that may be present include unequal blood
pressures in the upper extremities, a new diastolic murmur indicative of acute aortic
regurgitation, or muffled heart sounds secondary to tamponade (with proximal
extension of the dissection). Imaging may be notable for widening of the mediasti-
num on CXR [77]. In order to aid in the diagnosis of a dissection, an aortic dissec-
tion detection risk score (ADD-RS) has been developed. The score is comprised of
three categories: the presence of high risk conditions such as Marfan syndrome, the
presence of typical symptoms (such as abrupt onset chest pain), and the presence of
physical exam findings such as unequal blood pressure readings in the upper extrem-
ities. Each group is given a score of 1if a feature is present, and the total score helps
pave the next steps of workup—a score of 0 can be followed by diagnostic workup of
other pathologies, while scores of 2-3 should be followed by expedited workup and
immediate surgical consultation for possible aortic dissection [79].

Complication of aortic root aneurysm Presenting symptom
Aortic insufficiency, aortic regurgitation Dyspnea, diastolic murmur, congestive heart failure
symptoms
Aortic dissection Sharp chest pain, may radiate to the back
Thromboembolism Symptoms of stroke
Compression of tracheal or bronchus Hemoptysis, cough, recurrent pneumonitis
Compression of left recurrent laryngeal nerve Hoarseness
Compression of superior vena cava Signs of superior vena cava syndrome
Compression of esophagus Dysphagia
Table 2.

Complications and presenting symptoms of aortic root dilation.
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Aortic rupture is also an acute and life-threatening complication of aortic root
dilation. It can present similarly to aortic dissection with regards to chest pain,
however rupture can lead to severe and abrupt hypotension. Moreover, contingent
with the site of rupture the patient may have symptoms such as hemoptysis [80]

(if there is rupture into the lung), hematemesis [81] (if there is rupture into the
esophagus), or cardiogenic shock [82] (if there is rupture into the pericardial cavity
with resultant tamponade physiology).

Aortic root dilation may also lead to aortic insufficiency. Roughly 30% of aortic
insufficiency is now recognized as being caused by aortic root dilation, surpassing
the incidence of any valvular cause [83]. The pathophysiology is related to stretch-
ing of the aortic valve annulus secondary to aortic root dilation, which results in
incomplete closure of the aortic leaflets during diastole. Unfortunately, at the onset
of aortic regurgitation, patients may be asymptomatic; therefore, congestive heart
failure can develop when the regurgitant valve goes unnoticed.

3.1.2 Impact/burden on public health

While aortic root aneurysms are known to grow at an average of 1-4 mm/year
[5], it is difficult to ascertain how fast an individual’s aortic root aneurysm will
grow, therefore necessitating surveillance imaging. The frequency of surveillance
imaging recommended is dependent on the etiology of the aortic root dilatation as
well as its size, with genetically mediated aortic disease having a lower threshold
for more frequent (biannual) imaging [84]. At the very least however patients are
recommended to have annual imaging for aortic root dilation to closely monitor the
aortic diameter. The impact that frequent imaging (CT, MR angiography or echo-
cardiography) has on public health is likely significant, with cumulative costs. In
addition, any patient with a bicuspid aortic valve should be screened for a thoracic
aortic aneurysm, as well as screening all first-degree family members of a patient
with genetic conditions such as Marfan syndrome [85].

3.2 Noninvasive imaging

The aortic root is the most proximal segment of the aorta. It extends from the
annulus of the aortic valve to the sinotubular junction (STJ). It is composed of
the left, right, and non coronary sinuses of Valsalva. The diameter of the aorta
decreases as it moves distally. The aortic root is assessed using multimodality imag-
ing techniques. These include transthoracic echocardiogram (TTE), cardiac mag-
netic resonance imaging (cMRI), and cardiac computed tomography angiography
(cCTA).

3.2.1 Transthoracic echocardiogram

TTE is widely used for the detection and monitoring of aortic root pathology.
Early studies established age- and sex-specific nomograms for aortic root mea-
surements [86]. These studies used the motion mode (M-mode) of TTE, in which
the amplitude of the ultrasound pulses amplitudes is converted to corresponding
level on gray-scale imaging [86]. Using the M-mode, the American Society of
Echocardiography (ASE) has recommended using the leading-edge to leading-
edge approach for measuring the aortic root [87]. Later studies used 2D TTE and
obtained reference measurements of the aortic root. This is now preferred over
M-mode images, which may be off-axis and are subject to aortic motion that may
produce erroneous measurements.
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On echocardiogram, the aortic root diameter is typically measured in the
parasternal long-axis view from the right coronary sinus to the opposite sinus
of Valsalva. When unable to obtain the long axis view, the parasternal short axis
view may provide more accurate measurements. However, universal landmarks
to measure the root in this view have not been established. Some suggest measur-
ing the diameter from the right coronary sinus to the opposite commissure. These
measurements are typically performed at end diastole, as this represents the resting
aortic diameter [88]. In adults, these measurements correlate with age and body
size. In addition, the aorta is about 2 mm larger in men compared to women due to
differences in body size [89]. Normal values stratified by body surface area and age
have been published by the ASE [87].

Importantly, TTE is limited by its two-dimensional images and thus does not give
a complete depiction of the aortic root. It is also limited by patient factors that limit
the visualization windows and thus aortic root measurement. Since the aorta is not a
straight tube, it can be imaged obliquely leading to over-estimation of its true diam-
eter. Newer modalities, such cMRI and cCTA, can provide three-dimensional images.

3.2.2 Cardiac magnetic vesonance imaging

Despite ECG-gated CT being the most accurate modality for evaluating the thoracic
aorta, it is limited by the radiation and contrast exposure. This is particularly impor-
tant in younger patients with connective tissue disorders that require serial follow up
imaging. Cardiac MRI provides an alternative approach for imaging the thoracic aorta
including the aortic root and is considered the preferred modality in select groups. It
can be performed with ECG gating to provide motion-free evaluation of the aorta. In
addition, young patients, in whom this is more commonly used, can hold their breath
for longer periods, allowing acquisition of images with high spatial resolution.

Cardiac MRI evaluation of the aorta does not require contrast use. MRI
sequences used include balanced steady-state free precession (SSFP) sequences,
fast imaging employing steady-state acquisition (FIESTA), true fast imaging with
steady-state precession (FISP), and balanced fast-field echo (FFE) sequences. These
sequences provide a high signal-to-noise ratio and adequate contrast between vessel
wall and blood pool [90]. When used with ECG gating and contrast enhanced
MRA, images tend to have less artifact, higher resolution, and overall short imaging
time. Another approach is to use ECG gating 2D balanced SSFP sequence that is
oriented perpendicular to the aortic root in two planes to assess the aortic valve and
root throughout the cardiac cycle. In addition, prospective ECG gating and respira-
tory navigation with three-dimensional balanced SSFP sequences can provide 3D
aortic imaging without contrast administration [91, 92].

It is important to note that different methods of aortic measurement have been
described and guidelines are less well defined. Aortic root measurements can be
challenging given different approaches. Burman et al. found in the Framingham
Heart Study that cusp-commissure dimensions better corresponded with reference
echocardiographic aortic root measurements [89, 93]. This best correlated with
study measurements after averaging the three end-diastolic cusp-commissure mea-
surements [93]. In addition, there is a lack of consensus with regard to measure-
ments used (inner lumen only versus lumen and wall) and whether measurements
should be adjusted to body surface area, sex, and age.

3.2.3 Cardiac computed tomography

Although TTE is widely used for the imaging and surveillance of aortic root, car-
diac computed tomography angiography (cCTA) is currently the most commonly
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used technique for the study of the thoracic aorta. Main advantages of cCTA are fast
scanning times, low artifact sensibility, and wide availability including emergency
rooms operating 24 h [94].

The new generation CT scanners acquire high-resolution 3D datasets of the
thoracic aorta, showing sensitivities up to 100% and specificities of 98-99% [95].
ECG synchronization is vital for detailed assessment of the aortic root anatomy
since it allows suppression of pulsation artifacts [96]. ECG gating also allows view-
ing images in a particular phase of the cardiac cycle. Unfortunately, the ECG-gated
technique can increase the acquisition time and required breath-hold time. In order
to minimize the increased acquisition times, employment of a 64 or wider ECG-
gated row detector system is suggested [95, 97].

Modern CT scanners can be used to employ several different cardiac synchroni-
zation methods such as prospective ECG triggering where images are only acquired
during a specified portion of the cardiac cycle, starting at a predetermined delay
from the R wave; retrospective ECG gating where the desired cardiac phase is
selected retrospectively from the raw data [95, 97]. The details of each technique
will not be discussed in this chapter; however, it is important to determine the
advantages and disadvantages of different techniques. The main limitations of CT
are related to the radiation exposure and the use of iodinated contrast media and
different techniques come at a higher cost of each limitation.

For the surveillance of aortic root, any technique can be used and be useful;
therefore, the technique with the least amount of radiation exposure should be
selected such as prospective sequential triggering without padding, retrospective
gating with tube-current modulation optimized for diastolic-phase datasets only, or
a prospectively triggered high-pitch helical acquisition [95, 97]. Retrospective ECG
gating acquires redundant helical CT data which allows the reconstruction of images
at different cardiac phases and providing detailed images which can be useful in com-
plicated cases and pre-/post-operative imaging since pseudoaneurysm or small leaks
which are some of the most common complications of aortic root surgery can only
be detected during a specific phase of the cardiac cycle. Iodinated contrast-media is
another risk related to CT imaging given the risk of contrast induced nephropathy
and allergic reactions of various severity. Surveillance CT data for the dimensions of
aortic root can be acquired without contrast injection; however, a complete endolu-
minal evaluation can only be achieved by the injection of contrast-medium [97].

It is standard of care to monitor the size of aortic aneurysms that are below
surgical threshold, <5.5 cm for nongenetic aneurysms and <5.0 cm for genetically-
mediated aneurysms [98]. In general, physicians should be conscientious about
patient cumulative radiation exposure as there is evidence that it can increase cancer
incidence and cancer mortality [99]. One study estimated that ionizing radiation
exposure results in 0.7% of total expected baseline cancer incidence and 1% of
total cancer mortality. These rates increase with greater cumulative exposure [99].
Therefore, physicians should opt to perform serial CT imaging with longer intervals
in the most appropriate patients. A study investigating patients with moderate-risk
thoracic aortic aneurysms (defined as size <5.0 cm) showed that patients with
aneurysms below 4.3 cm had overall lower risk of significant aneurysm growth or
size reaching surgical threshold. Thus, the authors suggested that these subset of
patients undergo surveillance CT scans less frequently.

4. Management and prevention of aortic root dilation

Management focuses on slowing the rate of growth and the complications of
aortic root dilation. The line of management that is chosen for a patient depends on
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symptoms and size of the aneurysm. For patients who are asymptomatic and have
root dilation <55 mm, medical management is advised. In patients with Marfan
syndrome or a bicuspid aortic valve, the cut off of <50 mm is used for medical
management [1, 100].

4.1 Medical management
4.1.1 Beta blockers

The use of beta blockers has shown a survival benefit in patients with aortic
root dilation secondary to Marfan syndrome [101]. While data on survival benefits
for patients with bicuspid aortic valves is sparse, the common practice is to also
prescribe beta blockers given that both conditions share a similar pathology and
therefore both are likely to benefit from beta blockade. The mechanism by which
beta blockers slow the progression of aortic root dilation is through their negative
inotropic and chronotropic effects, reducing the peak left ventricular ejection rate
and therefore decreasing shear stress and the rate of aortic dilation [102].

4.1.2 Other agents for blood pressure control

The goal blood pressure for patients with thoracic aortic aneurysms is
<130/80 mmHg. In patients who cannot tolerate beta blockers, calcium channel
blockers (CCB) are an alternative group of medications available. While less studied
as compared to beta blockers, CCB have also been found to reduce the rate of aortic
root dilation [103]. Other agents that can be used for additional blood pressure
control include ACE-inhibitors and ARBs.

4.1.3 Management of other cardiovascular risk factors

In order to reduce the risk for complications such as aortic dissection, patients
should be counseled on smoking cessation, and cessation of drugs that increase aor-
tic wall stress such as cocaine or other stimulants. In addition patients should have
dyslipidemia well controlled, which can be achieved through the use of atorvastatin
40-80 mg daily in individuals with aortic root aneurysms [104, 105].

4.1.4 Lifestyle modifications and pregnancy

Patients should be counseled on avoiding high intensity and collision sports, such
as boxing and cycling. Instead patients should take part in low dynamic sports, such
as, golf [5, 106]. Pregnancy should be avoided in patients with Marfan syndrome with
an aortic diameter >40 mm, if a patient does chose to become pregnant however there
must be close follow up with surveillance imaging of the aortic diameter [5, 101].

4.2 Surgical management
4.2.1 Indications for surgery

Emergent surgical interventions are indicated for management of an aortic
dissection or rupture, or a symptomatic aneurysm. In addition, surgical repair can
be performed electively in high risk patients to prevent propagation of an aneurysm
(Table 3). Indications for elective surgical intervention include the absolute size of
the aneurysm—if the diameter is over 55 mm, or over 50 mm in patients with Marfan
syndrome or bicuspid valves. Other indications for elective surgery include if the rate
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Emergent surgical repair Elective surgical repair
* Aortic rupture * Aortic dilation >55 mm
* Aortic dissection * Aortic dilation >50 mm in individuals with Marfan

* Symptomatic aortic root dilation (may syndrome or bicuspid valves

represent an impeding rupture) * Rate of growth >10 mm/year

* Aortic insufficiency (decision largely based on
diameter of aortic dilation)

Table 3.
Indications for emergent and elective surgical repair of aortic root dilation.

of growth of an aneurysm surpasses 10 mm/year, and if there is concurrent aortic
insufficiency [1, 100]. In addition, patients who undergo aortic insufficiency repair
who have concurrent aortic root dilation should be considered for aortic replacement
at the time of their surgery—that is since 25% of patients with aortic root diameters
>40 mm will eventually also require intervention for their aortic aneurysm [107].

4.2.2 Surgical interventions

As opposed to supravalvular aortic aneurysms, aortic root aneurysms involve
the coronary ostia as well as the aortic valve, which have implications on the type
of surgical procedure available for patients. There are two approaches for a surgical
intervention: radical and conservative. In a radial surgical intervention the patient’s
aortic valve and root are replaced (commonly referred to as the Bentall procedure),
whereas in conservative interventions only the aortic root is replaced [108].

The Bentall procedure involves replacing the aortic valve with a prosthetic valve,
and thus has the caveat of requiring indefinite anticoagulation [5]. If patients have
a high bleeding risk it may therefore be worthwhile investigating replacement of
the aortic root while preserving the valve. In addition, it is important to note that
alarge number of patients with aortic root dilation are young (secondary to its
association with Marfan syndrome), and therefore lifelong anticoagulation in cases
such as these confers a cumulative bleeding risk. Preserving the aortic valve while
surgically treating the aortic root dilatation is made possible by the development
of two surgical procedures: the first is removing the aortic root while keeping the
valve intact. The second method is through re-implantation of the aortic valve
[5]. Both the Bentall procedure as well as aortic valve-preserving procedures have
been shown to have comparable short and long-term outcomes with regards to the
risk of death and valve associated complications. The main difference however is
that patients undergoing valve sparing operations were significantly more likely to
develop moderate to severe aortic regurgitation later [108].

In patients with both severe aortic stenosis and ascending aortic aneurysm,
undergoing surgical aortic valve replacement (sAVR) and concomitant surgical
intervention for aortic aneurysms above 4.5 cm is recommended by the American
College of Cardiology (ACC) foundation guidelines [84]. However, in high-risk
surgical patients, undergoing a transcatheter aortic valve replacement (TAVR) has
become an alternative approach that obviates the need for parallel surgical aortic
aneurysm intervention. This raises the concern for the safety of TAVR catheter-
based delivery system in patients with aortic aneurysms since intraoperative rup-
ture or dissection risk potentially increases. However, a clinical study showed that
TAVR does not increase intraoperative aortic dissection/rupture risk or mortality
with a median follow-up of 14 months [109]. Therefore, there are no recommenda-
tions against performing TAVR in patients with ascending aortic aneurysms.
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Abstract

Aortic aneurysms (AA) can be the primary cause of over 10,000 deaths and
indirect cause for another 18,000 deaths annually in the USA as per the recent data
released by the Centers for Disease Control and Prevention. Among the several
factors related to high mortality, imaging methods and intervention procedures
could be important. The commonly used diagnostic imaging methods of aneurysms
are computed tomography (CT), magnet resonance imaging (MRI), ultrasound
(US), digital subtraction angiography (DSA) and amalgamation of fluoro-D-glucose
(FDG) integrated with positron emission tomography (PET) and/or CT and PET
with CT or MRI. Several research findings indicate that diagnostic efficiency of
different imaging methods differ. As intervention procedures depend upon diagno-
sis, the choice of appropriate diagnostic imaging method for a given case is very
important. If the critical characteristics of the swelling are not detected due to the
choice of unsuitable imaging method, interventions may not be very suitable. The
American College of Radiologists (ACR) prescribed some appropriateness guide-
lines for diagnostic imaging. Not complying with them fully or partially may also be
a mortality factor. This chapter is written with recent research findings in the field
of intelligent data analysis for medical applications supported by case studies and
practical examples.

Keywords: diagnosis, aneurysm, imaging modality, guidelines, mortality

1. Introduction

Aneurysm was the primary cause of more than 10,597 deaths and a contributing
cause of over 17,215 deaths in the USA in 2009 [1], shown in Figure 1. Some
essential details on aneurysm, its diagnosis, factors of influence and prevention and
treatment are described by Nordqvist [2]. The author gives a more detailed
description of aneurysm. The disease occurs when an artery or cardiac chamber
swells. This results in the damage of artery or weakness of its walls. The swelling
balloons out at its weakest point resulting from increasing blood pressure. This
means there should be a threshold pressure above which only ballooning out
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happens. Although small swellings may be confined to a small area of the artery,
large ones can extend along the whole length of the affected area. The balloon may
become too large, and it may rupture when pressure build-up continues. Further-
more, a threshold point is indicated for the rupture. The rupture naturally leads to
hemorrhage and other complications and even sudden death. Although aneurysm
can occur in any part of the body, it is more common in the arteries, particularly in
the aorta. True aneurysms can be atherosclerotic, syphilitic, congenital or ventricu-
lar following transmural myocardial infarctions and can occur in any of the three
walls of the artery.

False aneurysm (pseudo-aneurysm) is also possible when there is complete
leaking of blood out of an artery or vein confined to the tissue surrounding the
vessel. Eventually, this blood-filled cavity may clot to seal the leak, or it may
rupture out of the surrounding tissue. Trauma can be caused by punctures in the
artery created by knife, bullet and so forth. Pseudo-aneurysms can be caused by
percutaneous surgical procedures like coronary angiography or arterial grafting or
an injection into the artery. Aneurysms are classified according to their morphology
or by location. Morphologically, saccular aneurysms are spherical, 5-20 cm in
diameter, partially or fully filled by thrombus and involve only a portion of the
vessel wall. Fusiform types are spindle-shaped, with varying diameter up to 20 cm
and with varying length, involving large portions of ascending and transverse aortic
arch, abdominal aorta or iliac arteries.

Aneurysms, by location, could be arterial or venous, the former being more
common. Aneurysms related to heart can be coronary artery aneurysms, ventricular
aneurysms and aneurysms of sinus of Valsalva. Aneurysms following cardiac sur-
gery also occur. Related to aorta, abdominal aortic aneurysm and thoracic aortic
aneurysm can occur. Results of some studies show that about 25% of aneurysms
occur in the thoracic area [3]. Related to the brain, cerebral, berry or Charcot-
Bouchard aneurysms can occur. Cerebral aneurysm (intracranial or brain aneu-
rysm) is more common at the base of the brain and more common in the anterior
cerebral artery, especially in the internal carotid artery. Aneurysms can occur in the
legs, especially in popliteal arteries. In the kidney, renal artery or intra-parenchymal
aneurysms can occur. However, renal and leg aneurysms are rare. A comprehensive
list of various types of aneurysms is given in Table 1.

Some studies show that mortalities vary with patient characteristics as well as
the specific hospital contexts. Patient characteristics, such as gender, age, and
comorbidities of some aortic aneurysm types, have been studied. Hospital contexts
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Affected region Aneurysm nomenclature

Aortic aneurysm Thoracic aortic aneurysm
Ruptured thoracic aortic aneurysm
Thoracicoabdominal aortic aneurysm
Ruptured thoracicoabdominal aortic aneurysm
Abdominal aortic aneurysm
Ruptured abdominal aortic aneurysm

Cranial and neck aneurysm artery Cerebral artery aneurysm
Ruptured cerebral artery aneurysm
Ruptured syphilitic cerebral aneurysm
Congenital cerebral artery aneurysm
Carotid artery aneurysm
Subclavian artery aneurysm

Intrathoracic aneurysm arteries Heart aneurysm
Coronary artery aneurysm
Pulmonary artery aneurysm
Mediastinal and spinal artery aneurysm

Intra-abdominal and pelvic aneurysm arteries Renal artery aneurysm
Splenic artery aneurysm
Visceral artery aneurysm
Iliac artery aneurysm

Upper extremity arteries Brachial artery aneurysm
Radial artery aneurysm

Lower extremity arteries Femoral artery
Popliteal artery

Table 1.
Comprehensive list of aneurysm types.

include type, location, educational qualifications and experience of health-care
professionals and patient volume. However, not many studies have reported on the
influence of using various types of imaging modalities and their capability to lead
and guide aneurysm repair procedures to decrease the mortality rate of aortic
aneurysm patients. One of the important aspects in hospital context is its adherence
with the American College of Radiologists (ACR) guideline especially on medical
imaging methods and patients safety aspects. The lack of protocols and costs have
been cited as important reasons for not practising the most desirable or appropriate
imaging methods in the case of aneurysm [4]. Obviously this affects the extent of
compliance with ACR. However, not many studies have been reported on the
influence of extent of compliance of medical imaging guidelines of ACR on the in-
hospital mortality of aortic aneurysm patients.

Scientific knowledge is the basis of diagnostic and treatment procedures. It
determines the diagnostic methods to be used for accurate assessment of the disease
so that effective treatment procedure can be determined.

Imaging is a scientific method used for the diagnosis of aneurysm. If appropriate
imaging methods are not used, the treatment outcome may be negative. The guide-
lines of ACR are relevant in this respect. Hospitals are rated according to their
compliance with ACR, and its influence on in-hospital mortality is evaluated. The
relationship between in-patient hospital mortality and aneurysm and the relation-
ship between compliance with ACR and in-hospital mortality of aneurysm patients
point to the importance of evidence-based diagnosis and treatment procedure.
Thus, effectiveness of diagnosis using imaging techniques and its outcome in
terms of mortality for hospitalized patients forms the most important components
of the findings.
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Patient safety is an important aspect of both diagnosis and treatment. Radiation
exposure in terms of type, dose and duration and conditions under which imaging is
done are of critical importance, and ACR has critical points on these aspects. This
applies to treatment also. So, ACR compliance level and other hospital contexts
determine the extent to which patient safety is cared for. This is an aspect derivable
from the findings of this work. Thus, some of the six dimensions of heath-care
quality are evaluated in this work.

So, the following questions are relevant:

1.How do the algorithms of these imaging methods determine the efficiency and
effectiveness of diagnosis in the case of aneurysm?

2.Why is DSA preferred over other imaging methods for the diagnosis of
aneurysm?

3.Is there any risk of higher mortality or reduction in mortality by not following/
following ACR appropriateness guidelines for diagnostic imaging?

This chapter tries to answer the above questions based on our recent research
findings.

2. Efficiency and effectiveness of diagnosis of imaging methods

Commonly used diagnostic imaging methods of aneurysms are computed
tomography (CT), magnetic resonance imaging (MRI), ultrasound (US), digital
subtraction angiography (DSA) and combinations of FDG with PET and/or CT and
PET with CT or MRI. Many research findings indicate that diagnostic efficiency of
different imaging methods differs. As intervention procedures depend upon diag-
nosis, the choice of appropriate diagnostic imaging method for a given case is very
important. If the critical characteristics of the swelling are not detected due to the
choice of unsuitable imaging method, interventions may not be very suitable. In this
study, six types of aortic aneurysms are covered. These are ruptured and intact
thoracic aortic aneurysms (rTA and TA), ruptured and intact abdominal aortic
aneurysms (rAAA and AAA) and ruptured and intact thoracicoabdominal aortic
aneurysms (rTAA and TAA). Surgical repairs by OAR and EVAR are the interven-
tion procedures. The main imaging procedures are CT, MRI, ultrasound and DSA.
The subcategorization of data elements is given in Figure 1.

Recent advances have made computed tomography angiography (CTA) and
magnetic resonance angiography (MRA) as the most useful diagnostic tools for
aortic aneurysm. These developments have helped to reduce the procedural risks of
transarterial catheterization. Cross-sectional images provide information on the
affected blood vessel and length of its affected part, total aortic diameter and
diameter of the artery, true vascular diameter which includes patent lumen, the
extent of formation of mural thrombus, the distance of diseased wall from critical
aortic branches and extravascular pathology. This imaging method is used as a
single procedure for diagnosis, procedure planning and post-operative monitoring.
It has helped to reduce the rate of morbidity and mortality. Catheter-based angiog-
raphy is used as an adjunct to treatment procedures. Integrated with contemporary
cross-sectional imaging, this method includes uses of carbon dioxide angiography
and intravascular ultrasound methods. Multiple imaging is done in which one
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pre-contrast imaging series and at least one contrast-enhanced imaging are
included. Although contrast injection protocols include a number of parameters, the
critical challenge is the optimal delivery of appropriate quantity of contrast to the
volume of interest. These protocols need to be carefully determined for each spe-
cific situation. CTA has a definite edge over MRA in many respects. Renal impair-
ment prevents the use of iodine contrast agents. Renal protective strategies are used
for its mitigation, with a doubtful benefit at times.

CTA is a quick, reliable, simple and non-invasive diagnostic tool for aneurysms
and can effectively replace conventional angiography [3]. Therefore, according to
Prestigiacomo et al., 3-D CTA can be used as an initial screening tool in place of
DSA. Sensitivity and predictive values of 100% were obtained by them. Sensitivity
of 2D and 3D CTA to detect very small aneurysms was 98-100% compared to 95%
for DSA [5]. CTA accuracy was also 99-100%. Based on these findings, Villablanca
et al. recommended the use of CTA with commercial detectors to detect very small
aneurysms [6]. Even without pre-operative angiography, pre-operative 3D CTA
(instead of DSA angiography) can provide good anatomical information for micro-
surgical interventions of aneurysms, as was concluded by Gonzalez-Darder et al.
[7]. Forsting in 2005 concluded that CTA can effectively replace DSA and even
MRA for diagnosis aneurysm [8]. Hoh et al. demonstrated the possibility of using
only CTA instead of DSA for diagnosis and pretreatment planning in patients with
ruptured and unruptured aneurysms in Massachusetts General Hospital [9]. In the
findings of Karamessini et al., CTA had sensitivity, specificity, positive predictive,
negative predictive and accuracy values of 88.7, 100, 100, 80.7, and 92.3%, respec-
tively. The corresponding values for DSA were 87.8, 98, 97.7, 89.1, and 92.9%,
respectively [10]. Based on these findings, the authors concluded that CTA and
DSA were equally good for detection of aneurysms of 3 mm or more. With 100%
detection accuracy, CTA is also useful to detect AcoA and MCA bifurcation aneu-
rysms. According to Matsumoto et al., 3D CTA can effectively replace conventional
catheter angiography in the diagnosis and surgery of most ruptured aneurysms [11].
Furthermore, a recent systematic review done by our group in 2015 also supports
the use of CTA as an effective substitute for other imaging methods, at least to some
extent, in the treatment and diagnosis of AAA [12]. In measuring the volume of
aneurysms, CTA, MRA and rotational DSA produced statistically non-significant
differences and hence can be considered equally as per the report of Piotin et al. [13].

On the other hand, in a comparative study, Biasi et al. found CTA inadequate to
detect small aneurysms occasionally and therefore recommended DSA/3D rota-
tional angiography [14]. Stavropoulos et al. also considered CTA inferior in
detecting small aneurysms, and the use of DSA should be continued. Difficulty of
detecting small aneurysms using CTA has been reported by many other workers
[15]. According to latest study in 2015 by Chung et al., multi-slice 3D CTA offers
better image resolution and is hence more useful than single-slice CTA to detect
aortic aneurysms for post-EVAR [16]. In another finding, van Gelder [17]
supported further investigation of small aneurysms detected by CTA if there is no
pretest probability of ruptured aneurysm. Very low probability of clinically signif-
icant aneurysms can be detected by CTA when screening is done for unruptured
aneurysms.

Some technological improvements include Sailer et al. in 2014 on using fluoros-
copy image fusion guidance for CTA in endovascular interventions to reduce iodine
contrast dose and procedure duration [18], Dedk et al. on automated systems for
detection of aortic aneurysms in CTA images [19] and Wada et al. 2014 on com-
bining 3D CTA with 2D CT imaging guidance for clipping surgery [20].
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2.1 Why is DSA preferred over other imaging methods for aneurysm detection?

Many research works and reports [21-24] indicate distinct preference for DSA
over other imaging methods when diagnosing a variety of aneurysms. Specific
reasons may be related to the availability of instruments, specifically trained staff,
costs, convenience, etc. In the case of some specific types of aneurysms, DSA has
been shown to be the most suitable one for maximum efficiency and effectiveness.
These factors are discussed using scientific evidence.

High resolution makes conventional angiography the most desirable diagnostic
tool for aortic aneurysm. It is done at the earliest opportunity of patient presenta-
tion after bleeding. With haemorrhage risk being high within the first 24 hours, an
early angiogram is necessary for therapeutic decisions. Aortic angiography can
locate lesions, reveal the size and shape of aneurysm, detect presence of multiple
aneurysms, examine vascular anatomy and its collaterals and evaluate the presence
of vasospasm and its intensity.

Comparisons of CTA and DSA done by many workers have been discussed
above. Other works related to DSA are reviewed here. More often, DSA is used as a
confirmatory or extended test of other imaging methods. For example, although 3D
CTA compared very well with DSA, in the experiment, DSA was used for confir-
mation of the results obtained with 3D CTA in the work of Thurnher et al. [25]. The
3D rotational reconstructed DSA images can improve the assessment of aneurysms
[26]. Although CTA can add value to DSA, it can never replace it [27]. In one
finding by van Rooij et al., 3D rotational angiography (3DRA) was found superior to
DSA, and hence they suggested it as the new gold standard [28]. However,
according to Zhang et al. contrast-enhanced dual-energy CTA had better diagnostic
image quality at lower radiation dose than 3D DSA. Based on their research [29],
Defillo et al. concluded that indocyanine green video-angiography (ICGV) had
distinct advantages over intraoperative catheter DSA with respect to rapid feedback
and visualizing of local perforators [30]. DSA had better visualization of residual
aneurysm and parent artery stenosis which did not limit flow. Based on these
findings, they recommended the combined use of the two imaging tools. On the
other hand, due to the absence of small neck remnants and some residual
aneurysms by ICGV, DSA is necessary for quality of surgery assessment in complex
aneurysms. Better image quality is possible with lower dose of radiation, according
to the results obtained by Pearl et al. [31].

CO2-DSA gave better results than conventional DS in detecting Type I and
Type II direct endoleaks in EVAR procedure. This is because CO2-DSA had
higher sensitivity and specificity than conventional DSA [32]. In the studies of
Wacker et al., in 2014, C-arm CT is used as a supplementary imaging tool with DSA
for better localization and classification of endoleaks than DSA alone in EVAR
repair [33].

When EVAR was done using single imaging methods, DSA was most preferred
followed by US, CT, and MRI in the decreasing order. When two imaging methods
were combined, DSA with US recorded the highest imaging frequency. This was
followed by DSA + CT and DSA + MRI. The same trend was observed in the case of
OAR also. OAR combinations recorded higher frequencies than EVAR combina-
tions, as OAR was the preferred intervention procedure.

The trend was maintained for each aneurysm type as well. In Table 2, overall
frequency was highest for AAA followed by TA, rAAA, and TAA in the decreasing
order. This reflects the relative incidence and prevalence of aneurysm type rather
than any preference of imaging for a specific aneurysm type. More than 70% of all
imaging and interventions were done on AAA followed by about 21% for TAA,
together accounting for about 90% of all aneurysm care.
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Medical imaging modalities associated with Frequency Valid Cumulative
interventional repair percent percent
n % %
EVAR + CT 38 0.1 0.1
EVAR + MRI 6 0.0 0.1
EVAR + US 259 0.7 0.8
EVAR + DSA 7718 20.2 21.0
EVAR + DSA + CT 95 0.2 21.2
EVAR + DSA + MRI 6 0.0 21.2
EVAR + DSA + US 676 1.8 23.0
OAR + CT 485 13 24.3
OAR + MRI 106 0.3 24.5
OAR + US 4620 121 36.6
OAR + DSA 20,865 54.5 91.1
OAR + DSA + CT 292 0.8 91.9
OAR + DSA + MRI 69 0.2 921
OAR + DSA + US 3028 7.9 100.0
Total 38,263 100.0
Table 2.

Imaging frequencies for different aortic aneurysm types.

2.2 Is there a higher mortality risk if ACR appropriateness guidelines for
diagnostic imaging are not complied with? Alternatively, can it be shown
that compliance with ACR guidelines reduced mortality risks?

In Canada, ultrasound screening of 65-75-year-old men is done and is cost-
effective. Relative risk of AAA-related mortality is 0.49 for this group compared to
no screen. There is little benefit by screening of men beyond 75 years old. Screening
of women over 75 years is not recommended. Individualized check-up of women
over 65 years is adequate. No follow-up screening is required for AAA size less than
3 cm. Although annual screening of individuals with 3-4.4 cm is routinely done,
evidence for this is weak. Screening every 2 years may be enough. Screening for
popliteal aneurysm may be beneficial. There is no benefit by screening men or
women less than 65 years. Physical examination can supplement screening
wherever necessary. As advances in surgery techniques reduce AAA-related
mortality rates, the cost-effectiveness of screening needs to be reviewed periodically.

A set of guidelines on clinical practices for endovascular AAA repair was given
by Walker et al. [34]. The guidelines deal with endovascular repair, its indications
and contradictions, EVAR requirements of patients, procedural assessment before
repair containing detailed imaging methods and scoring systems, endograft types
and their suitability, technical aspects of surgical procedure and post-operative
management. Another set of guidelines on the same topic was published for Euro-
pean Society for Vascular Surgery [35]. There was also an earlier set of guidelines of
Society for Vascular Nursing (SVN) Task Force published by Smith et al. [36]. This
covers mostly the nursing and patient care aspects of pre-operative, intraoperative
and post-operative stages. The guidelines use evidence-based best practice
approach. A set of guidelines for peripheral arterial disease was published by Hirsch
et al. on behalf of ACC/AHA (American College of Cardiology/American Heart
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Association) and collaborated by many other related organizations. This contains
information on classification of levels of evidence and standards of their acceptance.
The diseases included are lower extremity, renal, mesenteric and abdominal aortic
aneurysms [37].

The American College of Cardiology Foundation (ACCF) and American
Heart Association (AHA) jointly published a set of guidelines for diagnosis and
management of patients with TA [38]. This contains the following:

1.Recommendations for imaging and detection/identification/evaluation of
genetic syndromes, familial TA and dissections and bicuspid aortic valve and
associated congenital variants in adults.

2.Estimation of pretest risk of thoracic aortic dissection.
3.Initial evaluation and management of acute thoracic aortic disease.

4.Surgical intervention for acute thoracic aortic dissection and intramural
hematoma without intimal defect and history.

5.Physical examination of thoracic aortic disease.

6.Medical treatment of patients with thoracic aortic diseases, asymptomatic
patients with ascending aortic aneurysm and symptomatic patients with TA.

7.0pen surgery for ascending aortic aneurysm, aortic arch aneurysms,
descending thoracic aorta and thoracicoabdominal aortic aneurysm.

8.Counselling and management of chronic aortic diseases in pregnancy, aortic
arch and thoracic aortic atheroma and athero-embolic diseases.

9.Periprocedural and perioperative management.

10.Surveillance of thoracic aortic disease and previously repaired patients and
employment and lifestyle in patients with thoracic aortic disease.

Several guidelines are being published by a variety of organizations within
countries internationally. It is appropriate to evaluate these guidelines with respect
to their usefulness in routine clinical practices. Ferket et al. in 2012 reviewed the
guidelines published on screening for AAA during 2003-2010. Of 2415 titles, 7 were
included in this study. These were USPSTF2005, ACC2005, NSC2007, CSVS2007,
CCS2005, SVS1 of 2004, and SVS2 of 2009 [39]. Unfortunately, some of the more
recent ones discussed above were not included. Some changes in the classification
systems of ICD in different years could also affect evaluation.

There was consensus across the guidelines regarding one-time screening of
elderly men to detect and treat aneurysms of larger than 5.5 cm in size. For smaller
aneurysms and other target groups, prediction models and effectiveness analysis are
needed.

The American Image Management (AIM) guidelines on diagnostic imaging,
known as AIM, 2010, contain imaging protocols for various parts of the body
using CT, MRI, PET, CTA, MRA and other imaging methods including proton
beam treatment. These have also been published in parts as updated versions later
in 2014 [40].
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The American College of Radiology (ACR) has also published appropriateness
criteria for AAA interventional planning and follow-up [43, 44]. It contains rating
for appropriateness for planning pre-endovascular repair or open repair and for
follow-up after these repairs with a note by experts. Best practice guidelines on
clinical decision support systems have been published by the ACR and Radiology
Business Management Association (RBMA) jointly. This contains evidence-based
best practices related to all heath-care service components aimed at best patient
outcomes. Other ACR guidelines are on the development of evidence tables for
diagnostic studies, literature search process, non-traumatic aortic disease, proce-
dure information like contrast used and PET and topic review process. All these
appropriateness criteria (as they are called) follow a standard format containing
explanatory notes by experts. Recently a study was conducted [41] in Sweden, to
estimate the effect of AAA screening on disease-specific mortality, incidence and
surgery. It was found that AAA mortality in Swedish men has decreased from 36 to
10 deaths per 100,000 men aged 65-74 years between the early 2000s and 2015.
Mortality decreased at similar rates in all Swedish counties, irrespective of
whether AAA screening was offered. It was mentioned that AAA screening in
Sweden did not contribute substantially to the large observed reductions in AAA
mortality and such reductions were mostly caused by other factors, probably
reduced smoking.

The National Guideline Clearinghouse is a database for evidence-based clinical
practice guidelines prepared by various organizations for comparison, synthesizes
guidelines prepared by different agencies on the same topic for similarities and
differences and serves as an electronic platform for exchanging information on such
guidelines and is also a source of annotated bibliography database. Two of these deal
with cardiovascular diseases [42].

2.3 Hospital compliance of ACR guideline on abdominal aortic aneurysm

Huber et al. collected NIS data for 1994-1996 [43]. Most patients were white
males. Majority of repairs were done at large, urban and non-teaching hospitals. The
hospital mortality rate was 4.2%. There was 32.4% incidence of complications.
Home discharge rate was 91.2%. Bad outcome was experienced in 12.6%. Bad
outcome was related to age, gender, complications and comorbidities (patient clas-
sifications) and hospital size and year of procedure. The authors concluded that
outcome after open repair of intact AAA in US was good. However, only white
males visiting the hospitals and procedures done only at large, urban non-teaching
hospitals show skewed behaviour of AAA detection and treatment. There may be a
certain degree of not falling in line with ACR guidelines in some respects. However,
this is not clear from the results as only short-term data were selected and the
methods used were unable to detect this.

The extent of compliance with long-term surveillance recommendations follow-
ing EVAR and type B aortic dissection was found poor due to lack of coordinated
approach. Cases of 204 patients (171 EVAR, 33 type B dissection) were evaluated.
Of 171 EVAR, 100 were AAA, 45 TA, 12 TAA and 7 iliac artery and 7 proximal graft
extensions. Medium follow-up period was 28 £ 10.5 months. Overall, 56% were lost
to follow-up, and 11% never returned after initial hospitalization [44]. Lakhani et al.
reported an increase in nonroutine radiological communications especially of criti-
cal finings in a tertiary hospital during 1997-2005 due to increasing compliance
with ACR guidelines [45]. According to Benjamin et al. [46], compliance of the
radiologist with hospital guidelines for nonroutine communication of diagnostic
imaging results gave better outcomes in a general hospital. Such communications
were required most for CT, followed by MRI and ultrasound.
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Good correlation was found by Gilk et al., [47] between 2013 updated ACR
guidelines on MR safe practices and the Joint Commission’s Sentinel Event Alert No
39 on MR safety as the Environment of Care standards. About 90% of US academic
emergency departments deviated from ACR guidelines on contrast practices for
abdominal and pelvic CT imaging, as observed by [48]. According to Abramson
et al., there are wide variations with respect to compliance on ACR guidelines by
different hospitals [49]. Some reports on compliance of hospitals with ACR guide-
lines on fluoroscopy and CT were cited and discussed [50]. Quality assurance pro-
tocols, tracking exposure time and direct measurement of patient exposure time all
based on ACR guidelines have improved compliance in reducing radiation exposure
in some hospitals.

Besides these reports on some factors related to compliance of hospitals with
ACR guidelines, many individual hospitals have reported receiving awards and
certificates of ACR imaging compliance.

In general, there are no direct studies on the effect of extent of ACR compliance
on aneurysm deaths. The findings discussed above only indicate the lack of compli-
ance on certain aspects of ACR guidelines but nothing to connect them with aneu-
rysm mortality. The importance of this study is evident from this research gap.

2.4 Frequencies of aneurysm diagnostic imaging by different modalities

Aneurysm is a chronic disease usually affecting people towards the end of their
lives. This makes detection and intervention procedures highly risky. A majority of
aneurysm patients do not report to the hospitals. Among those reported, repair
procedure is not done on a good majority. It is notable that imaging helps proper
diagnosis eventually leading to the reduction of mortality. Abdominal aortic aneu-
rysm is most common with roughly 73% accounted, followed by thoracic aortic
aneurysm. All others occur in very low frequencies compared to these. Although
EVAR is promising, OAR is still the choice method, probably as the best method to
deal with emergency and urgent admissions of ruptured aneurysms. In spite of
other more promising methods becoming increasingly available, DSA is still the
gold standard for diagnostic imaging. Such techniques like MRI and CT were used
very rarely.

The data related to different types of aortic aneurysm admissions in US hospitals
are given in Figure 2.

Out of a total number of 32,434 cases, elective admission dominated with 48.8%
of valid data, followed by about 33.3% for emergency admissions. The latter is
alarming as emergency admissions are usually associated with ruptured aneurysms

TOB0E: 577k 15834 2l

Figure 2.
Admission type of aortic aneurysm patients in US hospitals.
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Hospital contexts Medical imaging procedures Total P
CT MRI Us DSA
Admission type Emergency 340 59 1084 9319 10,802
Urgent 53 10 469 5244 5776
Elective 73 20 2263 13,478 15,834
Trauma centre 0 0 2 19 21
Other 0 0 1 0 1
Total 466 89 3819 28,060 32,434 <0.0001
Table 3.

Imaging frequencies using different methods of aortic aneurysm patients admitted in US hospitals.

and may lead to in-hospital mortality in spite of the best treatment given as it may
be too late for any intervention to be successful. Urgent also is almost equally
critical which accounted for about 17% of admissions. Emergency and urgent
together constitute about 51% against 48.8% of elective admissions.

Different imaging methods may be used for different admission types. Thus
more than 90% imaging was done with DSA in the case of emergency and urgent
admissions compared to only about 79% for elective admissions (Table 3). Contrary
to what was theorized, emergency plus urgent and elective admissions recorded
almost equal 40-42% proportion of total patients for all imaging modalities. Over-
all, highest frequency (13,478) was observed for DSA in the case of elective admis-
sions, and the lowest frequency of 10 was recorded by MRI for urgent admissions.
On the other hand, US was highest in elective followed by emergency admissions.
CT and MRI were highest in emergency followed by urgent admissions. Trauma
centre and other admission types recorded very low frequencies to make any sig-
nificant impact. Thus irrespective of admission type, DSA is the choice method
followed by US.

This question is answered by reviewing research works in which two or more
imaging methods are compared for their efficiency and effectiveness of aneurysm
diagnosis, in which some specific aspect of the algorithms of one or more is
enhanced. Several scientists have compared different imaging methods for diagno-
sis of aneurysms in which some algorithmic enhancements and support systems
have been made for increasing their effectiveness and efficiencies of diagnosis. The
parameters for efficiency are accuracy of diagnosis either by experimental compar-
isons of image readers or by relative quantitative or qualitative assessments. The
measure of effectiveness is the relative merits of diagnosing some specific charac-
teristics of the aneurysm under study like location, size, anatomy, etc.

This study utilized a series of processing methods on the NIS data, data mining
techniques and statistical procedures to attain its goals. Data cleaning, recoding and
extraction were used to arrange the raw data for the analysis. Statistical analyses
such as frequencies, correlation, chi-square analysis, logistic regression and
multinominal logistic test were applied. All of these different methodologies were
used to analyse and process a big data set derived from multiple years from 2008 to
2012 and geographically collected from more than 4300 hospitals across the USA.

2.5 Objectives, variables and statistical analysis procedures
The NIS data set on different variables covering the period of 2008-2012 were

used in this project. The variables required to fulfill different objectives are as given
in Table 4.
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No Objective Statistical tests
applied

1  To study the relation between imaging modalities and in-hospital mortality ~ Pearson
among aortic aneurysm patients through US hospitals chi-square test

McNemar’s test
ANOVA test

Logistic
regression test

2 To compare in-hospital mortality of EVAR with OAR when different Pearson
diagnostic imaging techniques are used in both cases chi-square test

McNemar’s test
ANOVA test

Logistic
regression test

3 To evaluate the effect of using ACR recommended imaging methods and Pearson
extent of compliance on in-hospital mortality chi-square test
Gamma

correlation test

Logistic
regression test

4 To determine among different patient characteristics and hospital context, Logistic
those factors which can be used for prediction and thereby reduction of in-  regression test

hospital mortality to desired levels

5  To determine among significant predictor factors, which type of diagnostic Multinominal
imaging performed is associated with in-hospital mortality logistic test

Table 4.
Relationship of objectives and statistical analysis procedures.

2.5.1 Data availability

Availability of the required data is a major factor in the ability to perform the
above tests. In this project, all the required data are to be sourced from NIS data set.
Hospitals may have not have given the cause of death properly. They may have
automatically assumed that aneurysm patients died due to aneurysm only. Aneu-
rysm as the specific cause of death may be absent. Even if it is possible to get data on
a number of patients who underwent different repair procedures, records may not
allow classification of repair procedures versus death data. A similar problem may
arise with respect to imaging procedures also. Compliance percentage may not be
indicative of a specific influence of ACR unless it is very high. At medium or low
percentage values, the specific parameters on which there is compliance may also be
important. Thus, the type of data available in NIS data set and its relationship with
ACR guidelines is important. These are described below.

2.5.2 NIS dataset

There are two parts: the core file and the hospital file.

The core file has the data elements depicted in Table 5. The first core element of
DXn and PRn deals with ICD-9 diagnostic and repair procedural codes, respec-
tively. Other elements relate to mortality and patient classifications. The patient

34



Challenges for Intelligent Data Analysis Methods in Medical Image Analysis during Surgical...
DOI: http://dx.doi.org/10.5772/intechopen.86711

Core file Variable in the study Type Description

element

DXn Aortic aneurysm diagnosis Nominal ICD-9 diagnosis codes
DXCCSn Comorbidities Nominal Clinical classification software
PRn Interventional repair and Nominal ICD-9 procedure codes

imaging procedures

DIED In-hospital mortality Ordinal Died during hospitalization

AGE Age group based on WHO Ordinal Age in group at admission from 1 to 21 age
standardization groups

FEMALE Gender Nominal The sex of the patient (male or female)

RACE Race Nominal The race and ethnicity of patient

PAY1 Insurance type Nominal Indicates the expected primary payer

SOURCE  Admission type Nominal Source of admission to point of origin for

admission or visit

LOS Length of stay Ratio Length of stay from 0 day as same-day stays
to greater than 365 days
YEAR Year Ratio Calendar year (2008-2012)
Table 5.

The core file data element format.

classifications include age, gender, race, insurance type, admission type as source
and the calendar year to which the data pertains.

In the hospital file in Table 6, information on location and type, bed size and
geographical region are available. This is the core NIS file on hospital.

Results of a recent research by the authors are discussed here. ACR has nine
rating scales of appropriateness criteria for different imaging methods and aneu-
rysm types. For convenience of application for any imaging method and aneurysm
type in our study, these were reduced to three appropriateness criteria by combin-
ing the same rating of different imaging methods and aneurysm types and making
the ratings clearer. Hospital-wise data from NIS on mortality status (died/not died)
to evaluate the effect of ACR compliance level on reducing mortality rate. The
results showed that increasing levels of ACR compliance reduced mortality rates.
More systematic research may be required for confirming the results. ACR appro-
priateness guidelines for diagnostic imaging have been developed by a large team of
experts who examined available research works for the quality of evidence to
prescribe these guidelines. The guidelines are reviewed and updated when new
evidence becomes available. Hence, there is enough logic in contending that

Hospital file Variable in Type Description

element the study

H-LOCTCH Hospital Nominal Hospital’s location and teaching status
location

H-BEDSZ Hospital bed ~ Ordinal Hospital bed size
size

HOSP_REGION Hospital Nominal The hospital’s census region was obtained from the AHA
region Annual Survey of Hospitals

Table 6.

Data elements in NIS hospital files.

35



Aortic Aneurysm and Aortic Dissection

compliance with ACR guidelines will improve the patient outcome especially on
reducing mortality rate.

The details of the methodology and results are given and are discussed with the
support of scientific evidence.

2.6 Effect of strictly and fully ACR compliant imaging procedures on
in-hospital mortality rate

If compliance level is critical in determining mortality rate, the use of imaging
methods in strict compliance with ACR should reduce mortality substantially.
However, there can be variations among imaging methods to produce this effect.
This aspect was studied, and the data are presented in Table 7.

CTA had a very few number of patients reported, and hence zero mortality
obtained here is suspect. CT imaging of abdomen and pelvis as well as thoracic
regions recorded similar mortality rate in the range of 10.5-12.0. The mortality rate
was only 5.3% for US and was the lowest 2.6% for DSA. Based on length of stay,
DSA was found undesirable in the earlier discussions. However, mortality rate itself
is minimum for DSA, and this may be associated with a short period of hospital stay.
All statistical tests were highly significant. Therefore, if ACR compliant procedures
are used, DSA method is most effective followed by US in reducing mortality rate.

Earlier, in Table 8, mortality rate for different imaging methods (irrespective of
ACR compliance) was presented. The mortality rates in both tables agree. Chi-
square tests gave highly significant likelihood ratio and linear-by-linear values. Thus
the model fitted better with predictors, and the relationship is strongly linear
(Table 8).

Gamma test and other tests have relatively low negative value indicating a
negative relationship between ACR compliance and mortality. Gamma = —0.328,
which also indicates a strong degree of inverse correlation. Thus, the higher the
compliance, the lower is the mortality rate (Tables 2-12).

ACR radiological procedures Died during hospitalization Total
Did not die Died
CTA Count 4 0 4
% 100.0% 0.0% 100.0%
CT: abdomen and pelvis Count 199 27 226
% 88.1% 11.9% 100.0%
CT: thoracic Count 224 26 250
% 89.6% 10.4% 100.0%
Us Count 4619 259 4878
% 94.7% 5.3% 100.0%
DSA Count 31,881 865 32,746
% 97.4% 2.6% 100.0%
Total Count 36,927 1177 38,104
% within ACR 96.9% 3.1% 100.0%
Table 7.

The effect of using strictly and fully ACR compliant radiological methods on frequencies of in-hospital mortality
of aortic aneurysm patients in the USA.
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Chi-square tests

Value df Asymp. sig. (two-sided)
Pearson chi-square 206.255° 4 0.000
Likelihood ratio 152.579 4 0.000
Linear-by-linear association 197.995 1 0.000
N of valid cases 38,104

“Two cells (20.0%) have expected count less than 5. The minimum expected count is 0.12

Table 8.
Chi-square test results on effect of ACR compliant radiological procedures on frequency of in-hospital mortality
among aortic aneurysm patients in the USA.

ACR compliance rating Died during Total
hospitalization
Did not die Died
Usually not appropriate Count 4619 259 4878
% within ACR compliance rating 94.7% 5.3% 100.0%
% within died during hospitalization 12.5% 22.0% 12.8%
May be appropriate Count 32,304 918 33,222
% within ACR compliance rating 97.2% 2.8% 100.0%
% within died during hospitalization 87.5% 78.0% 87.2%
Usually appropriate Count 4 0 4
% within ACR compliance rating 100.0% 0.0% 100.0%
% within died during hospitalization 0.0% 0.0% 0.0%
Total Count 36,927 1177 38,104
% within ACR compliance rating 96.9% 3.1% 100.0%
% within died during hospitalization 100.0% 100.0%  100.0%
Table 9.

Effect of ACR compliance levels of hospitals on frequencies of in-hospital mortality.

Compliance level In-hospital mortality percentage
Usually not appropriate 5.3
May be appropriate 2.8
Usually appropriate 0
Table 10.

Mean effects of increasing compliance with ACR appropriateness critevia on in-hospital mortality rate of aortic
aneurysm patients in the USA.

Accordingly, the odds relationship for ACR compliance with mortality rate is
given by the following equation:

Ln (Odds) = —1.472 — 0.676 x ACR compliance rating
As the equation will result in a negative estimate, odds for mortality decrease

when ACR compliance of hospitals increase. Significant Wald test value indicates
no interference of other predictors on the relationship (Table 13).
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Chi-square tests

Value df Asymp. sig. (two-sided)
Pearson chi-square 92.255* 2 .000
Likelihood ratio 78.896 2 .000
Linear-by-linear association 92.252 1 .000
N of valid cases 38,104

“Two cells (33.3%) have expected count less than 5. The minimum expected count is 0.12

Table 11.
Chi-square test results on effect of ACR compliance levels of hospitals on frequencies of in-hospital mortality of
aneurysm patients in the USA.

Symmetric measures

Value Asymp. Std. Error®  Approx. T°  Approx. Sig.

Ordinal by ordinal Gamma -.328 .032 —~7.617 .000

N of valid cases 38,104

“Not assuming the null hypothesis
bUsing the asymptotic standard error assuming the null hypothesis

Table 12.
Gamma test results on frequencies of in-hospital mortality of aneurysm patients as affected by ACR compliance
levels of hospitals in the USA.

Variables in the equation

B S.E. Wald df Sig. Exp(B) 95% C.I for EXP(B)

Lower Upper

Step 1* ACR compliance rating —.676 0.215 9.909 1 0.002 0.508 0.334 0.775

Constant —1.472 0.417 12472 1 0.000 0.229

“Variable(s) enteved on step 1: ACR compliance rating

Table 13.
ACR compliance rating and various constants values.

3. Discussion

The aim of this chapter is to describe whether the extent of compliance with
ACR diagnostic and interventional imaging guidelines by US hospitals influences in-
hospital mortality rates of patients diagnosed with different types of aneurysms.
The findings were expected to provide predictors of mortality outcomes under a
given set of patient factors and hospital contexts. The need for any change in the
guidelines or practices to reduce aneurysm mortality rates could be identified and
recommended. Preliminary results had confirmed that out of the six main aortic
aneurysm types, abdominal aortic aneurysm (AAA) was the most widespread type.
About 75% of all aortic aneurysms was either AAA or rAAA. Another 21% of
aneurysms belonged to thoracic aneurysm (TA). Thus, AAA and TA are the two
types of aneurysms of specific concern. Although rupturing almost ensures death,
only 3.4% of patients reported with ruptured aneurysm of any type. If only these
patients die, overall mortality rate should be around 3.4%. Now the question arises:
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which imaging methods were more commonly used in the case of ruptured aneu-
rysms? Based on the findings, no specific imaging method was chosen for ruptured
aneurysms. However, it is not certain that most of the mortalities occurred in the
case of ruptured aneurysms only. It is also not certain that any other imaging
method would have reduced mortality of patients with ruptured or intact aneu-
rysms. As is evident from the above results, imaging methods were related to
mortality rates: DSA recorded the lowest rate. All other imaging methods recorded
higher than 3.4%.

The objectives of the study were specifically verified using various tests appro-
priate to the specific objective. The objectives were to establish that imaging
methods had distinct influence on mortality rates, to compare the two intervention
procedures in interaction with the imaging methods, to evaluate the impact of
compliance with ACR guidelines on mortality rates, to examine the scope of using
any patient factor or hospital context as predictors of mortality rates and to assess
which imaging method is associated with mortality rate as affected by any of the
significant predictors. The study relied on diagnosis and procedure of only the ICD-
9 coding registered in NIS data set. NIS data does not include all the sophisticated
diagnostic imaging procedure codes. Differentiation of pre- and post-operative
imaging is not available in ICD-9 codes and is not indicated in NIS data also. This
study was limited to the study of most common aneurysms and not all.

Only 5 years’ data were included in this study. A more detailed study may need
to be done for firm conclusions. Compatibility between NIS data and ICD codes
need to be tested by using ICD-10 instead of ICD-9 to verify whether compatibility
improves by this. Although several works reported increasing use of CT and MRI,
this was not reflected in a data set as recent as 2008-2012. Similarly, increasing use
of EVAR compared to OAR was also not reflected. This needs further investigation.
How far probabilistic estimates of mortality based on predictors will be closer to
actual figures is not clear either from published works or from this study. This
aspect needs further study by developing such equations and comparing actual with
estimates.

There is enough evidence that hospitals are less than fully compliant with ACR
appropriateness criteria. However, their number is not known. A survey of US
hospitals to evaluate numbers of fully compliant, partially compliant and non-
compliant hospitals needs to be done. The latter two need to be persuaded to fully
comply with the ACR criteria.

4, Conclusions

Recognizing the high mortality rates in certain aneurysm conditions, factors
related to this were examined. Imaging methods have an important role in diagnosis
and treatment interventions. ACR has published appropriateness criteria for diag-
nostic imaging. It was contended that if hospitals followed ACR guidelines, it would
improve diagnosis and in turn intervention procedure also. The research was aimed
at this aspect to develop predictors for mortality due to imaging methods and
intervention procedures. Patient characteristics like age, gender, race, comorbidities
and insurance type for medical reimbursement and hospital contexts like size,
location, geographical region, type and admission types were included as variables
for the study. The basic variables were four imaging methods and their combina-
tions with EVAR and OAR upon which the patient characteristics and hospital
contexts were superimposed. NIS data for the period of 2008-2012 from more than
4300 US hospitals were used. After prescribed data cleaning procedures, net sample
size of 38,263 patients was obtained for detailed study. Apart from descriptive
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statistics, ANOVA, chi-square, logistic multiple regression, McNemar’s and gamma
tests were used for dealing with different objectives of the study. AAA and TA were
most frequent aneurysm types. DSA and US were the most frequent imaging
methods. OAR was much more frequently used than EVAR. Age group, male, and
comorbidities had distinct effects on aneurysm frequency. More patients went to
urban teaching and urban non-teaching, large-volume hospitals for emergency and
elective admissions and were supported by medical reimbursement schemes. How-
ever, none of these patient characteristics or hospital contexts had any effect on
frequency-based ranking of imaging methods or intervention procedures.

Results supported the view that imaging methods have a distinct effect on
mortality. DSA recorded lowest and CT recorded highest mortality. Out of the
intervention procedures, EVAR had lower mortality than OAR. However, in com-
bination, OAR with DSA as the imaging method recorded lowest mortality. There
was a distinct effect of hospital stay on these mortalities due to imaging methods
with longer than 10 days for any imaging method increasing mortality risk. Definite
effect of ACR compliance was observed. With increasing compliance, mortality rate
reduced and became zero with full compliance. Thus, improving ACR compliance
and patients selecting only compliant hospitals will reduce aneurysm mortality
significantly. Results of logistic multiple regression were used for the development
of probability equations for mortality with imaging methods alone and in combina-
tion with intervention procedures. From a detailed analysis of patient characteris-
tics and hospital contexts, age group and comorbidities emerged as the most
important predictors of mortality probability. Other factors were less important as
they provided inconsistent results.

Overall, imaging methods affect mortality, and increasing compliance with ACR
appropriateness criteria reduces mortality considerably. Probability of in-hospital
mortality can be predicted using models with imaging methods with or without
intervention procedures and adding age and comorbidity as predictors.
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List of abbreviations

TA thoracic aortic aneurysm

rTA ruptured thoracic aortic aneurysm

TAA thoracicoabdominal aortic aneurysm
rTAA ruptured thoracicoabdominal aortic aneurysm
AAA abdominal aortic aneurysm

rAAA ruptured abdominal aortic aneurysm
EVAR endovascular aortic repair

OAR open aortic repair

CT computed tomography imaging

CTA computed tomography angiography
MRI magnetic resonance imaging

MRA magnetic resonance angiography

Us ultrasound imaging

DSA digital subtraction angiography imaging
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Abstract

Various studies have evaluated the possibilities of surgical repair of mycotic aor-
tic aneurysms (MAAs). Open surgical repair has usually been accepted as the gold
standard treatment of MAAs. The main concern is that it carries a significant mor-
tality risk, varying from 20 to 40% in different studies, and a 5-year survival rate of
30-50%. The largest study of open surgical treatment of mycotic aortic aneurysms
(MAA) was published in 2018, and consisted of 187 patients of whom open repairs
were performed in 107 patients (57%). Most of the endovascular series conclude that
endovascular treatment of MAA is feasible and an acceptable alternative treatment
to open repair. Although endovascular repair might be a durable option for some
patients, late infection-associated complications frequently occur and are often
lethal. An overall analysis of this rare pathology, its different diagnostic modalities,
treatment options, and prognosis are presented and discussed in this chapter.

Keywords: aneurysm, endovascular, aortic repair, infected

1. Introduction

Infected aortic aneurysms, also known as “mycotic aortic aneurysms” (or micro-
bial arteritis with aneurysms) are most commonly caused by bacterial infections.
Around 1% of arterial aneurysms may be associated with an arterial infection.
Although the prevalence of mycotic aortic aneurysms (MAAs) is low, its clinical
impact may be severe and represents one of the most difficult arterial diseases to
treat successfully.

In the early nineteenth century, Jean Nicolas Corvisart coined the term “vegeta-
tion” as it resembled a cauliflower, describing organic lesions of the heart. In his
monograph, presented in 1806, Corvisart wrote that he had observed six cases of
valve disease with vegetations [1].

Some years later, in 1815, Joseph Hodgson performed some illustrations of
ulcerating/perforating aortic valve endocarditis. He described the valve vegetations
as “wart-like excrescences” using the term “fungus” in a patient who presented with
an aortic root abscess. This report was probably the first to document peripheral
embolization [2].

In 1852, a British physician, William Kirkes, described that fibrinous fragments
of valve vegetations were found in the kidneys, cerebral artery, and spleen in
patients presenting with fever, heart murmur, purple skin spots, and skin nodules
(later called “Osler nodules” by Emanuel Libman). He described how these frag-
ments could be detached from the heart valves, passed into the blood, and may be
arrested in the aorta or its branches [3, 4].
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The suggestion of an infection point of entry and transportation by blood flow
was reinforced by a pioneering microbiologist, Edwin Klebs. In 1878, he suggested
that cases of endocarditis were always due to an infectious organism [5].

The first complete description of an infected aneurysm was presented in 1885 by
Osler. He presented the first broad report of this entity with a complete description
of clinical and anatomical features of infective endocarditis as the cause of these
arterial infections. The report included clinical features, anatomical location in the
aorta, and cases of “ulcer formation and perforation of the aorta with production of
multiple aneurysms” [6].

There were some other early reports that explained how infected aortitis was
nearly always secondary to endocarditis [3, 5, 7, 8]. In another report published
in 1923, a series of 217 patients with mycotic aneurysms was presented, show-
ing that 86% of mycotic aneurysms were associated with infective endocarditis
[9]. Although most infected aneurysms are due to bacterial infections, the term
“mycotic,” which is still misleading, is used to describe these aneurysms that arise
after an inflammatory destruction of the arterial wall happens associated to arterial
embolization. A wide variety of terminologies have been used to describe infected
aortic aneurysms, although most of them have not received a great acceptance.
Some of these include mycotic aortic aneurysms (MAAs), suppurative arteritis,
septic aortic pseudoaneurysm (SAP), cryptogenic mycotic aneurysm, and microbial
arteritis with aneurysms [10-13].

2. Etiology

Table 1 includes a previous classification of infected aneurysms (Table 1) [14].
The main etiology of MAAs is considered to be similar to that of arterial aneurysms
and includes the following:

1. Contiguous infection: an infection localized in a determined area might extend
and affect the arterial wall. This can happen after bone infections (osteomyeli-
tis and vertebral infections), intraabdominal infections, abscesses, pancreati-
tis, and pancreatic pseudocysts. Arterial aneurysms have been described after
surgical procedures such as a cholecystectomy, appendectomy, knee replace-
ment surgery, or intestinal surgery [15, 16].

Mycotic Infected Microbial Traumatic Contiguous
aneurysm aneurysm arteritis infected septicemia
pseudoaneurysm

Etiology Endocarditis Bacteremia Bacteremia Traumatic Bacteremia
Location Any vessel Distal aorta Aortoiliac Femoral, carotid Aortoiliac
Age 30-50 >50 >50 <30 >50
Sex F>M M M M/F M/F
Incidence Rare Unusual Common Common Unusual
Number Multiple Single Single Multiple Multiple
Bacteriology Gram- Staphylococcus Salmonella Polymicrobial

positive cocci aureus,

Escherichia coli

M: Male. F: Female.

Table 1.
Modified classification of infected aortic aneurysms according to Wilson et al. [14].
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2. Bacteremic seeding: all arterial layers can be affected by bacteremic seeding,
which may occur when there is a preexisting aneurysm, atherosclerotic plaque,
or intimal injury. The intima is usually resistant to infection. Once it becomes
diseased, bacteria may progress through it into other layers (media or adventi-
tia). As the aorta is the most frequent site of atherosclerosis, it is also the most
common location of primary arterial infection.

3.Septic embolism: embolization from heart chambers secondary to endocarditis
(vegetations) can affect the intimal layer or vasa vasorum of vessels, leading
to arterial wall infection and MAA formation. Embolization may occur in
between 25 and 50% of patients with endocarditis, but only 1-5% develop
symptomatic MAAs [17].

4. Direct bacterial inoculation: infected pseudoaneurysms after arterial injuries
have become a common cause of mycotic aneurysms. The common femoral
artery (CFA) is the most frequently affected vessel. Vascular trauma, gunshot
or stab wounds to arteries, intra-arterial drug injection, and iatrogenic arte-
rial injuries can produce a direct inoculation of bacteria into the vessel wall.
Infected pseudoaneurysms resulting from drug injection using dirty needles
may involve the CFA, external iliac, subclavian, and carotid arteries [18].

5. Atherosclerosis: MA As may arise from preexisting aneurysms or atherosclerotic

plaques.

3. Risk factors

Some important risk factors for development of MAAs include some of the
following:

1. Infection: other sources of infection are the main cause of MAAs. Still today, the
most common cause of MAAs is endocarditis, which explains more than 30%
of cases [17]. The second most common infectious cause of MAAs is bacte-
raemia. Other infections have also been reported and associated to MAAs,
including cholecystitis, pancreatitis, diverticulitis, urinary tract infections
(UTI), soft tissue infections, and osteomyelitis.

2. Arterial injuries: previously described in etiology.

3. Immunosuppression: certain diseases and treatments may lead to impaired
immunity states, including chronic corticoid use, alcohol abuse, diabetes mel-
litus, malignancy, chemotherapy, and severe neutropenia.

4. Epidemiology

Infected arterial aneurysms are relatively uncommon and can affect very differ-
ent anatomical location and practically any artery. Depending on different studies
presented in the literature, the most common sites for mycotic arterial aneurysms
are the aorta and the intracranial cerebral arteries. Following Baddour publication
in 2015, regarding an American Heart Association (AHA) statement report on
infective endocarditis (IE) in adults, the most common site of mycotic aneurysms
was the intracranial arteries, with an incidence of 1.5-5% of cases, and an overall
mortality among those with IE of 60% [17]. Some other series have reported similar
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findings, with intracranial arteries being the most common site for mycotic aneu-
rysms (especially the middle cerebral artery), with and incidence of symptomatic
peripheral mycotic aneurysms of 1-5% [19].

Some other reports have published that the higher incidence sites of infected
aneurysms are the abdominal aorta, followed by peripheral arteries (typically
occurring at bifurcation sites), cerebral arteries, and visceral arteries, in descending
order of frequency [20]. On the other hand, previous historical series have reported
that the abdominal aorta was the second most common site of aneurysm infection,
with the common femoral artery being the most common site [21].

Myecotic aneurysms of coronary arteries are rare, but have also been described.
Gonzdlez et al. performed a review including 922 cases of definite infective endo-
carditis (IE), and reported a 2% rate of symptomatic peripheral mycotic aneurysms.
In their review, 66% of mycotic aneurysms were intracranial (in the region of the
middle cerebral artery) and 34% were extracranial [19].

With regard to infected aneurysms of the aorta, most reported series have less
than 50 patients. Most series concur that the most common aortic location for
infected aneurysms of the aorta is the infrarenal aorta, with a similar distribution of
cases between the aortic arch and descending aorta.

One of the largest series involving MAAs presented 36 cases of aortic infection,
with the following epidemiology data: infrarenal aortic aneurysm in 15 patients
(42%), a suprarenal aneurysm in 3 (8%), a thoracic aneurysmin 5 (14%), and a
thoracoabdominal (TAAA) in 13 (36%) [22].

A large multicenter European study was published in 2014, where data from 123
patients with 130 identified MA As were analyzed. Similar epidemiologic findings were
found, with infrarenal location being the most common (51%), followed by descending
MAAs (28%), paravisceral (12%), multiple MAAs (6%), and arch MAAs (3%) [23].

Primary MAAs are a challenging and very complex vascular pathology. Although
they represent a small proportion of patients within all aortic aneurysms, when left
untreated, they almost always develop into rupture or lethal complications. Without
treatment, there is a very high level of lethal complications, including aortic
rupture, abscess formation, and sepsis [17].

5. Microbiology

With regard to bacteriological patterns in infected aortic aneurysms, there have
been some changes in bacterial patterns depending on the published series decade.
Some initial studies on aortic infection have presented their results confirming
Staphylococcus aureus as the most common infectious cause, followed by Salmonella
organisms [24]. A series of 17 patients with MAAs reviewed in 1998 presented
Staphylococcus aureus as the most common responsible organism (29% of patients),
followed by Salmonella organisms (24% of patients) [25].

This change in bacteriologic patterns was already observed in the early 1980s,
when comparing those series from before 1965 and those from after 1965. Collected
series from English language reported before 1984 (178 patients with 243 MAAs)
showed that S. aureus was the most common organism (28% of cultures), followed
by Salmonella (15% of aneurysms) and Streptococcus (10% of patients). This series
reported how there was some alteration in the involved bacterial flora before and
after 1965. A decrease in the incidence of Salmonella infections was seen after 1965
(10% compared with 38% prior to that date), as well as an increase in the incidence
of Staphylococcus aureus (from 19 to 30%) [21].

Some current series have presented a much higher incidence of Gram-negative organ-
isms compared with older series, with Gram-negative microorganisms seen in up to 35%
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of cases. Different groups have described a higher incidence of aneurysm rupture and
mortality in those patients with Gram-negative infections compared with Gram-positive
organisms. Aortic aneurysms with Salmonella-related infections have been associated with
a faster progression and higher risk of early rupture [23]. Recent series have published an
increase in Gram-negative bacteria in MAAs, including Salmonella, E. coli, Campylobacter,
Enterobacter, Serratia, and Proteus [23, 26]. Some of these series have reported even higher
rates in Gram-negative bacteria (Salmonella) compared to Gram-positive [26-29].

Although bacteriologic patterns continue to evolve, Staphylococcus aureus remains
the most common pathogen, reported in up to 28-71% of cases [21, 23]. Reports
from North America and Europe have described Gram-positive Staphylococcus as
the most prevalent bacterial responsible for MAAs. On the other hand, there are
reported differences regarding infective organisms depending on the geographic
area. Many reports from Asia have presented Gram-negative Salmonella species as
the most prevalent infecting organism in MAAs [23, 27, 28, 30].

Depending on the different series, anatomical location, and geographic area,
blood cultures have been found to be positive in 50-85% of patients, with organisms
being able to be isolated from the aneurysmal tissue in 62-76% of patients [23-26].

Some reviews have related mortality with the type of microorganism involved
in aortic infections. In a series of 22 patients who presented with aortic aneurysmal
infection, mortality was 36% in those with Salmonella-infected aortas, and 82%
in those patients with aortic infections due to other microorganisms. Some other
series have reported similar findings in terms of lower mortality associated with
Salmonella-aortic infections [23, 27-29].

6. Clinical presentation

Symptoms of mycotic aortic aneurysms are very commonly nonspecific in the
initial development of the disease. Patients with MAAs often present with fever of
unknown cause. Many series have reported fever as the most common presenting
sign of MAAs. These patients with febrile illness frequently present with insidious
onset, apathy, weight loss, and general malaise [24].

A high index of suspicion is of great importance in order to avoid delay in diag-
nosis, as the natural history of most of these untreated mycotic aortic aneurysms
is fatality. The most common causes of death in these patients are lethal sepsis or
massive hemorrhage due to rupture [24, 31].

A vast majority of patients are symptomatic at the time of diagnosis. Most groups
have outlined rates of MAAs as symptomatic on diagnosis involving 93-100% of
cases [28, 31]. One of the most common symptoms at the time of initial evaluation
islocalized pain. When present, pain is most commonly localized in the abdomen,
chest, or back. Some groups have reported pain as the most common initial clinical
symptom of MAAs, in up to 88% of patients [28, 32]. It has been previously reported
that the classic triad of mycotic aortic aneurysms includes fever, pulsatile mass, and
back pain. This triad has been described in around 40% of patients [31].

Other manifestations have been described associated to MAAs, including the
following:

1.Rupture

Massive hemorrhage may be a sign of MAAs. Some reports have described aortic
rupture in MAAs in 50-85% of patients [24, 28, 31].

2.Expanding hematoma
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Intraabdominal retroperitoneal hematomas usually produce hypovolemic shock.
In cases of infected aortoiliac or associated mycotic femoral aneurysms, superficial
expanding hematomas might be seen.

3. Acute ischemia of the lower limbs

Embolization is a common clinical sign that increases limb loss and mortality
rates.

4, Mesenteric ischemia

Infected pararenal of thoracoabdominal aortic aneurysms (TAAA) involving
the superior mesenteric artery (SMA) may cause acute thrombosis of the SMA or
embolization into the distal mesenteric branches, leading to intestinal ischemia.

5. Osteomyelitis

Infection of the aorta may produce contiguous infection of the lumbar or tho-
racic vertebra. Interchangeably, a bone infection affecting the vertebra may provoke
an infection of an aortic aneurysm.

6. Gastrointestinal bleeding

Although rare, primary aorto-duodenal fistula may occur due to an infected
aortic aneurysm, when erosion of the vessel affects the third portion of the duode-
num. Erosion and rupture of a MAA into a gastrointestinal structure, such as the
esophagus or appendix, have also been described.

7. Intraabdominal abscess
8. Hemoptysis, dysphagia, and hoarseness

Rupture of a mycotic thoracic aortic aneurysm or pseudoaneurysm, or aorto-
bronchial fistula formation may lead to hemoptysis [33].

9. Heart failure
10. Compression

Constriction or displacement of nearby structures may be present due to MAAs.

7. Infected versus inflammatory AAA

Although inflammation is frequently associated with aortic aneurysms, the clas-
sical appearance of an AAA needs to be differentiated from aortic aneurysms that
are infected. Also mycotic aneurysms need to be addressed and distinguished from
a clinical entity known as “inflammatory aneurysms.”

Approximately 3-10% of abdominal aortic aneurysms are characterized by
increased inflammation surrounding the aneurysm. These inflammatory abdomi-
nal aortic aneurysms (IAAA) are typically differentiated from common AAAs by
certain features. These include a classical description of periaortic inflammation as
a white gleaming fibrotic surface with a thickened aneurysmal wall [34].
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Other common features of IAAAs include major adhesions and fibrosis of close
anatomical structures, such as the duodenum and ureters. This fibrosis commonly
leads to indistinct retroperitoneal tissue planes on imaging studies.

The classic triad of IAAAs includes abdominal pain, weight loss, and elevation
of inflammatory markers (CRP, ESR). Inflammatory aortic aneurysms are not
associated with periaortic air or fluid and are not infected (tissue samples and blood
cultures are negative).

8. Diagnosis

The diagnosis of mycotic aortic aneurysms might be very challenging. In the
presence of fever, general malaise, and a pulsatile abdominal mass or aortic aneu-
rysm in imaging testing, a MAA should be suspected and investigated. An early
diagnosis of MAAs is essential as it is associated with a high rate of hemorrhage due
to rupture and high rate of early sepsis and mortality. Once a MAA is suspected, the
patient should be investigated with laboratory testing and imaging studies.

Various definitions have been proposed for the diagnosis of mycotic aneurysms,
including clinical, laboratory and radiological features.

Most series agree that the definition of mycotic aortic aneurysm should include
at least two of the following criteria:

* Fever, sepsis, or localized pain.

* Abnormal laboratory findings (elevated white cell count: WBC, C-reactive pro-
tein: CRP, or erythrocyte sedimentation rate: ESR).

 Positive blood or aortic tissue cultures.

* Specific radiologic findings, including: periaortic soft tissue air, fluid, or mass,
saccular/multilobular aneurysm or pseudoaneurysm.

Some groups have used specific definitions to delineate mycotic aortic aneu-
rysms, including all of the following: fever or sepsis, abnormal laboratory findings
(elevated CRP or white cell count), positive blood cultures, and radiologic studies
showing a false aneurysm (with or without stranding), periaortic fluid, or air
around the aorta [35]. Common radiologic (CT and MRI) features of MAAs are an
irregular aortic wall, a lobulated vascular periaortic mass, and peri-aneurysmal gas/
soft-tissue mass/edema.

Although blood cultures may be negative in around 25-50% of patients, negative
blood cultures alone are not enough to rule out infected aneurysms, and diagnostic
testing should be completed.

Ultrasound scanning may be useful in diagnosing the presence of an aortic
aneurysm, but it is not reliable for specific diagnosis of aortic infection. Digital sub-
traction angiography (DSA), besides being an invasive procedure, is not reliable for
specific identification of features that suggest and diagnose an infected aneurysm.

Imaging studies for detection of MAAs include computed tomography scan
(CT) and multislice CT angiography with 3D reconstruction, as well as magnetic
resonance imaging (MRI). For many groups, MRI with gadolinium enhancement is
becoming the noninvasive imaging modality of choice for the diagnosis of acute or
chronic aortitis.

Nuclear medicine studies, including fluorodeoxyglucose-positron emission
tomography (FDG-PET) and nuclear gallium scanning, are alternative modalities
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Figure 1.
CT scan showing a reconstruction of a distal infrarenal MAA (A). Fused frontal imaging of the contrast CT
and FDG-PET scan showing highly elevated FDG uptake in the distal aorta (B).

MAA gradel MAA gradell MAA gradeIII MAA gradeIV
Radiologic findings 1.A. ulcer or GradeIand GradeIand GradeIand
2.A. mass or periaortic periaortic gas rupture (*)
3. A. pseudoaneurysm edema
Inflammatory + + o FHt
markers (CRP and
ESR)
Aortic tissue — +/— + +
Incidence Rare Very rare Very rare Very rare
Bacteriology Absent Present Present Present

MAA: mycotic aortic aneurysm; A.: aortic; CRP: C-reactive protein; ESR: elevated sedimentation vate; (*): contained
or not; +: positive; +++: highly positive.

Table 2.
Ribés proposal of new modified classification of MAAs.

for evaluating mycotic aortic aneurysms that are becoming increasingly useful.
PET-CT testing has a very high sensitivity and both high positive and negative
predictive values for aortic graft infection, and also provides important information
in the diagnosis of mycotic aneurysms [35].

Current imaging studies have reported variable sensitivities regarding FDG-
PET. Most series have published specificities of 88-100% for 18F-FDG PET and
PET-CT for diagnosing active inflammation in arteritis (Figure 1) [35-37].

There are very few classifications regarding infected aortic aneurysms. The
author would like to add a new modified classification of MAAs (Table 2).

9. Management of MAAs
9.1 Antibiotherapy
9.1.1 Recommendations

Various groups recommend vancomycin plus an anti-Gram-negative antibi-
otic (for coverage of Salmonella and Gram-negative microorganisms), including
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intravenous fluoroquinolone, ceftriaxone, and piperacillin-tazobactam. Results of
blood cultures and tissue samples are monitored for hours or days, until a pathogen
is correctly identified. Empirical antimicrobial therapy is maintained during this
time, and reviewed once a pathogen is defined. Antibiotherapy should then be
tailored to cultures and antimicrobial susceptibility [23, 24, 31].

In general, at least 6 weeks of intravenous plus oral antibiotics should be
implemented. However, there are no data to support specific duration of antibiotic
therapy. Several authors have advocated long-term oral antibiotics after hospital
discharge for all patients undergoing intervention, especially those who underwent
endovascular repair. If positive cultures are obtained from tissue samples, life-long
antibiotic therapy should be considered [31, 32, 38, 39].

9.2 Surgery
9.2.1 Excision and ligation without arterial reconstruction

The aneurysm should be dissected back to normal aortic tissue. Once the aneu-
rysm has been resected, the proximal aorta should be oversewn with a nonabsorb-
able suture, ligated 1-2 cm proximally, and possible omental coverage, to prevent
blowout of the arterial stump.

9.2.2 Excision with immediate revascularization

In those cases where it is likely that the patient may develop acute ischemia
after arterial ligation, immediate revascularization should be considered. Extra-
anatomical bypass (axillobifemoral bypass graft) after aneurysm resection and
stump closure has been traditionally used. Autogenous vein, antibiotic, and silver
impregnated grafts are also used. Other reported options are femoral-popliteal deep
veins, cryopreserved arterial allografts, and Dacron prosthetic grafts [39-41].

9.2.3 Excision with interval veconstruction
9.2.3.1 Hybrid repair

Some groups have described this technique of retrograde visceral revasculariza-
tion (1, 2, 3, or 4 visceral vessels might be revascularized), followed by TEVAR/
EVAR. The technique is performed through a midline laparotomy incision. When
using the infrarenal aorta as the inflow vessel, a bifurcated 14 x 7 mm Dacron graft
is prepared. Two side grafts (usually 6 mm Dacron grafts) are anastomosed to
the lateral aspect of the bifurcated graft, to create the 4-graft retrograde bypass.
Correct routing and fashioning of the grafts are crucial to avoid early graft throm-
bosis. The right branch (6-7 mm) is anastomosed to the right renal artery (RA). The
right 7 mm graft would be anastomosed side-to-end to the coeliac axis (tunneled
in a retropancreatic position). To avoid graft kinking, the left 7 mm graft is anasto-
mosed in an end-to-side fashion to the SMA in a “lazy C” configuration [42].

9.3 Endovascular

Endovascular repair may be a suitable option for infected aortic aneurysms in
high-risk patients, when open surgery mortality would be prohibitive. In cases of
ruptured MAAs, endovascular repair may be an appropriate alternative, as a definitive
treatment or until debridement and a final treatment may be performed. There is still
ongoing controversy in the literature regarding the endovascular option as a main
therapy or as an alternative [23, 30, 34, 39, 43].
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Procedures are usually performed under epidural or general anesthesia, with
open exposure of one or both common femoral arteries. In those undergoing
TEVAR, cerebrospinal fluid (CSF) drainage should be considered in those patients
with expected long thoracic segment coverage. Coverage of the left subclavian
artery (LSA) is usually avoided unless completely necessary. Some authors have
described aneurysm sac drainage after EVAR. The procedure is usually performed
in a prone position. A 21-G needle is inserted into the aneurysm sac. Following
dilation, a 14-16 Fr drainage catheter is used to aspirate and send the contents for
microbiological analysis. Pryluck et al. consider that it might aid to decrease the
infectious content of the aneurysm sac and effectively prevent late reinfection [44].

10. Prosthetic aortic infection

Although this chapter tries to focus on primary MAAs, infected aneurysms or
pseudoaneurysms can also occur following prosthetic replacement of the aorta.

The incidence of prosthetic aortic graft infection has been described in 0.5-2%
of cases, including both early and delayed-onset complications [45]. All these
prosthetic graft infections are associated with high morbidity and mortality rates.
As previously described in the chapter, different surgical techniques have been
described for repair of infected MAAs and aortic graft infection. Removal of all
infected tissue and infected grafts are essential for a successful result.

Plastic surgery-reassembling procedures have also been described for coverage of
arterial tissue after reconstruction, especially after infections involving the ascending
aorta, aortic arch, and descending thoracic aorta. These procedures involve musculo-
cutaneous pedicled flaps using various different muscles (including rectus abdominis,
pectoralis major, latissimus dorsi, and vastus lateralis muscles) [46]. The application of
these vascularized muscle and omental flaps by plastic surgeons, in conjunction with
cardiothoracic and vascular surgeons, might be an important alternative for an adequate
management of these prosthetic aortic infections. Omental flaps have been previously
described as the most common applied type of autologous flap for coverage of ascend-
ing aorta, aortic arch, and descending thoracic aortic graft infections. Other options
for wound closure in cases of infected prosthetic aortic grafts with associated wound
infection include different types of vacuum-assisted closure (VAC) devices [46].

11. Clinical cases

We present here a report of 3 cases of MAAs treated in our center, with a
description of the procedural techniques and outcomes.

11.1 Clinical case description

The first patient (JGR) was a 72-year-old male with a medical background of
smoking, who was evaluated for fever and general malaise. Physical examination
revealed an expansive abdominal pulsatile mass, with pain on palpation. Laboratory
testing showed elevation of elevated WBC (22 x 10%/ pL), and inflammatory mark-
ers (CRP, ESR, and procalcitonin). CT angiogram revealed an infected infrarenal
AAA, measuring 9.2 cm in diameter, with periaortic edema and gas (Figure 2).
After cardiac, pulmonary, and renal evaluation, the patient was treated with an
aorto-aortic silver-coated Dacron bypass graft. Blood cultures were positive for
Staphylococcus aureus. After an uneventful recovery, he was discharged from
hospital 10 days after surgery on long-term antibiotics.
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The second patient (ABM) was a 66-year-old male with a medical history of
chronic obstructive pulmonary disease (COPD), hypertension, and smoking. He
was initially evaluated in the emergency department for hematochezia, fever, and
abdominal pain. Physical examination showed a distended abdomen with an abdom-
inal pulsatile mass. Laboratory testing showed markedly elevated inflammatory
markers, including CRP and ESR. The patient presented sudden rectal bleeding and
hypotension. Emergent CT angiography scan demonstrated a MAA at the level of the
infrarenal aorta, with an associated primary aorto-enteric fistula (AEF) Figure 3.

He was taken to the operating room and had an urgent open aortic and small
bowel repair. An aorto-aortic straight bypass graft, using a silver-coated-Dacron
graft, was performed. Repair of the fistula into the jejunum was carried out with
resection of the perforated bowel, and end-to-end anastomosis of a non-affected
segment of jejunum. A Jackson-Pratt drain was left for 6 postoperative days. Blood
cultures and aortic tissue sample were both positive for Salmonella sp. The patient was
kept in the intensive care unit (ICU) for 5 days. After evaluation by the infectious dis-
ease team, he was discharged home on long-term antibiotics 16 days after the surgery.

He had a follow-up at 1, 6, and 12 months. His last CT scan showed no signs of
aortic infection, without elevation of inflammatory markers on laboratory testing.
His latest physical examination revealed no vascular abnormalities.

The third patient (RMS) was a 74-year-old male who was admitted with per-
sistent back pain and fever. CT scan revealed a juxtarenal infected aortic aneurysm

Figure 2.

Patient 1. Chest computed tomography (CT) scan presenting a 9-cm MAA in the infravenal aorta. MAA
compressing (white arrow) the duodenum (A). Sagittal, frontal, and sagittal planes (B). MAA: mycotic aortic
aneurysm.

Figure 3.
Patient 2. Abdomen angiography CT scan showing an infrarenal MAA. Multilobular mass seen in axial (A)
and sagittal (B) planes. Presence of an aortoenteric fistula (AEF) at the site (yellow arrow) of this MAA (C).
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with gas within the aneurysmal sac, measuring 9 cm in diameter (Figure 4).
Further preoperative MRI-imaging revealed spondylodiscitis at the level of the
lumbar vertebra L3-L4 (Figure 4).

The patient was taken to the operating room and underwent an aorto-aortic
straight rifampicin-bonded Dacron bypass-graft. Subsequent aortic wall tissue and
blood cultures were found to be both positive for Staphylococcus aureus. Intravenous
antibiotics were continued throughout the admission period and for 3 months after.
After evaluation of the vertebral osteomyelitis by the orthopedic and microbiolo-
gist teams, he was discharged from the hospital 14 days after surgery on long-term
intravenous (initially) and oral antibiotics.

Since 2011, we have performed in our center a novel hybrid repair in 2 cases of
mycotic aortic aneurysms (MAAs), one of them a primary juxtarenal MAA, and
the other one a suspected inflammatory infrarenal aortic aneurysm. This hybrid
repair consisted in a two-stage procedure, performed within at least one-month
difference, or once inflammatory markers and radiologic imaging studies had
normalized.

The first stage of the procedure consisted in performing an open repair of
the MAA, with interposition of a cryopreserved arterial allograft. This was done
in 2 patients who presented with abdominal pain and a pulsatile mass on physi-
cal examination, with a CT angiogram that showed a contained ruptured aortic
aneurysm in both cases. An aorto-aortic bypass graft using a cryopreserved arterial
allograft was performed in both cases (Figure 5).

B

Figure 4.

Patient 3. CT scan revealing a juxtarenal MAA with gas within the aneurysmal sac (B), measuring 9 cm in
diameter (A). Magnetic resonance imaging (MRI) showing vertebral osteomyelitis (spondylodiscitis) in a
sagittal plane, with bone erosion (red arrow) at the level of vertebral bodies L3-L4 (C).

Figure 5.
Intraoperative images showing the surgical preparation of the arterial aovtic cryopreserved allografts (A and B).
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In the second stage, an endoprosthesis (Zenith® stent graft, Cook Medical
Inc., Bloomington, Indiana, USA) was implanted just below the renal arteries, in
the infrarenal aorta, 1 month after the procedure in the first patient. In the sec-
ond case, an aortic endoprosthesis (Zenith Flex® stent graft, Cook Medical Inc.,
Bloomington, Indiana, USA) was deployed in the infrarenal aorta, sealing the inside
of the cryopreserved allograft, 6 months after the initial procedure.

We believe that this alternative option might decrease the risk of rupture of the
cryopreserved allograft anastomosis, which is a devastating complication of open
repair of MAAs [23, 41].

12. Discussion

Treatment of aortic infection is still one of the most challenging situations for a
vascular surgeon to confront.

Open extra-anatomic bypass revascularization combined with extensive
debridement of all infected aortic and peri-aortic tissues, with excision of the
infected aorta and oversewing of the non-infected aortic stump has been consid-
ered the standard treatment for aortic infection [22, 26, 31].

Open surgical options include the use of antibiotic-soaked Dacron grafts, cryo-
preserved aortic allografts, and biological bovine pericardial materials. The use of
the superficial femoral vein (SFV)and femoral or popliteal vein segments have also
been used as an alternative to in situ reconstructions in aortic infections [26, 32].
Revascularizations using vein grafts have the advantage of a potential lower risk of
infection/reinfection. SFV as an autologous material has shown excellent performance
in terms of long-term infectious complications. The main disadvantage is that vein
harvesting is time-consuming. Another possible disadvantage of using the SFV is its
diameter discrepancy with the aorta, and the possible limitation of vein length. These
vein reconstructions are also functional and durable on follow-up over time [47-49].

Some groups have presented lower rates of recurrent infection and lower
morbidity and mortality rates associated with rifampicin-soaked Dacron grafts
compared to those with untreated grafts [35, 45].

Cryopreserved arterial allografts have the advantage of a higher resistance
to infection, with low rates of reinfection. Techniques in cryopreservation have
improved in the last decade, possibly contributing to better outcomes of revascular-
ization using these allografts [35, 41, 50].

MAAs of the ascending aorta and aortic arch, without a past medical history of
previous cardiac or cardiovascular surgery, are very rare. Macedo et al. reported
an incidence of 2.6% of MAAs of the ascending aorta after a review of their more
than 25-year experience with aortic mycotic aneurysms [51]. Descriptions of
mycotic ascending aortic aneurysms or pseudoaneurysms in the literature are very
scarce. MAAs of the thoracoabdominal aorta are also less common than those of the
infrarenal aorta. Previous series have presented an incidence of primary infection
of the thoracic and thoracoabdominal aorta affecting 0.7-4.5% of aortic aneurysms
altogether [35]. Mycotic saccular, fusiform, and pseudoaneurysms of the ascending
and descending thoracic aorta have been described in the literature. Repair of these
aneurysms may be performed with different techniques, including cryopreserved
arterial homografts, prosthetic antibiotic-soaked grafts, visceral debranching and
endovascular stent-graft repairs, bovine pericardium patch grafts, and Dacron
grafts with biological tissue coverage [35, 45, 52].

The largest series of mycotic aortic aneurysms was presented by Heinola et al. in
2018. This international multicenter study included 187 patients. In their series, 51
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patients (27%) were treated with open prosthetic repair, 56 (30%) with a biologi-
cal material, and 80 were treated with EVAR (43%). Overall, open repairs were
performed in 107 patients (57%) in this group, making this the largest series up

to date on open aortic repair of MAAs [32]. In their analysis, blood and/or tissue
culture were positive in 43 (77%) cases, 33 (59%) were positive for non-Salmonella
infection, and 10 (18%) were positive for Salmonella species. The most common
registered bacterium on cultures was Staphylococcus aureus (27%). It presented a
thirty-day survival of 95% (n = 53) and 90-day survival of 91% (n = 51). The overall
treatment-related mortality was 9% (n = 5) [32].

The second largest study to date of open surgical treatment of mycotic aortic
aneurysms (MAAs) was published in 2014 by Lin et al., including a group of 77
patients. In this study group, the in-hospital mortality rate was 10% (8/77) for
patients who underwent open repair and 25% (2/8) for patients who underwent
EVAR [27].

The first report of endovascular aneurysm repair of a MAA was reported in
1998 by Semba et al. They reported no postoperative complications from persis-
tent bacteraemia after a 24-month follow up, without postoperative mortality [53].
Since then, there have been various case reports and series of cases describing
EVAR and TEVAR for the treatment of ruptured aortic aneurysms and MAAs
and their outcomes [23, 30, 34, 38, 39, 53]. These series report favorable results
for EVAR/TEVAR for MAAs, providing a less invasive procedure with low early
mortality rates [23, 30, 33, 34, 39, 53].

Kan et al. performed a systematic review of outcome after EVAR for the treat-
ment of mycotic aortic aneurysms in 2007. They presented a life-time analysis,
which reported a 30-day survival rate of 89% +/— 4% and a 2-year survival rate of
82% +/—5.8%. They performed a multivariate logistic regression analysis, which
showed that only ruptured aneurysms and fever were significant predictors of
persistent infection in EVAR after MAAs [38].

The largest series to date on endovascular treatment of MAAs was reported
in 2018 by Heinola et al. This multicenter-group reported 187 MAAs treated in 6
different European countries between 2006 and 2016 [32]. Another previous large
series on endovascular treatment of MAAs was reported in 2012 by Sedivy et al.
This series included 32 patients, treated during a 15-year period. In this series, 81%
of patients survived the 30-day postoperative period. A total of 50% survived after
1-year follow-up and 40% survived after a 3-year follow-up [50]. Table 3 includes
the most important series regarding MAAs (Table 3) [22-32, 35, 38-41, 54].

Although some of these modern series present promising results, with lower
30-day mortality for endovascular treatments compared to open surgery, the risk
of persistent infection and late complications might be higher. Some concerns are
present in modern literature regarding endovascular repair, as there are still no
long-term follow-up of these series and there is still an ongoing controversy and
debate regarding placing a stent-graft in a tissue (aorta) that is still infected.

For some complex thoracoabdominal aortic aneurysms (TAAAs), therapeutic
options may be scarce. In those cases of symptomatic mycotic TAAAs, there may not
be enough time to create fenestrated/branched custom-made endovascular stent-
grafts. In order to avoid the high morbidity and mortality rates associated with total
open surgical repair of these mycotic TAAAs, some groups have advocated for the
performance of a hybrid aortic repair.

This hybrid repair of typeI, II, and Il TAAAs consists in performing a visceral
artery debranching with retrograde revascularization, followed by the implanta-
tions of a thoracoabdominal endovascular stent-graft [42, 55, 56].

Contrary to what happens in the infrarenal abdominal aorta, extra-anatomic
bypasses are very exceptionally used to repair primary MAAs of the thoracic and
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Series Year Number patients Technique Mortality (30-day)
Moneta 1998 17 Open 23%
Soravia-Dunand 1999 10 Open 57%
Oderich 2001 43 Open 21%
Miiller 2001 33 Open 36%
Fillmore 2003 10 Open 40%
Kyriakides 2004 15 Open 26%
Dubois 2010 44 Open 18.2%
Kan 2010 41 Open (n =21) 4.8%
EVAR (n =20) 5%
Yu 2011 53 Open 23%
Weis-Miiller 2011 36 Open 33%
Uchida 2012 23 Open 5%
Sedivy 2012 32 EVAR-TEVAR 18.8%
Huang 2014 43 Open (n = 29) 20%
EVAR (n =11) 9%
Lin 2014 109 Open (n=77) 10%
EVAR (n=28) 25%
Sorelius 2014 123 EVAR-TEVAR 9%
Touma 2014 16 Open-Allograft 28%
Sorelius 2016 132 Open (n = 62) 26%
EVAR (n =70) 14%
Luo 2017 40 EVAR-TEVAR 10%
Corvera 2018 17 Open-Allograft 6%
Heinola 2018 187 Open (n = 51) 5%
EVAR (n = 80)

Allograft (n = 56)

Open, open surgical repair; EVAR, endovascular aneurysm vepair; TEVAR, thovacic endovascular aneurysm repair.

Table 3.
Largest modern sevies of mycotic aortic aneurysms (MAAs).

thoracoabdominal aorta, or graft infections on those sites. Patients with mycotic
aneurysms of the ascending aorta or arch may present with different signs and
symptoms, including persistent fever, fatigue, chest or back pain, dyspnea, pleural
effusion, and hypovolemic shock in cases of mycotic aortic rupture [57].

MAAs have also reported following heart transplantation and different cardiac
surgical procedures. Bacterial, viral, fungal, and protozoal infections have been
described after cardiac transplantation, understanding that these patients under
immunosuppressive medication are at risk of mycotic aneurysm formation [58]. In
cases of ascending, arch, or descending thoracic mycotic aneurysms associated with
severe mediastinitis, surgical techniques for aortic repair include cryopreserved
arterial homografts, repair with deep or superficial femoral veins, coverage with the
use of the greater omentum, creation of pedicled muscular flaps for arterial cover-
age, tissue debridement, and sternal re-closure [45, 57, 58].

We described in this chapter 2 cases of a novel hybrid repair of MAAs, includ-
ing a staged hybrid procedure, with a first stage including resection of the infected
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aneurysm and repair with an aortic cryopreserved arterial allograft, followed by

a second procedure (once inflammatory markers have decreased and radiologic
features have normalized) consisting of an aortic stent-graft. We believe that this
option might minimize the risk of cryopreserved allograft rupture that has been
previously described in the literature in cases of MAAs. Although there are no
reports describing this technique, we consider that this might be a feasible alterna-
tive to prevent the risk of aortic rupture.

Long-term surveillance, including physical examination, laboratory assessment
of inflammatory markers, and imaging studies (incorporating CT angiogram and
FDG-PET or PET-CT) are critical for evaluation of possible complications and
prompt decision in case of reinfections.

13. Conclusions

Treatment of mycotic aortic aneurysms (MAAs) remains a real challenge in
modern vascular surgery. There are currently different treatment options, with
an immense improvement in endovascular techniques and devices. Despite the
fact of technological and endovascular improvements, this complex pathology is
still associated with high morbidity and mortality rates. An early diagnosis and
interventional procedure (open, hybrid, or endovascular repair) and aggressive
antibiotic therapy are essential to improve outcomes.
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Chapter 4

Human Immunodeficiency Virus
Associated Large Artery Disease

Ruchika Meel and Ricardo Gongalves

Abstract

Advances in human immunodeficiency virus (HIV) therapy with highly active
antiretroviral agents has increased the longevity of patients afflicted with this disease.
HIV vasculopathy is a unique disease entity presenting as aneurysms, dissections and
vascular occlusion amongst others due to HIV related vasculitis. A few studies have
investigated the pathogenesis of HIV related vasculopathy. This chapter provides a brief
overview of aortic aneurysms in general. Further, the current understanding of the
pathogenic mechanisms underlying HIV vasculopathy with an emphasis on inflam-
matory mediators, histology, clinical presentation and imaging are discussed. Finally, a
summary regarding management of HIV associated large vessel disease is presented.

Keywords: HIV, vasculopathy, aneurysms

1. Introduction

Human immunodeficiency virus (HIV) is a global disease. According to global HIV
and acquired immunodeficiency syndrome (AIDS) statistics in 2017, there were 36.9

Figure 1.
Structure of the mature HIV virus. (Reproduced from Ref. [2]. Permission obtained from Michael S. Pepper).
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Figure 2.

Diagram illustrating HIV replication. (A) The virus glycoprotein receptors bind to host cell CD4 and a
co-receptor CCR5. (B) Fusion of the virus with the host cell membrane vesults in viral uncoating and the release
of the viral nucleocapsid into the cytoplasm. (C) The enzyme reverse transcriptase converts the single stranded
RNA into double stranded DNA. (D) The vival DNA is transported to the host nucleus where it is integrated
into the host’s DNA. (E) Viral DNA is transcribed and translated using host cell machinery and then cleaved
by viral protease into functional viral proteins. (F) Viral RNA and proteins assemble at the cell surface and
bud off the cellular membrane. (Reproduced from Ref. [2]. Permission obtained from Michael S Pepper).

million [31.1-43.9 million] people living with HIV, of whom 35.1 million [29.6-41.7
million] adults. The majority of these individuals reside in the developing world [1].

HIV infection involves multiple systems including the cardiovascular system. A
structure of the HIV virus and its replication in a cell are depicted in Figures 1 and 2.
A large number of these patients present with vascular pathology [3, 4]. HIV afflicts
the vascular system in multiple ways. Patients may present with a diverse array of
aneurysms, occlusive disease, spontaneous arteriovenous fistulae and dissections.
The precise pathogenesis of HIV related vasculitis remains poorly understood, a few
recent studies have tried to address this issue [5].

In this chapter we will review the current knowledge pertaining to the important
entity of HIV associated vasculopathy with an emphasis on effects of HIV on the aorta.

2. Definition and broad overview of aortic aneurysms

An aortic aneurysm is a dilation of a segment of the aortic wall, which may
undergo further expansion and rupture [6]. It is defined as at least a 50% increase
in diameter compared with the expected normal diameter of the vessel. They may
occur in the ascending or the descending thoracic or abdominal aorta.

It may be fusiform or saccular in morphology [6]. A fusiform aneurysm is charac-
terised by a uniform symmetric enlargement of the entire circumference of the aortic
wall. A saccular aneurysm involves dilation of a localised portion of the aortic wall.
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These are true aneurysms as opposed to false aneurysms, as they involve all three
layers of the aortic wall.

3. Aetiology

There are multiple aetiologies implicated in the pathogenesis of aortic aneurysms [6].
These include:

1. Degenerative or atherosclerotic diseases.

2. Genetic diseases, such as Marfan syndrome, Loeys-Dietz syndrome, Ehlers-
Danlos syndrome, familial thoracic aortic aneurysms, bicuspid aortic valve dis-
ease, Turner syndrome and aortopathy associated with congenital heart disease.

3.Inflammatory diseases, such as Takayasu’s disease and giant cell arteritis.

4.Infectious diseases, including bacterial infections (the most common organ-
isms implicated are Staphylococcus aureus, Salmonella species, Escherichia coli,
Streptococcus species, Neisseria species and gram-negative bacilli) and fungi.
Recently, HIV has been implicated in the pathogenesis of aortic aneurysms.
Infected aortic aneurysms have a high mortality.

4. Epidemiology

The true incidence and prevalence of aortic aneurysms is difficult to ascertain
due to the silent nature of this disease [7]. In a computed chest tomography (CT)
study the prevalence of asymptomatic thoracic ascending aneurysm was 0.16%
[8]. In a different study the prevalence was noted to be 0.34% [9]. The incidence
and prevalence of aneurysms tend to differ between studies due to different aortic
dimension cut-offs. The majority of studies did not include aortas between 4 and
5 cm [7]. The annual incidence according to two studies was estimated to be in the
range of 5.6 and 10.4 cases per 100,000 patient-years [10, 11]. Thoracic aneurysms
are more common in men greater than 60 years of age [7].

Abdominal aortic aneurysm is predominantly a disease of men [12-15]. The
incidence rises with age. In screening studies its prevalence is estimated at 4-8%.
The incidence of new cases of abdominal aortic aneurysms in the western popula-
tion is estimated at 0.4-0.67% [7].

The true incidence and prevalence of HIV associated aneurysms remains
understudied. The incidence of symptomatic vasculitis in HIV-infected patients is
reported to be 1% [16].

5. Pathogenesis of HIV associated vasculopathy

The pathogenesis of HIV associated vasculopathy is multifactorial (Figure 3)
[5]. Three pathophysiological processes have been implicated:

* Inflammation and endothelial injury
* Smooth muscle cell proliferation and migration

* Molecular mimicry
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Figure 3.
Pathogenesis of HIV associated vasculopathy. (Reproduced from Ref. [5]. Permission obtained from B Pillay).

5.1 Inflammation and endothelial injury

Endothelial cell dysfunction as a result of increase in inflammatory mediators to
viral proteins has been implicated in the pathogenesis of HIV related vasculitis [5].
The inflammatory mediators include interleukins 1, 6 and 8, and tumour necrosis
factor-alpha. The aforementioned argument is supported by a study by Nieuwhof
et al., in the setting of cerebral vasculitis, whereby, they found an increased CD25-
positive receptor positive T-cells. HIV envelope surface glycoprotein 120 and a
transactivator transcription protein that have been implicated in the stimulation of
pro-inflammatory pathways in HIV related vasculitis.

Increased oxidative stress in HIV in animal studies has been proposed as an
additional mechanism of endothelial dysfunction [17].

5.2 Smooth muscle cell proliferation and migration

Smooth muscle cells, an important component of the muscularis media, possess
important surface receptors such as CD4, CCRS5 and CXCR4 [5]. These receptors
mediate the entry of HIV virus into the cell resulting in invasion and disruption of
tunica media, and activation of tissue factor 2 with resultant stimulation of pro-
coagulant pathways.

5.3 Molecular mimicry

It is theorised that the arterial wall possesses receptors known as matrix adhe-
sion molecule-1 which may share ligands with similar deoxyribonucleic acid
sequences to those present in the viral envelope glycoprotein, GP41 and GP120 [5].
This may result in an autoimmune response within the host and cell damage.

5.4 Other postulated mechanisms involved in the pathogenesis of HIV related
vasculopathy

Direct invasion by HIV of vascular endothelium and toxicities related to highly

active antiretroviral therapy (HAART) have been postulated as possible additional
mechanisms resulting in endothelial injury [17].
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Figure 4.
Two and three dimensional long axis trans-oesophageal images of an enlarged ascending aorta in a patient
with HIV associated aortopathy (arrow) (a, b) and a normal aorta in a control (arrow) (c, d).

5.5 HIV-associated aortopathy

HIV-associated aortopathy may present as aneurysmal disease of the ascending
and the descending aorta (Figure 4a-d). Bacterial infections have been implicated
in the pathogenesis of aortic aneurysms [5, 6]. A few case reports have reported the
presence of Salmonella-related mycotic aneurysmal disease in HIV-positive patients.
These aneurysms have been reported in immunosuppressed patients with advanced
HIV disease [5].

5.6 Other forms of HIV related vasculopathy

HIV may affect femoral, carotid and popliteal arteries [5]. It may manifest as
aneurysmal or occlusive disease as well as present as arterio-venous fistula and
as arterial dissection. Since the advent of HAART, atherosclerotic disease is also a
possible manifestation of HIV vasculopathy.

6. Histopathological features of HIV associated large vessel
vasculopathy

Large vessel vasculopathy related to HIV is characterised by involvement of all
three layers of the vessel wall [5]. There is infiltration of the vasa vasorum, periad-
ventitial vessels and the adventitia by leucocytes. The media demonstrates fibrosis,
muscle damage and elastin fragmentation. The intima also is characterised by
disrupted internal elastic lamina and calcification.

Intracranial aneurysms due to HIV have been reported in children [5].
Overall histopathological studies have shown similar microscopic characteristics
as previously described. Some studies, however, have shown distinct tissue
characteristics in arteries of patients with intracranial aneurysms. These include
variable absence of internal elastic lamina fragmentation, medial thickening
with sub-intimal SMC deposition, presence of viral protein gp41 within the
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macrophages of the arterial wall, as well as identification of agents such as
varicella zoster virus in the tissue.

7. Clinical features of HIV-associated large vessel vasculopathy

These patients will usually have stigmata of advanced HIV disease and presence
of other opportunistic infections may confound the clinical picture.

The majority of patients with thoracic ascending aortic aneurysms and abdomi-
nal aortic aneurysms are asymptomatic [5, 18]. Symptoms usually result from large
aneurysms and include chest or upper back pain, or with symptoms related to
compression of nearby structures leading to nerve dysfunction, or compression of
the artery resulting in limb ischemia or thromboembolism. The initial presentation
may be aortic dissection or rupture and is associated with high mortality.

Abdominal aortic aneurysms may present with abdominal, back, or flank pain,
thromboembolism or limb ischemia [19].

An enlarging aneurysm of the carotid artery may present with dysphagia, air-
way compromise, hoarse voice, cranial nerve involvement, cerebrovascular accident
and even rupture [5].

Occlusive disease is another manifestation of HIV vasculopathy [5]. It usually
involves young males below the age of 40 years. It afflicts lower limbs more commonly
than upper limbs. Clinical presentation can be acute or chronic. Acute presentation
involves arterial thrombosis or occlusion. Chronic disease may manifest as critical limb
ischemia in the form of rest pain or gangrene in more than half of the patients.

8. Imaging in HIV associated vasculopathy

A basic chest radiograph is considered a reasonable initial test in a patient pre-
senting with chest pain. It can exclude an alternative diagnosis and avoid unneces-
sary additional aortic imaging [18].

A transthoracic echocardiogram or transesophageal echocardiography are useful
bedside tests to assess the presence of aortic enlargement and related complications
such as aortic regurgitation, dissection and pericardial effusion.

Cardiac computed tomography and magnetic resonance angiography are the
imaging modalities of choice and help determine the aortic size, branch vessel
anatomy and presence of dissection (Figure 5) [18]. In patients with coexisting risk
factors for coronary artery disease such as HIV, a cardiac CT is useful to exclude
presence of coronary artery disease.

Digital subtraction arteriography provides higher resolution of lumen of the
vessel and is better at evaluating branch vessel pathology [18].

The aortic measurements must be made at the aortic annulus, sinuses, sinotubu-
lar junction, ascending arch, and specific locations of the descending aorta as per
the American society of echocardiography chamber quantification guidelines [20].
The aortic annulus is measured at peak systole whereas all other aortic dimensions
are measured at end-diastole. Currently, a leading edge to leading edge method of
measurement is recommended.

Large vessel disease has been studied with the aid of multiple imaging modalities.
Arterial inflammation in patients with HIV has been demonstrated using *flourode-
oxyglucose-positron emission tomography [21]. Inflammation is associated with an
increased cardiovascular risk amongst HIV patients. Carotid intima-media thickness
has been studied in these patients with the aid of ultrasound technology [22]. An
increased carotid intima thickness is a marker of adverse cardiovascular disease.
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Figures.
Transthoracic echocardiographic suprasternal views of an enlarged aortic arch (right) and descending thoracic
aorta dissection (left) in a patient with HIV.

The choice of imaging technique depends on the availability of resources and
expertise to interpret the results of the test.

9. Management of patients with HIV vasculopathy

Currently all HIV patients with vascular disease must be managed according to
standard guidelines [23]. Conservative management may be considered in a moribund
severely immunosuppressed patient with multiple co-morbidities [5]. All patients
must be on HAART therapy.

Data regarding management of ascending aortic aneurysm in patients with HIV is
limited. Currently the standard guidelines on management of aortopathy are applied
to these patients. Patients with ascending thoracic aortic aneurysms with symptoms
due to aortic regurgitation, dissection and rupture should undergo emergent surgery as
per the standard guidelines [23]. Those without symptoms but an enlarged ascending
aorta greater than 55 mm are at high risk of rupture and dissection and therefore urgent
surgery is recommended. Asymptomatic patients who display rapid growth of thoraco-
abdominal aortic aneurysms, expansion >1 cm per year for aneurysms less than 50 mm
in diameter, must undergo surgery [24]. Aortic diameter is an important risk factor for
aneurysm rupture, dissection and mortality [6]. An ascending aorta diameter of 6.0
and 7.0 cm in the descending aorta is associated with increased risk of rupture.

In patients with multiple comorbidities and high risk for surgery conservative
management with afterload reducing agents such as angiotensin converting enzyme
inhibitors or angiotensin receptor antagonists, can be utilised to reduce the shear
stress on the aorta and prevent further expansion and dissection [6, 25]. Beta block-
ers have been shown to decrease aortic stress and are recommended even in patients
without systemic hypertension [6].

In centres where there is a lack of expertise in managing thoracic aortic disease,
patients should be referred to an appropriate high volume centre in order to provide
the best care and outcomes for such patients [25].

For descending aortic and peripheral artery aneurysms, depending on the site
and location of the aneurysm patients can undergo surgical repair of the aneurysm
with good success [5]. Patients that are unable to tolerate major surgery due to poor
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physiologic reserve can be offered endovascular repair. Data comparing endovascu-
lar repair versus surgery are limited in patients with HIV. Descending aortic aneu-
rysms depending on the size and in absence of complications can be managed with
medical therapy under close observation and follow-up [6].

The medical management of patients with HIV-related vasculopathy involves a
combination of HAART, treatment of hyperlipidaemia and control of traditional
risk factors associated with cardiovascular disease [5].

10. Prognosis and outcome

HIV patients with low CD4 counts, hyperglobulinemia, hypoalbuminemia and
reversed CD4/CDS8 ratios were reported have worse prognosis in a study by Van Marle
etal. [26]. For peripheral large vessel surgery the perioperative mortality was reported
to be between 9 and 10.6% in South Africa and 33% in Houston [5]. Major challenges
related to wound healing and infection. Late graft sepsis rate of 10% has been reported
with the use of prosthetic grafts. The follow-up in the aforementioned studies was poor
and presents a major challenge in reporting long term outcomes. Further, the results
may vary between patients on HAART compared to those without HAART. There
are no studies pertaining to surgery in patients with ascending aortic aneurysms and
descending thoracic aneurysms in the setting of HIV. No current studies address the
natural history of HIV associated ascending or descending aortic aneurysms.
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Chapter 5

A New Mouse Model of
Aortic Aneurysm Induced by
Deoxycorticosterone Acetate or

Aldosterone in the Presence of
High Salt

Ming C. Gong, Shu Liu and Zhenheng Guo

Abstract

The renin-angiotensin-aldosterone system (RAAS) is implicated in the etiolo-
gies of many cardiovascular diseases, including abdominal aortic aneurysm (AAA)
and thoracic aortic aneurysm (TAA). In particular, the infusion of angiotensin II
(Ang II) in hyperlipidemia mice to induce AAA and TAA has been extensively used
in the field, suggesting a critical role of Ang II in aortic aneurysm. In contrast,
whether aldosterone (Aldo), a downstream effector of Ang II, is involved in aortic
aneurysm is unknown. Here, we describe a new mouse model of AAA and TAA
induced by subcutaneous implantation of deoxycorticosterone acetate (DOCA)
pellets or infusion of Aldo using osmotic pumps to 10-month-old C57BL/6 male
mice in the presence of high salt. The DOCA- or Aldo-salt-induced aortic aneurysm
is dependent upon mineralocorticoid receptor activation but independent of Ang
Il and hypertension and exhibits several unique features that mimic human aortic
aneurysm. This review aims to discuss the common animal models of AAA, TAA,
and aortic dissection currently studied in the world with the most focus on the
DOCA- or Aldo-salt mouse model of aortic aneurysm.

Keywords: aortic aneurysm, angiotensin II, aldosterone, DOCA, high salt,
animal model

1. Introduction

An aortic aneurysm is defined as a permanent localized dilation of the aorta
with at least a 50% increase in diameter compared with a normal aortic diameter
[1]. Aortic aneurysms can be classified according to location as thoracic aortic
aneurysm (TAA) and abdominal aortic aneurysm (AAA). TAA occurs in all-age
people without sexual dimorphism and is highly associated with hereditary condi-
tions [2]. By contrast, AAA is typically associated with aging, male sex, smoking,
atherosclerosis, and hypertension [3-5]. AAA is the most common form of aortic
aneurysm [6], affecting 4-8% of men and 0.5-1.5% of women over the age of 60
and currently accounting for nearly 2% of all deaths in Western countries [2, 3, 7].
Aortic aneurysm is an asymptomatic condition that tends to progress over time with
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a high mortality rate (65-85%) if rupture occurs [8]. Unfortunately, repair through
open or endovascular surgery is currently the only therapeutic option for aortic
aneurysm; no drug has been approved for treatment of this devastating disease

[3, 5]. One of the major barriers in the field is a lack of an animal model that fully
resembles human aortic aneurysm.

Over the last few decades, a number of rodent models of AAA and TAA have
been developed and have been increasingly utilized to be used in understanding
the etiology of human AAA and TAA [2, 9-11]. Aortic aneurysm animal models
can be classified into three groups [2, 9-11]: (1) genetically predisposed animal
models (i.e., fibrillin-1 (FBN1) mutation (Marfan syndrome) mouse model [2, 12]),
(2) chemical-induced animal models (i.e., Ang II infusion hyperlipidemia mouse
model [9, 13]), and (3) physical or surgical animal models (i.e., decellularized
aortic xenograft rat model [10, 14]). Among them, calcium chloride adventitial
application model [15, 16], porcine pancreatic elastase (PPE) model [17, 18], and
Ang II infusion hyperlipidemia mouse model [13, 19-23] are the commonest animal
models currently studied in the world.

One of the fundamental pathological characteristics in human TAA and AAA
is thoracic aortic dissection (TAD) and abdominal aortic dissection (AAD), both
of which can lead to aneurysmal rupture with high mortality [1-7]. Many geneti-
cally predisposed animal models have TAD and AAD (i.e., fibrillin-1 mutation
mouse model [2, 12]). Some of the chemical-induced animal models also have
TAD and AAD (i.e., fibrillin-1 mutation and Ang II infusion hyperlipidemia
mouse models [13, 19-23]). Recently, a new chemical-induced mouse model for
more potently induction of TAD and AAD was developed by administration of
p-aminopropionitrile monofumarate (BAPN) to mice to inhibit lysyl oxidase (LOX)
and/or Ang II infusion [24, 25]. Kurihara et al. demonstrated that BAPN/Ang II
induced TAD in 100% of FVB mice [24]. Ren et al. confirmed this finding and
further demonstrated that BAPN/Ang II induced TAD and AAD in 75% of C57BL/6]
mice, whereas BAPN alone induced TAD in 87% of C57BL/6J [25].

Although no single animal model fully reproduces the histological characteris-
tics and natural history of the human aortic aneurysm, each of these animal models
more or less recapitulate human aortic aneurysm and have significantly contributed
to the current understanding of clinical management and treatment of patients
with AAA and TAA [2, 9-11]. Several clinical trials have begun enrollment to
examine whether angiotensin-converting enzyme (ACE) inhibitors or angiotensin
receptor blockers (ARB) are effective in the treatment of human aortic aneurysm.
However, the results from these clinical trials are inconsistent and disappointing:
either effective [26], no effect [27], or, even worse [28], indicating that the current
understanding about the etiologies of aortic aneurysm is limited and additional
unknown signaling and mechanism may underlie aortic aneurysm and account for
the failure of these clinical trials.

In sharp contrast to the well-established role of Ang II in aortic aneurysm
[13, 19-23], little is known about the role of aldosterone (Aldo) in aortic aneurysm.
Aldo is a steroid hormone primarily synthesized and released by the adrenal
glands. Aldo is a downstream effect of Ang II and is well recognized for its critical
role in renal sodium reabsorption and water retention and consequently extracel-
lular volume and blood pressure [29, 30]. Accumulated data over the last decade,
however, demonstrate that Aldo not only acts on the kidney but also targets many
other organelles, including those in the cardiovascular system, where it is critically
involved in diverse pathophysiological processes [31-33].

Several lines of clinical study implicate Aldo signaling in aortic aneurysm. First,
individual case reports demonstrated that primary hyperaldosteronism is associated
with aortic dissection [34-36]. Second, a retrospective study demonstrated that
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aldosteronism is associated with high morbidity and mortality from the early onset
of hemorrhagic stroke and ruptured intracranial aneurysms [37]. Third, a few small
studies have shown an association between obesity and increased levels of Aldo [38]
and increased AAA [39]. Finally, perhaps also the most compellingly, an analysis

of drug modulation of AAA development through 25 years of surveillance in 1269
patients demonstrated a strong association between mineralocorticoid receptor
(MR; also known as Aldo receptor) blockers and slowed AAA progression [40].
However, whether Aldo causes aortic aneurysm is unknown.

By incidence, we discovered that administration of deoxycorticosterone acetate
(DOCA) to 10-month-old C57BL/6 male mice caused substantial animal death in the
presence of high salt due to aortic aneurysmal rupture. A subsequent serial of sub-
stantial studies demonstrated that activation of MR by either implantation of DOCA
pellet or infusion of Aldo in 10-month-old C57BL/6 male mice was sufficient to
induce AAA and TAA formation and aneurysmal rupture in the presence of high salt
[41-43]. Recently, we published the detailed methodology on how to implant DOCA
pellet or Aldo pumps to induce aortic aneurysm [44]. Here, we will focus on the
significant novel finding of this new AAA mouse model, highlight its unique features
that mimic human aortic aneurysm, and discuss its significance and potential impact
on the current understanding, diagnosis, and treatment of human aortic aneurysm.

2. Development of a new mouse model of aortic aneurysm induced by
DOCA- or Aldo-salt

2.1 Discovery of DOCA-salt mouse model of aortic aneurysm by accidence

In an independent pilot study using 10- to 12-month-old C57BL/6 male mice to
investigate DOCA-salt-induced hypertension, we unexpectedly observed that many
mice died from AAA rupture. We were intrigued by this observation since it raised
the possibility that activation of the MR by DOCA can cause AAA in the presence
of high salt. Given that administration of DOCA and salt to mice or rats have been
used extensively as an experimental model of low-renin hypertension [45], it was
surprising that DOCA-salt-induced AAA has not been reported in previous studies.
While the exact reasons for this discrepancy are unclear, our results suggest that the
age of mice (i.e., 10-month old vs. 10-week old) may be critical for DOCA and salt
to induce AAA (see below).

2.2 Both DOCA and high salt are required to induce aortic aneurysm

To verify our pilot studies and define whether DOCA, salt, or both is critical for
DOCA-salt-induced aortic aneurysm, 10-month-old C57BL/6 male mice received
DOCA alone (subcutaneous implantation of DOCA pellets; 50 mg, 21-day release;
Innovative Research of America, USA), salt alone (drinking water containing
0.9% NaCl plus 0.2% KCI), DOCA and salt, or no treatment (controls). We used
C57BL/6 mice because C57BL/6 mice are more susceptible to chemical (i.e., BAPN/
Ang II)-induced TAD, AAD, and aneurysmal rupture than other strains of mice
(i.e., FVB mice) [24, 25]. We used 10-month-old rather than 10-week-old mice
because we found that DOCA- or Aldo-salt-induced aortic aneurysm were aging
dependent [41, 43]. We used male mice rather than female mice because DOCA- or
Aldo-salt-induced aortic aneurysm has sex difference (unpublished data). All mice
were euthanized 3 weeks after treatment.

We used three different approaches to quantify DOCA-salt-induced aortic
aneurysm. First, the maximal intraluminal diameters of abdominal aortas were
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quantified in vivo by a high-resolution ultrasound imaging system (Vevo 2100,
Visualsonics, Toronto, Canada). The results showed that both DOCA and salt but
not DOCA or salt alone could potently induce abdominal aortic dilation relative to
the control [41]. Second, the maximal external diameters of isolated abdominal and
thoracic aortas were quantified ex vivo by Nikon SMZ800 Stereo Microscope with a
digital camera and NIS-Elements software. Consistently with the ultrasound data,
both DOCA and salt but not DOCA or salt alone significantly increased external
diameters of abdominal and thoracic aortas relative to the control [41].

Third, we calculated the incidence of DOCA-sat-induced AAA, TAA, and
aneurysmal rupture based on the definition that AAA or TAA has at least a 50%
increase in diameter compared with the normal diameter of the aorta [1]. Of the 45
mice treated with DOCA-salt, 28 mice developed AAA (62%), 22 mice developed
TAA (42%), and 8 mice died of aortic aneurysmal rupture (18%). In contrast, no
AAA, TAA, or aortic aneurysmal rupture was observed in control, DOCA, or salt
alone. Interestingly, AAA was only found in the suprarenal abdominal aorta, which
is similar to that in the Ang I AAA mouse model [13], whereas TAA was mostly
associated with AAA and was mostly observed in the descending thoracic aorta,
indicating that TAA is likely derived from AAA.

2.3 Infusion of mice with Aldo can also induce aortic aneurysm in the presence
of high salt

Since DOCA is a synthetic MR agonist, we wondered whether Aldo, a physi-
ologic ligand of MR in our body, could induce aortic aneurysm in the presence of
high salt. To define the concentration of Aldo that is sufficient to induce aortic
aneurysm in the presence of high salt, 10-month-old C57BL/6 male mice were
infused with three different doses of Aldo (200, 500, and 700 pg/kg/day) for
4 weeks. Aldo was delivered to mice via subcutaneous implantation of osmotic
minipump (Alzet model 2004; DURECT, USA) containing Aldo solubilized in 50%
DMSO. All groups of mice were treated for 4 weeks.

Infusion of mice with all three doses of Aldo was very similar to implantation
of mice with DOCA pellets and markedly increased maximal intraluminal and
external diameters of suprarenal abdominal aortas compared to the control mice
(without treatment). Similarly, infusion of mice with all three doses of Aldo is
also similar to implantation of mice with DOCA pellets and potently induced AAA
(over 58%), TAA (over 42%), and aneurysmal rupture (over 25%) compared to the
control mice. These data demonstrated that the infusion of mice with 200 pg/kg/
day Aldo is sufficient to induce AAA in the presence of high salt.

We measured the plasma Aldo concentrations by a commercial EIA kit (Enzo
Life Science, USA) 4 weeks after Aldo and salt administration. We found that
plasma Aldo concentrations were elevated in a dose-dependent manner. Of note,
infusions of mice with 200 pg/kg/day Aldo resulted in plasma Aldo concentrations
to ~10 nM, which could be seen in some human diseases such as congestive heart
failure and primary aldosteronism [31, 46, 47]. These results indicate that the Aldo-
salt AAA mouse model is a physiopathological model that mimics human diseases
rather than a pharmacological model that would cause concerns due to the use of
high doses of reagent.

2.4 DOCA-salt-induced aortic aneurysm is independent of Ang II
Although systematic plasma renin and Ang II concentrations are suppressed in

animals administered with DOCA and salt [45], local aortic Ang II concentration
can be increased due to activation of vascular RAAS, which was thought to be of
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pathophysiological relevance to the development of atherosclerosis [48]. Moreover,
there is a synergistic interaction between Ang II and Aldo in VSMCs [49, 50].
Therefore, it is interesting to investigate whether DOCA-salt-induced aortic aneu-
rysm is dependent upon Ang II. To address this important question, 10-month-old
C57BL/6 male mice were treated with either an ACE inhibitor (enalapril) or an
ARB (losartan) before (1 week) and after (4 weeks) DOCA-salt administration.
As expected, enalapril or losartan effectively decreased blood pressure, but enala-
pril or losartan had little effect on the DOCA-salt-induced aortic dilation, aortic
aneurysm formation, and aneurysmal rupture [41]. These results demonstrate that
the DOCA-salt-induced aortic aneurysm is independent of Ang II thus provide an
alternative mouse model of aortic aneurysm for investigators in the field who need
an Ang II-independent mouse model to verify their key findings.

2.5 Activation of MR is a prerequisite for DOCA- or Aldo-salt to induce aortic
aneurysm

To define the role of MR in DOCA- or Aldo-salt-induced aortic aneurysm,
we treated 10-month-old C57BL/6 male mice with an MR antagonist eplerenone
1 week before and 4 weeks after Aldo-salt administration [41]. Eplerenone (Pfizer,
USA) was delivered by feeding mice with custom diets (chow supplemented with
eplerenone at 2.5 mg/g, Research Diets, Inc., USA). In contrast to the minimal effect
of blocking Ang II with enalapril or losartan, treatment of mice with eplerenone
completely abolished Aldo-salt-induced aortic dilation, AAA formation, and aortic
aneurysmal rupture [41]. A similar but less potent effect on DOCA-salt-induced
AAA was also found in mice treated with spironolactone [41]. These results suggest
that activation of MR by DOCA or Aldo is a prerequisite for DOCA- or Aldo-salt to
induce aortic aneurysm.

2.6 DOCA-salt induces aortic aneurysm independent of increased blood
pressure

Administration of DOCA and salt to mice or rats has been used in the field to
induce hypertension [45]. Hypertension is recognized as a potential risk factor for
aortic aneurysm [3-5]. Thus, it is important to determine whether hypertension
contributes to DOCA-salt-induced aortic aneurysm. Blood pressure was measured
using a noninvasive tail-cuff system (Coda 6; Kent Scientific Corp., USA). As
expected, administration of DOCA or Aldo plus salt to 10-month-old male mice
increased both blood pressure and external diameters of the abdominal aorta
[41, 43]. However, there was no correlation between blood pressure increase and
external diameters of abdominal aorta after DOCA-salt treatment. Similarly, there
was also no difference in blood pressure between the mice with aortic aneurysm and
the mice without aortic aneurysm. Moreover, treatment of mice with ACE inhibitor
enalapril or ARB losartan effectively decreased blood pressure, but both enalapril
and losartan had little effect on DOCA-salt-induced aortic aneurysm. Thus, we
concluded that DOCA-salt induces aortic aneurysm independent of increased blood
pressure. This conclusion is consistent with that in the Ang I infusion AAA mouse
model [19].

2.7 Vascular pathology of DOCA- or Aldo-salt induced aortic aneurysms
Human aortic aneurysm is characterized by elastin and collagen degradation,

matrix metalloproteinase (MMP), upregulation, inflammatory cell infiltration,
vascular smooth muscle cell degeneration, and oxidative stress [51]. To investigate
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whether DOCA- or Aldo-salt-induced aortic aneurysms have these pathologic
features, paraffin-embedded aortic cross-sections were subjected to Elastic-Van
Gieson staining of elastin. Interestingly, elastin degradation was only observed

in AAA induced by DOCA- or Aldo-salt [41, 43]. Immunocytochemistry studies
revealed that MMP2, MMP9, F4/80 (macrophages), Ly6B2 (neutrophils), caldes-
mon (smooth muscle cells), terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL; apoptosis), and dihydroethidium (DHE; oxidative stress) were
increased in aortas with AAA compared with that in control aortas [41, 43].

In agreement with these immunocytochemical studies, we determined mRNA
expression of several inflammatory genes, including vascular cell adhesion mol-
ecule 1 (Vcam-1), chemokine (C-C motif) ligand 2 (Ccl2, also known as MCP-1),
tumor necrosis factor (Tnf), and Ncfl (also known as p47ph°") in both abdominal
and thoracic aortas from mice-administrated DOCA-salt or control mice. We found
that Vcam-1, Ccl2, Ncf1, and Tnf were all markedly upregulated in thoracic aortas
from mice-administrated DOCA-salt compared to control mice. Interestingly,
Vcam-1, Ccl2, and Ncfl, but not Tnf, were also significantly upregulated by DOCA-
salt in abdominal aorta from mice-administrated DOCA-salt compared to control
mice [41, 43].

2.8 Unique features of the DOCA- or Aldo-salt mouse model of aortic aneurysm

The DOCA- or Aldo-salt mouse model exhibited several unique features that
may be relevant to the human aortic aneurysm. First, DOCA- or Aldo-salt-induced
aortic aneurysm required to use 10-month-old mice [41, 43] rather than 10-week-
old mice (mostly used by the Ang IT AAA mouse model [13, 19-23] and other
chemical-induced mouse modes [17, 18, 24, 25]). Given the fact that human AAA
occurs in old peoples [2, 3, 7], the DOCA- or Aldo-salt mouse model of aortic
aneurysm may more resemble human AAA than other chemical-induced aortic
aneurysms in this regard. Second, DOCA- or Aldo-salt-induced aortic aneurysm
used wild-type C57BL/6 mice [41, 43] rather than hyperlipidemia mice (i.e., apoli-
poprotein E-deficient (ApoE™") used by Ang II infusion mouse models
[13, 19-23]), thus avoiding the potential confounding effects of hyperlipidemia
on aortic aneurysm. Third, using Aldo, a physiological agonist of MR, rather than
chemicals (i.e., calcium chloride or pancreatic elastase) to induce aortic aneurysm,
highlights its potential role in the etiology of aortic aneurysm. Moreover, the plasma
concentration of Aldo in mice infused with Aldo [41] could be seen in human
congestive heart failure and primary aldosteronism [31, 46, 47], suggesting that the
Aldo-salt AAA mouse model is a pathological model rather than a pharmacological
model that would cause concerns due to the use of high doses of reagent. Finally,
high salt intake was required for DOCA to induce aortic aneurysm [41], indicating
that high salt intake may be a new risk factor for the development of human AAA.

2.9 Significance and potential impact of the DOCA- or Aldo-salt mouse model of
aortic aneurysm

We described a new mouse model of aortic aneurysm induced by administra-
tion of MR agonist DOCA or Aldo plus high salt to 10-month-old male mice and
provided compelling preclinical evidence that reveals a previously unrecognized,
but potentially significant, role of Aldo, MR, and high salt in the pathogenesis of
AAA. It is worth pointing out that this new mouse model of aortic aneurysm could
be used as a platform to study intervention including medication (i.e., we have
tested the effect of ACE inhibitor (enalapril), ARB (losartan), and MR antagonist
(eplerenone and spironolactone) [41]). It is also worth pointing out at least three
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significance and potential impact of the DOCA- or Aldo-salt mouse model of aortic
aneurysm on the current basic research and clinical practice on the etiology, clinic
diagnosis, evaluation, and treatment of AAA.

First, in agreement with the pivotal role of Aldo in cardiovascular diseases (i.e.,
hypertension and heart failure) [31, 32, 46], our studies highlight a potentially
important but previously unrecognized role of Aldo in the etiology of human aortic
aneurysm. Our studies suggest that increased plasma concentration of Aldo may be
a new risk factor for human aortic aneurysm or may serve as a new plasma bio-
marker for evaluation of aortic aneurysm progression.

Second, it is well recognized that unfavorably excessive dietary sodium intakes
remain prevalent around the world and are associated with an increased risk for car-
diovascular diseases including hypertension, stroke, coronary heart disease, heart
failure, and renal disease [52-54]. However, it is unknown that excessive dietary
sodium intake may also be detrimental to the aorta with respect to aortic aneurysm.
Our finding that excessive dietary sodium intake was essential for MR agonist to
induce aortic aneurysm in mice suggests that excessive dietary sodium intakes may
also be implicated in the etiology of human aortic aneurysm. In agreement with
our findings, it was recently reported that high salt intake was associated with an
increased prevalence of AAA in older men [55]. Moreover, our findings indicate
that lifestyle change such as reduction of dietary sodium intakes may be effective to
prevent old people from the development and progression of aortic aneurysm.

Third, given the fact that currently there is no approved drug for treatment
of AAA, our studies suggest that spironolactone and eplerenone, two clinically
approved drugs that have been used for the treatment of human heart failure and
essential hypertension [56], may also be effective in the treatment of human aortic
aneurysm. Recently, a proof-of-concept randomized controlled clinical trial has
been initiated based on our findings and is currently going on in Australia, which
aims to test the effect of eplerenone on the progression of AAA (https://clinicaltri-
als.gov/ct2/show/study/NCT02345590).

3. Conclusions

1. Subcutaneous implantation of MR agonist DOCA pellets to 10-month-old
C57BL/6 male mice can potently induce aortic aneurysm formation and rup-
ture in the presence of high salt. Both DOCA and salt, but not DOCA or salt
alone, are required to induce aortic aneurysm formation and rupture in mice.

2.Infusion of 10-month-old C57BL/6 male mice by subcutaneous implantation
of osmotic pumps to release Aldo to a pathological level can also induce aortic
aneurysm formation and rupture, suggesting that increased plasma concentra-
tion of Aldo may be implicated in the etiology of human aortic aneurysm.

3.DOCA- or Aldo-salt-induced AAA mimics human AAA with respect to elastin
degradation, MMP activation, inflammatory cell infiltration, smooth muscle
cell degeneration, and oxidative stress.

4. Treatment of mice with ACE inhibitor enalapril or an ARB losartan has little
effect on DOCA-salt-induced aortic aneurysm, suggesting that DOCA-salt-

induced aortic aneurysm is independent of Ang II.

5.Treatment of mice with MR antagonist spironolactone and eplerenone effec-
tively abolishes or diminishes DOCa- or Aldo-salt-induced aortic aneurysm,
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suggesting that activation of MR is a prerequisite for DOCA- or Aldo-salt

to induce aortic aneurysm, and more importantly, spironolactone and
eplerenone, two clinically approved drugs, may also be effective for the treat-
ment of some aortic aneurysm.

6. There is no correlation between blood pressure and aortic dilation or AAA
formation in the DOCA- or Aldo-salt mouse model of aortic aneurysm, sug-
gesting that DOCA-salt induces AAA independent of increased blood pressure.
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Extensive Repair in Type A Aortic
Dissection: To Save the Patient or
to Ensure a Durable Repair?

Benoit Cosset, Sarah Abdellaoui, Hugo Huvelle, Amine Fikani
and Fadi Farhat

Abstract

Type A aortic dissection (TAAD) is a serious condition requiring emergency
surgical management. The main objective of the treatment is the patient survival.
Thus, the surgeon has to perform a well-mastered surgical technique without
extending the operative time and emphasizing operative risk. Nevertheless, patients
with history of TAAD present long-term complications on the aorta, mainly
aneurysmal evolution and dissection recurrence. In order to decrease the long-term
excess mortality of this population, it is necessary to respect some rules during
the surgery. Concerning the proximal segment of the ascending aorta, the aortic
root has to be replaced by a composite graft (Bentall technique) or a valve sparing
inclusion (David technique) when the dissection reaches the sinuses of Valsalva or
when aortic valve regurgitation is observed. Concerning the distal segment of the
ascending aorta, the distal anastomosis has to be performed without aortic clamp-
ing. Concerning the descending thoracic aorta, hybrid surgery should be performed
on patients with malperfusion syndrome and patients with high risk factors for
aneurysmal evolution.

Keywords: type A aortic dissection, aneurysm formation, extensive repair, aortic
valve sparing, frozen elephant trunk

1. Introduction

Type A aortic dissection (TAAD) represents a double challenge: a short-term
challenge with a 30-day mortality around 25% [1] and a long-term challenge with
an excess of morbidity and mortality for this population [2]. Concerning the short-
term evolution, the intrahospital mortality is mainly influenced by patient history
and preoperative complications [2]. Concerning the long-term evolution, the excess
of morbidity and mortality seems correlated to two main complications: complica-
tions of hypertension such as strokes and ischemic heart disease and complications
of aneurysmal evolution of the descending aorta such as aortic rupture and reop-
erations [3]. Thus, the main challenge of the surgical management of the TAAD is
to strike a balance between keeping an early mortality rate as low as possible and
preventing long-term morbidity.
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2. Save the patient
2.1 Short-term mortality: statistics and causes

Type A aortic dissection (TAAD) is a serious pathology with high short-term
mortality rates. Indeed, series find a 50% mortality at 48 hours for nonoper-
ated patients and an intrahospital mortality between 20 and 30% for operated
patients [1].

This high mortality rate is due to the great number of serious complications
associated to the TAAD. The main mortality cause in the TAAD is acute aortic
rupture [1]. Concerning the cardiac complications, we observe an aortic regurgita-
tion in 40-75% [4, 5], a cardiac tamponade in 20%, and a myocardial infarction in
10-15%. These complications lead to congestive heart failure in 10% of cases. The
other complications are neurological such as spinal ischemia, stroke and coma,
mesenteric ischemia, and renal failure.

The analysis of short-term mortality shows that the characteristics of the patient
(age, history of aortic valve replacement) and the preoperative complications of
the TAAD (migrating chest pain, preoperative limb ischemia, hypotension, shock,
cardiac tamponade) have more impact on the early survival than the type of surgi-
cal management [2]. These results demonstrate that even with optimal medical and
surgical management, TAAD will remain a serious pathology with high mortality
rate. These short-term mortality risk factors distinguish the patients in two catego-
ries at the time of the surgery: stable patients and unstable patients. Patients are
defined as unstable in case of cardiac tamponade, myocardial ischemia, congestive
heart failure, shock, cerebrovascular accident, coma, mesenteric ischemia, and
acute renal failure. The latter having short-term mortality rate twice as high as
stable patients (31.4 versus 16.7%) [2]. This distinction is important for the choice
of the surgical technique, which should depend in part upon the stability of the
patient at the time of the surgery.

Management of patients with neurological complications at the onset of the
dissection is still debated. To assess this issue, Tsukube presented the results of
patients with coma on arrival [6]. They decided to operate immediately when coma
was inferior to 5 hours. The surgical technique was a central repair performed
under deep hypothermia with anterograde cerebral perfusion. For this group,
intrahospital mortality was equal to 14%. Concerning the other patients, they were
treated initially medically and in a second time surgically. Intrahospital mortality
was equal to 67%. In terms of severity, the national institute of health stroke scale
decreased significantly after the surgery in the immediate group. These results,
confirmed by other series [7], show that coma, if managed immediately, should
not be an operative contraindication.

Concerning the management of acute neurological deficit, Estrera showed that
this complication, when managed surgically by central repair, was associated with an
acceptable mortality rate (7 versus 100% of mortality for unoperated patients) [8].

Finally, surgery remains superior to optimal medical management even though
the patient is unstable, in coma or over 80.

2.2 Long-term mortality statistics and causes
Even if the TAAD is an acute disease necessitating emergency treatment,
this pathology presents an important long-term morbi-mortality. Thus, 10 years

survival is between 50 and 70% [3, 9, 10], and 10 years re-operation rate is around
15% [11].

90



Extensive Repair in Type A Aortic Dissection: To Save the Patient or to Ensuve a Duvable Repair?
DOI: http://dx.doi.org/10.5772/intechopen.89298

Several factors contribute to this excess morbi-mortality. In Tanaka’s study [12],
243 patients were operated on for TAAD, and mortality causes at follow up were
cancer, heart disease and acute aortic rupture for, respectively, 37, 23 and 13% of the
cases. The reoperation rate for aortic aneurysm was 5.7%. These results are similar
to Kirsch’s outcomes in his 2002 study [11].

Even if cancer and heart diseases cannot be decreased by the initial surgical
strategy, death by acute aortic rupture and reoperation for aortic aneurysm could
be prevented by the first surgery. Within this framework, the question is raised
to treat not only the immediate complications of the aortic dissection but also to
perform an optimal aortic repair in order to prevent long-term complications of
the TAAD.

3. Ensure a durable repair

The main objective of the surgical treatment is to ensure the patient’s survival.
Thus, the replacement of the ascending aorta containing the primary tear and the
re-establishment of the dominant flow through the true lumen prevent from acute
aortic rupture and mostly correct vascular complications [13].

As seen before, the secondary objective of the surgical treatment is now to
provide the best repair in order to prevent complications on the aortic valve and
on the aorta. The challenge is to complete this preventing treatment without
compromising the short-term survival. In this context, the European Society of
Cardiology (ESC) provided recommendations upon the surgical treatment of
the TAAD.

3.1 Proximal segment of the ascending aorta

* Concerning the aortic root management, the discussion is to identify the
patients who need an aortic root replacement and the patients who need a more
conservative aortic root treatment.

* Asreported by the analysis of the International Registry of Acute Dissection
(IRAD), aortic root replacement compared with conservative root man-
agement is not associated with increased inhospital mortality. Thus, the
comparison based on 1995 patients found 18% of hospital mortality in root
replacement group and 21.3% of hospital mortality in conservative root group
(odds ratio [OR], 0.989; 95% CI, 0.710-1.379; P = 0.949 after covariate adjust-
ment) [14]. Midterms observations at 3 years did not showed statistical dif-
ference between the two techniques concerning overall mortality (91.6 + 1.3%
survival for conservative root management, 92.5 + 1.7% survival for aortic
root replacement management, P = 0.623) and freedom from reintervention
(99.3 £ 0.1% for conservative root group and 99.2 + 0.1% for root replacement
group P = 0.770). However, aortic root replacement must not be performed
systematically. Thus, the latter is recommended for patients with sinuses of
Valsalva involved by the dissection and for patients who need surgery on the
aortic valve. An aortic root replacement is also recommended for patients
with aneurysmal evolution risk factors such as Marfan’s syndrome, increased
sinuses of Valsalva diameter, and young patients.

Several techniques are suitable for aortic root replacement. In this situation, the
aortic valve is the key factor.
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* In most cases, the valve is normal, and a simple regurgitation by annulus
enlargement is observed. Then, an aortic valve sparing repair is recommended
[15]. As shown by Farhat [16], aortic valve sparing repair procedure did not
show higher short-term and mid-term mortality rate compared with conserva-
tive management and Bentall procedure (15.7% for inhospital mortality and
84.7% survival at 1 year after David procedure). If initially two techniques
were applied, the remodeling technique as described by Yacoub and the
reimplantation technique described by David, the latter seems superior, mainly
concerning the low reoperation rate [17] (Figure 1). Indeed, Leyh on a series of
30 patients found a 95 + 5% freedom from reoperation in reimplantation group
(David procedure) versus a 38 + 23% remodeling group (Yacoub procedure)

(P = 0.13). Yet, the cutoff for reintervention for secondary aortic insufficiency
in the remodeling group was an annulus diameter over 27 mm at the time of the
surgery, regardless to an associated aortic insufficiency.

* When the valve is pathological or in case of bicuspid aortic valve, an aortic valve
replacement using a Bentall technique is recommended (Figure 2).

Figure 1.
David procedure.

Figure 2.
Bentall procedure.
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» Without aortic valve regurgitation, when the dissection does not involve the
sinus of Valsalva, a simple aortic replacement with a composite graft tube can
be performed.

Reimplantation valve sparing aortic root replacement (David procedure)
consists of replacing the aortic root by composite graft without replacing the aortic
valve. The coronary ostia are also reimplanted into the graft. This technique treats
aortic regurgitation caused by annulus enlargement.

Bentall procedure involves aortic valve replacement using an aortic valve pros-
thesis and an aortic root replacement using a composite graft. The coronary ostia
are reimplanted into the graft.

3.2 Distal segment of the ascending aorta

Whatever the extension of the repair, the distal anastomosis has to be performed
without aortic clamping, under circulatory arrest [15] (ESC 2014 class 1 recom-
mendation). Neurological protection can be provided either by deep or moderate
hypothermia. If deep hypothermia (under 22°C) has been performed for decades,
recently, several studies such as El-Sayed have demonstrated that moderate hypo-
thermia at 28°C associated with anterograde cerebral perfusion was able to ensure
good neurological and visceral protection. This technique provides a low rate of
postoperative neurological complications (6%) within a limited cardiopulmonary
bypass time (183 +/— 56 minutes) [18].

In its guidelines, the European Society of Cardiology does not recommend a
type of hypothermia [15]. Nevertheless, good results of moderate hypothermia in
combination with anterograde cerebral perfusion should enable generalization of
this approach.

The main question for this repair is to determine how far the repair has to be
performed.

Several factors will have an influence on the length of the reparation:

* Thelocalization of the primary tear

o The localization of the primary tear is performed by computed tomog-
raphy (CT) or magnetic resonance imaging (MRI) but should be
confirmed by peroperative findings. Thus, a cross clamped aorta does
not allow the inspection of the aortic arch. For this reason, an open
distal anastomosis is mandatory.

o The primary tear is localized in the aortic arch in 30% of the cases of
TAAD [19]. In this case, the discussion is to identify patients who need
a hemiarch replacement and those who need a complete aortic arch
replacement, with or without a frozen elephant trunk. The analysis of
the German Registry for Acute Aortic Dissection Type A (GERAADA)
demonstrated that complete aortic arch replacement compared with
hemiarch replacement neither increases the in-hospital mortality (25.7 vs.
18.7% P = 0.067) nor the onset of new neurological deficit (12.5 vs. 13.6%
P =0.78) [20]. Concerning the long-term follow-up, Di Eusenio did not
show any statistical difference between total arch replacement and con-
servative arch management [21]. Thus, 7-year survival hazard ratio was
equal to 1.001 (P = 0.8), and freedom from aortic reintervention was equal
to 1.507 (P = 0.4). These results are similar to other studies on the subject
[22]. As a conclusion, there is no difference concerning the short- and
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long-term mortality or freedom from aortic reintervention. Thus, when
the entry tear is localized in the aortic arch, a total aortic arch replacement
could be reasonably performed.

o In some cases, the primary tear is localized in the descending thoracic
aorta, and the ascending aorta is affected by a retrograde dissection. A
hybrid surgery using a frozen elephant trunk technique is the best way
to manage this situation. A two-time procedure can also be performed
by the realization of a complete arch repair followed by the implantation
of an endoprosthesis in the descending thoracic aorta through a femoral
approach.

* The presence of a malperfusion syndrome

o Malperfusion syndrome has two origins: dynamic malperfusion secondary
to compression of the true lumen by the false lumen and static malperfu-
sion secondary to the extension of the dissection into the branch vessel.

In many cases of malperfusion syndromes, these two mechanisms are
combined (Figure 3a).

Concerning the management of the malperfusion syndrome, two strategies can
be applied: performing digestive endovascular (fenestration or branch stenting)
reperfusion before the ascending aorta repair or conversely performing ascending
aorta repair first and treat only persistent malperfusion syndrome.

Regarding the first strategy, Yamashiro [23] showed upon a short series of 10
patients with visceral malperfusion, the advantages of performing visceral arterial
branch bypass before central repair, and cardiopulmonary bypass. Others suggest
performing a fenestration of the intimal flap rather than abdominal open surgery.
Thus, Kamman [24] provide a patient-specific algorithm suggesting treating
malperfusion syndrome first, waiting for the resolution of the malperfusion, and
then performing central repair. This algorithm is based upon several studies which
show the poor survival rate of TAAD complicated with malperfusion syndrome
especially for patients with mesenteric ischemia requiring surgery (63.2 versus
23.8% P < 0.001) [25]. Nevertheless, this delaying strategy is questionable since it
is associated with a high mortality rate. Thus, a large proportion of patients (33% in
Patel series [26], 40% in Yang series [27]) die from aortic rupture or organ failure
before the central repair.

{b)

Figure 3.

( a§ Type A aortic dissection complicated by malperfusion syndrome. (A) Preoperative CT: type A aortic
dissection: low opacification of the true lumen with an impaived vascularization of the superior mesenteric
artery. (B) Postoperative CT: type A aortic dissection treated by frozen elephant trunk: improvement of the
mesenteric artery CT signal. (b) Frozen elephant trunk procedure: (A) frozen elephant trunk implantation
scheme. E-vita open prothesis.
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Concerning the second strategy, many authors [28, 29] propose to close the
primary tear first. This approach, by redirecting the flow into the true lumen,
decreases the need for latter revascularization, since in many cases the malperfu-
sion syndrome is mainly dynamic. In Geirsson series [4], only 62.5% of patients
with coronary malperfusion required coronary artery bypass and 42.9% of patients,
with limb ischemia required distal revascularization after central repair. These
results were similar in Charlton’s study [5].

Regard to the central repair, a hybrid approach using the frozen elephant trunk
technique or a two-time surgery extends the true lumen, decreases the false lumen
diameter, the global aortic diameter, and creates a thrombosis of the false lumen
[30] (Figure 3b). Thus, the vascular group of the European Association for Cardiac-
Thoracic Surgery (EACTS) provided a Ila class recommendation for the use of
frozen elephant trunk technique in TAAD with primary tear localized in the distal
aortic arch or in the proximal half of the descending thoracic aorta in order to treat
or prevent a malperfusion syndrome [31].

¢ The prevention of aneurysm formation

As seen before, aneurysm formation is one of the main causes of excess mortal-
ity and reoperation in patients with history of TAAD [12]. Thus, preventing this
complication is an important objective of the TAAD management. To answer this
issue, two surgical techniques using hybrid surgery exist:

* The frozen elephant trunk technique. This surgery includes a total arch
replacement associated to a per-procedural stent delivery through the
aortic true lumen. Concerning the prevention of aneurysm formation in
the descending thoracic aorta, Uchida [32] proved the superiority of this
technique compared with ascending aortic replacement or hemiarch replace-
ment. Thus, he observed a decrease of late thoracic aorta event (95.7 vs
73.0% P = 0.01) mainly induced by thrombosis of the false lumen (100%
of thrombosis in frozen elephant trunk group vs 29% in the other group).
However, some limits persist concerning the frozen elephant trunk tech-
nique: this surgery is demanding, emphasize the operative time, and require
experimented surgeon. Moreover, some series have shown an increasing of
neurological complications [33].

* A two-time surgery including a complete aortic arch replacement followed by
the implantation of an endoprothesis in the descending thoracic aorta through
a femoral artery. A matter of debate is the moment of the second intervention.
Most teams perform MRI or CT control till reaching aortic diameter superior
to 55 mm. This approach can be discussed. Indeed, as demonstrated by the
Society of Thovacic Surgeons Endovascular Surgery Task Force, intimal flap fibro-
sis appears over time [21]. This fibrosis jeopardizes endovascular treatment
and frequently leads to open surgery [34]. Moreover, actual guidelines for
aortic aneurysm treatment are the same whatever the etiology: at the descend-
ing thoracic aorta: a maximal diameter superior to 60 mm for open surgery
and 55 mm for endovascular treatment [35]. Unfortunately, this cutoff is not
suitable to dissected aorta which is a fragilized vessel. For example, Kimura
found a median diameter before aortic rupture at 56 mm [36] in patient with
history of TAAD.

Yet, performing a hybrid surgery in the descending thoracic aorta does not
prevent in all cases from aneurysm formation. At the thoracic level, false lumen
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Figure 4.

Aneurysmal evolution after frozen elephant trunk procedure. (A) Preoperative CT of a type A aortic
dissection. (B) Postoperative CT after frozen elephant trunk implantation (E-vita open prothesis). (C and D)
5 years postoperative. CT: Aneurysmal evolution on the descending aorta at the thovaco abdominal junction
despite the thrombosis of the false lumen at the thoracic stage. (E) CT post fenestrated aortic stent graft
implantation.
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thrombosis induces inflammatory reaction inside the aortic wall. This inflam-
mation is problematic; indeed, several studies have demonstrated the role of this
inflammatory state in aneurysm progression, particularly through the production
of metalloproteases and proinflammatory cytokines [37], these two elements
leading to neo-angiogenesis and destruction of the extracellular matrix in the
aortic wall. At the abdominal level, aortic aneurysm is frequently observed after
hybrid surgery of dissected thoracic aorta (Figure 4). Several factors explain this
evolution: a patent false lumen at this level, the modification of the aortic wall
shear stress, the creation of a helicoidal flow downstream the endoprosthesis [38]
(Figure5).

To prevent this complication, Matalanis [39] proposes to perform a total aortic
repair combining surgical ascending aorta repair and endovascular treatment of the
descending aorta. This last treatment includes the deployment of a covered stent
graft in the proximal part of descending aorta and rupture of the intimal flap for
the last part of the aorta (Sabilize approach). This rupture is performed through
the deployment and the dilatation under balloon of uncovered stent graft. Thus,

a unique aortic channel is created, avoiding aneurysmal evolution of the false
channel. Even if this technique seems appealing, reservations with regards persist.
Indeed, according to Matalanis study, this technique provides specific complications
such as additional visceral stenting (40% of cases), iliac stenting (20% of cases),
and reintervention for endoleak (20% of cases). Moreover, only 53% had a complete
false lumen thrombosis. Finally, as yet there is no long-term follow-up concerning
the aortic dimension (median follow-up: 26 month) [40].

As we see, if surgical solutions exist, the prevention of aneurysm formation
in the descending thoracic aorta using hybrid surgery is still discussed. Thus, the
European Association for Cardio-Thoracic surgery expresses only a class IIb recom-
mendation with a C level of evidence for this indication.

In this context, this surgery must be provided to selected patients. In order to
identify which patients should be considered for a frozen elephant trunk implanta-
tion, several studies have searched for risk factor of aneurysm formation after
TAAD [41, 42]. In 2003, Yeh from a series of 144 patients operated for TAAD

Figure 5.
4D phase-contrast MRI after treatment of a type A aortic dissection by frozen elephant trunk.
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with a 3 years follow-up showed that preoperative isthmic diameter enlargement
(OR =1.11, P = 0.0025) and patent false lumen (OR = 13.28, P = 0.002) were risk
factors for aneurysmal evolution [28]. Kirsch, with a longer follow-up, found a

56.1 + 9.4% rate of reinterventions at 15 years. About 84.2% of these reinterventions
were the consequence of aneurysmal evolution. After multivariate analysis, risk
factors appeared to be youth, recent intervention, and type 1 dissection. Finally,

the literature analysis identifies patent false lumen, preoperative isthmus diameter
enlargement, preoperative descending thoracic aorta diameter enlargement over

40 mm, and long-term uncontrolled blood pressure as risk factors for descending
thoracic aorta aneurysm.

Performing a descending thoracic aorta treatment by hybrid approach at the
initial phase, in selected patient, could be a solution for reduction of excess mor-
tality and morbidity of this population. Thus, patients presenting a TAAD with a
descending thoracic aorta diameter superior to 40 mm could benefit from a hybrid
treatment of this aortic segment.

Finally, in case of chronic dissection with aneurismal evolution reaching both
ascending and thoracic descending aorta, two techniques can be discussed: a
two-stage technique combining surgery on the ascending aorta via sternotomy and
endovascular treatment of the descending aorta or a one-stage technique via bilat-
eral thoracotomy (clamshell incision), with right subclavian and femoral perfusions
and deep hypothermic circulatory arrest, allowing the replacement of the ascend-
ing, arch and descending aorta at different levels as described by Kouchoukos [43].
This last procedure provides low complications rates (mortality: 2.5%, reoperation
for bleeding: 7.5%, neurological event: 2.4%) and a freedom from reoperation rate at
10 years equal to 84.4%.

It is important to remind that this preventive treatment has to be integrated in a
global management, involving medical and surgical care, including genetic screen-
ing and strict blood pressure control. Eggebrecht demonstrated that a large part of
patients with aortic dissection history (40%) had resistant hypertension despite
multiple drug therapy [44], especially when patients were young and obese. These
results underline the necessity to refer these patients to specialists in hypertension.
Furthermore, the large number of loss of view in series [19] demonstrates that
TAAD is still considered merely as an acute disease. This vision is mistaken: aortic
dissection is a chronic disease, beginning in an acute way, reaching the entire aorta
and requiring medical and surgical long-term follow-up.

Visualization of the aortic flow through the streamline technique: Presence of a
helicoidal flow downstream the endoprosthesis.

* The surgeon’s experience

The surgeon’s experience is a key element of the surgical management. TAAD is
a challenging pathology requiring complex surgical techniques such as aortic valve
sparing and frozen elephant trunk implantation. If the operator is not familiar with
aortic valve sparing repair, it is suitable to perform a Bentall intervention instead.
In the same idea, performing an arch replacement followed by an endoprosthesis
implantation in the descending aorta can be preferred to a frozen elephant trunk
approach.

3.3 Type B aortic dissection with arch extension
Type B aortic dissection (TBAD) with retrograde arch extension occurs in 25%

of cases of TBAD [45]. However, even if this situation is not rare, there are no
recommendations concerning the management of this case.
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Tsai [46] analyzed the International Registry of Acute Dissection Database. He
found that patients with TBAD and arch extension received the same treatment
than pure TBAD: medical treatment when there was no complication and endo-
vascular or surgical treatment in case of complication. Open surgery on the aortic
arch was performed in case of complication related with arch pathology: aortic arch
expansion, aortic arch rupture, or malperfusion in the arch vessels. In comparison
with TBAD without arch extension, mortality rates between the two groups were
similar (short-term: P = 0.61, long-term: P = 0.82).

When surgery on the aortic arch is necessary, total arch replacement with frozen
elephant trunk seems to be the best option. Indeed, this technique enables the
aortic arch to be replaced and the primary tear to be closed when it is situated in the
proximal part of the thoracic descending aorta. Moreover, an endoprothesis can be
deployed in a second time if the primary tear is not occluded by the frozen elephant
trunk.

Finally, TBAD with arch extension should be treated as TBAD. Aortic arch
replacement combined with frozen elephant trunk should be performed in case of
complication related with an arch pathology.

4, Conclusion

TAAD is a serious condition requiring emergency surgical treatment. If saving
the patient remains the main objective of the surgery, long-term follow-up leads us
to improve initial surgical treatment, mainly to prevent long-term aneurysmal evo-
lution, either on the aortic root or on the descending thoracic aorta. Concerning the
proximal segment, guidelines are clear: aortic root has to be replaced if the sinuses
of Valsalva are involved by the dissection. Concerning the descending thoracic
aorta, there is still no consensus, but studies show that hybrid surgery should be
performed in case of malperfusion syndrome and when patients presents high risk
factors for aneurysmal evolution.
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