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Preface

Since the concept of using an endovascular stent-
graft to repair an abdominal aortic aneurysm was
initially described by Dr. Parodi and Dr. Palmaz,
this treatment strategy has undergone a dramatic
technological evolution. This evolution is further
fueled by the increased public acceptance of this
minimally-invasive therapy, miniaturization of en-
dovascular stent-grafts, and availability of mul-
tiple devices approved by the Food and Drug
Administration (FDA). Growing evidence clearly
supports the early treatment success of this treat-
ment strategy, in terms of morbidity and mor-
tality reduction, when compared to the conven-
tional open repair in well-selected patient cohorts.
Advances in this endovascular technology have also
broadened the treatment armamentarium of tho-
racicaortic pathologies. Since the FDA hasapproved
the use of endovascular repair of descending tho-
racic aneurysms, many researchers have found a
beneficial role of using this technology in the treat-
ment of other thoracic aortic pathologies, including
dissection and traumatic transection.

Treatment outcome of endovascular repair of
aortic diseases is highly dependent on the ap-
propriate patient selection, physician’s experience,
and post-procedural device surveillance. Dissemi-
nating the clinical experiences from physician ex-
perts in this field will undoubtedly educate other

endovascular interventionalists and potentially im-
prove treatment outcome for all physicians who
perform endovascular aortic procedures. The basis
of this book “Advanced Endovascular Therapy of
Aortic Disease” represents the collection of clinical
experiences from a group of well-known endovas-
cular interventionalists who participated in the 2006
Total Endovascular Aorta Symposium, sponsored
by the Division of Vascular Surgery and Endovas-
cular Therapy of the Baylor College of Medicine. A
total of 26 chapters are included which cover four
sections, including natural history and preoperative
planning, thoracic aortic aneurysm, aortic dissec-
tion and traumatic aortic injury, and techniques,
new devices, and surveillance.

It is our hope that the collection of these chapters
provided by faculty experts in the field of endovas-
cular aortic therapy as assembled in this symposium
will help to enhance the practice of endovascular
interventionalists. It is our sincere privilege to put
forth this compendium book as a token of their
contributions to the field of endovascular aortic
therapy.

Alan B. Lumsden, ms, chs
Peter H. Lin, mp
Changyi Chen, mp, php
Juan C. Parodi, mp

xiii
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CHAPTER 1

Etiology and pathogenesis
of aortic disease

Bo Risberg & Lars Lonn

The aorta can be affected by a variety of pathological
conditions. Some of them have a clear genetic com-
ponent and affect young patients or patients in the
early adolescence. Most pathology is however en-
countered in the grown-up population andis caused
by degenerative diseases. This chapter will focus
on the following pathological conditions that affect
the aorta: atherosclerosis, aneurysms, dissections,
Marfan’s syndrome, Ehlers—Danlos syndrome, and
Takayasu’s disease.

Atherosclerosis

Atherosclerosis is a systemic and generalized dis-
ease that is the main cause for premature death in
the adult population in the Western world. Several
vascular beds are affected simultaneously, the heart,
brain, viscera, and extremities. The pathophysiol-
ogy of atherosclerosis in large arteries, such as aorta,
is not different from that in small vessels. The etiol-
ogy of atherosclerosis is extremely complex. Despite
intense research there is still a long way to go before
we have a good understanding of the disease that is
reflected in new preventive and therapeutic strate-
gies. The atherosclerotic process involves predomi-
nantly the intimal and medial layers of the wall.
The response to injury hypothesis proposed by
Ross has had a heavy input on atherosclerotic re-
search [1, 2]. It has stimulated research on endothe-
lial interaction with blood cells and signaling to
smooth muscle cells. An initial event is some sort
of injury to the endothelium leading to permeabil-
ity alterations allowing passage of large molecules
such as lipids. The injury may not be mechanical.
Low-density lipoproteins in hypercholesteroemic
patients can in itself cause endothelial injury.

The thromboresistance is lost with increased risk
for thrombosis. Platelets adhere to the site of injury.
They release growth factors, e.g. PDGF (platelet-
derived growth factor) which is a strong mitogen for
smooth muscle cell proliferation. This local stimu-
lus leads to accumulation of smooth muscle cells
within the intima and deposition of extracellular
matrix proteins. Furthermore, there is deposition
of lipids and infiltration of lipid-loaded cells. A pro-
liferative lesion has been formed.

Fatty streak and fibrous plaque

The intimal layer with the endothelial cells is the
first line of defense against atherosclerosis. The very
first event is the fatty streak which consists of lipid
accumulation in macrophages located in and be-
neath the endothelium [3]. Depending on genetics
and life style, the fatty streak may either regress or
progress into atheroma. Progression of lipid accu-
mulation leads to focal intimal thickenings. Forma-
tion of fibrous plaques is usually not seen until in
the fourth decade. Fibrotic tissue and smooth mus-
cle cells form a fibrous cap surrounding the lipid
core. There is a necrotic center of amorphous ma-
terial, extracellular proteins, matrix fibers, lipid-
containing cells, cholesterol crystals, and calcium
salts. The plaques are infiltrated with vasa vasorum.
The lipid-rich core is extremely thrombogenic due
its high content of tissue factor. An intact fibrous
cap prevents release of procoagulative activity.

The lesions can be characterized as soft or hard.
The soft plaques are dominated by lipid depo-
sition in the necrotic core. They are particularly
prone to rupture leading to thrombotic complica-
tions. The hard sclerotic lesions are characterized by
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calcification. They cause stenosis and, depending on
the degree of flow impairment, ischemia.

Inflammation and plaque

The involvement of inflammatory cells as well as
their activation has put forward the hypothesis of
inflammation as an initial event in atherosclerosis.
The atheromatous plaque consists of a core of foam
cellsand lipids. The border regions, shoulders, of the
plaque are made up of inflammatory cells such as
T-cells, macrophages, and mast cells [4]. These cells
produce cytokines as signs of activation [5]. The
plaques are predominantly located in areas of flow
disturbances such as branches. The macrophages
produce PDGF as a mitogen, cytokines and growth
factors. Interleukin 1 (IL-1), tumor necrosis factor
(TNF-«), transforming growth factor g (TGF-p),
and several others factors are produced. Through
these mediators, the macrophages can affect and
regulate cellular organization in the plaque. The
macrophages may be antigen presenting cells to
T-lymphocytes that participate in the inflammatory
process. Oxidized LDL is such an antigen that can
trigger the inflammation [6].

Role of the endothelium
The integrity of the endothelium is essential in
preventing the initial developments of the plaque.
Perturbation of the endothelium causes expression
of growth factors that stimulate proliferation of
smooth muscle cells. Likewise adhesion molecules
are expressed on the endothelial surface causing cel-
lular interactions. Platelets adhere to the endothe-
lium through expression of their surface glycopro-
teins Ib and IIb/IIIa. Specific adhesion molecules
such as selectins are involved in leukocyte rolling
on the surface followed by sticking and extravasa-
tion of the cells. VCAM-1, vascular cell adhesion
molecule, adheres monocytes and lymphocytes and
is upregulated by high cholesterol levels. Activated
adhering cells and cells in the vessel wall release in-
flammatory mediators, e.g., cytokines. Proteolytic
enzymes, metalloproteinases (MMPs), and their in-
hibitors are activated and contribute to the devel-
opment of the plaque by facilitating migration and
proliferation of cells.

Recent research has demonstrated the impor-
tance of a variety of immune cells in the atheroscle-
rotic process. T-cells activated from antigens release

cytokines, which trigger activation of macrophages
and other vascular cells. The process is balanced by
regulatory T-cells, which produce IL-10 and TGF-8,
both anti-inflammatory mediators. Release of in-
flammatory cytokines especially IL-6 will stimu-
late production of CRP in the liver. An excellent
and comprehensive review of inflammation and
atherosclerosis was recently published [7].

Plaque rupture

There is an overwhelming body of knowledge on
the role of plaque rupture to initiate thrombosis and
ischemia [8]. Most of the data stems from coronary
arteries but the process does not differ in other parts
of the vascular system.

The lipid core of the plaque is highly thrombo-
genic due to its content of tissue factor. When the
lipid is sealed in its fibrous cap, it is harmless but
when released it initiates an immediate and very
strong coagulation. Activated macrophages in the
plaque express tissue factor, which further enhances
the thrombotic state.

The shoulders of the plaque are at risk for rup-
ture. Cytokine-mediated cell activation leads to
proteolytic degradation of the matrix particularly in
the shoulder region. MMPs are key players in these
events. Functional polymorphism in several MMP
genes is associated with atherosclerotic manifesta-
tions and complications such as coronary thrombo-
sis, myocardial infarction, stenosis, arterial stiffness,
and blood pressure [9]. MMP genotyping can prob-
ably be of importance in the clinical management
of cardiovascular patients in the future.

In small arteries such as the coronaries, plaque
rupture can lead to thrombotic occlusion. In larger
arteries including the aorta, this can occur as
well only if there is a pronounced stenosis. More
often plaque rupture will cause ulceration with
thrombotic depositions and subsequent risk for
embolization.

Degeneration of the plaque

Degeneration of the plaques can occur from
necrotic changes in the plaque. Insufficient circu-
lation through the vasa vasorum causes ischemia.
Activated MMPs degrade the extracellular matrix
thereby contributing to the plaque destabilization.
The plaque degeneration can lead to ulceration or
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other complications such as thrombosis or em-
bolization of thrombotic or atheromatous material.

Plaque and flow

The likelihood of developing atherosclerotic lesions
differs between arteries at various locations. Plaques
develop in relation to branches, twists, and bends.
Typically they are found in the proximal, upstream
part of the orifice. One common feature is flow dis-
turbances with turbulence, flow separation, and low
shear stress. Shear stress influences directly the en-
dothelium, which leads to increased permeability
and altered cellular functions such as expression of
nitric oxide and adhesion molecules. Plaques lo-
calize predominantly in areas with low shear stress
while areas of high shear stress are relatively spared
from atherosclerosis [10].

Formation of a stenotic plaque does not initially
encroach on the luminal transverse area and vol-
ume. There is a compensatory enlargement of the
artery to accommodate the plaque without affect-
ing flow. Usually the plaque is eccentric in the vessel
leaving a rounded lumen but an oval vessel. This has
been demonstrated in different parts of the vascular
tree. Large plaques may however encircle the whole
circumference and cause a stenosis [11].

Constriction and dilatation, mediated through
the endothelium, are means of keeping wall shear
stress constant [12].

Infection and atherosclerosis

The strong inflammatory components of the disease
have put forward the intriguing question of an infec-
tious etiology to atherosclerosis. Virus and bacteria
have been found in diseased vessel wall. Until now a
causative role has not been established. Chlamydia
pneumoniae is found in a large number of patients
with atherosclerosis. About 60% of these patients
are seropositive. No relations have been found be-
tween symptoms, degree of atherosclerosis, and ex-
tent of C. pneumoniae involvement [13]. Similarly,
no correlation was found between plaque desta-
bilization and herpes simplex or cytomegalovirus
seroreactivity.

A few studies have been published on effects of
antibiotics against C. pneumoniae for prevention of
coronary events and with negative results [14, 15].
Chlamydia may not be the cause of atherosclerosis
but can speed up the development and progression

of the disease [16], perhaps by enhancing the in-
flammatory reaction. Much of this basic research
will of course have implications on the future ther-
apeutic strategy.

Atherosclerosis in different parts

of the aorta

The manifestations of atherosclerosis differ not only
in different vascular regions such as carotid, coro-
nary, and femoral arteries but also in various parts
of the aorta.

The infrarenal abdominal aorta is a frequent site
of plaques with or without ulcerations. Ulcerated
areasare covered by thrombotic material. Emboliza-
tion from these areas can cause focal ischemia in
the lower extremities. Often there is a heavy calci-
fication. The stenotic lesions can develop into total
occlusions. The atherosclerotic process causes me-
dial degeneration with risk for dilatation while the
thoracic aorta is relatively spared these severe man-
ifestations.

These findings could be due to different architec-
ture in the thoracic and the abdominal aorta. The
vascular nutrition differs in these two regions of the
aorta. In the thoracic aorta, the main part of the ves-
sel wall is supplied by vasa vasorum. The abdominal
aorta lacks vasa vasorum and relies on diffusion of
oxygen and nutrients from the lumen. The likeli-
hood of ischemia in this part of the aorta is thus
greater and this can contribute to the degeneration
of the wall.

Risk factors for atherosclerosis

Several risk factors for atherosclerosis have been
identified. Most are associated with the metabolic
syndrome and they are all life-style associated. The
metabolic syndrome is already a widespread condi-
tion affecting 10-25% of western populations and
its prevalence is increasing. Adipositas, hyperten-
sion, hyperlipidemia, and type-2 diabetes are dom-
inating components of this syndrome. The attrac-
tiveness of the metabolic syndrome as an entity lies
in the assumption that the syndrome has greater
power to predict morbidity and mortality than in-
dividual components themselves.

Smoking initiates the atherosclerotic process at
an earlier stage and accelerates its progression. Smo-
king is probably the most important factor in the
development of atherosclerosis. The mechanistic
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details are still unknown but it is likely that oxygen-
free radicals play a role. Cessation of smoking
decreases the risk for clinical manifestations of
atherosclerosis probably by arresting the progres-
sion of the lesions.

The role of lipids

Disturbances in lipid metabolism have since long
been associated with atherosclerosis. High choles-
terol levelslead to accumulation of cholesterol esters
in macrophages, which are turned into foam cells.
High levels of LDL can change the endothelial bar-
rier, particularly oxidized LDL can be noxious to
the endothelium. Modified LDL can via scavenger
receptors be taken up by macrophages leading to
formation of foam cells.

The hydroxymethylglutaryl-coenzyme A (HMG-
CoA) reductas inhibitors (statins) are effective in
LDL lowering. The enzyme is the rate-limiting step
in the cholesterol synthesis. Another action, proba-
bly of equal importance, is its anti-inflammatory ef-
fect. Through this mechanism, the very early events
in atherogenesis can probably be prevented.

Another exciting approach to treat atherosclero-
sis is by using recombinant Apo-Al Milano that
in animal experiments can cause regression of
atherosclerosis. It is a variant of apolipoprotein A-I
identified in an Italian subpopulation characterized
by low HDL and low incidence of atherosclerosis.
The drug was recently found to reduce the atheroma
volume in coronaryarteries in a controlled random-
ized trial in humans [17].

Aneurysms

Aneurysms develop in the degenerated aorta.
Atherosclerosis is the most common cause for de-
generation of the wall. Genetic components have
been identified in Marfan’s syndrome and Ehlers—
Danlos disease. Even in the most common, degen-
erative, form of aortic aneurysms there is a genetic
component. There is a clear familiar occurrence
with a risk of about 25% for first-degree probands
[18].

Degradation of elastin has been associated with
dilatation while rupture of the wall is related to col-
lagen degradation [19]. MMP-9 (gelatinase B) that
degrades elastin, collagen type IV, fibronectin, and
other matrix proteins has been linked to aneurys-
mal disease. High levels of MMP-9 and MMP-3

have been found in abdominal aortic aneurysmal
tissue [20, 21]. Levels of MMP-9 are associated with
aneurysmal size [22].

Of particular interest is the importance of mu-
tations in the genes coding for MMPs. Single nu-
cleotide polymorphism in the MMP-9 gene at
location-1562 (1562 bases from the start of the
gene) has been associated with atherosclerosis and
intracranial aneurysms. The latter is however con-
troversial [23]. This mutation has been linked to
aortic aneurysms in one study [24] while this was
not confirmed in another investigation [25]. The
latter study furthermore indicated that genetic vari-
ations in inhibitors of MMPs, TIMPs, were involved
in aneurysm formation. More research is clearly
needed to establish details of the genetic interplay
in aortic aneurysms.

The aneurysmal pathology is characterized by
a chronic inflammation with destruction of the
extracellular matrix, remodeling of the wall lay-
ers, and reduction in number of smooth muscle
cells. The smooth muscle cells are essential for pro-
duction of extracellular matrix proteins. Less sup-
portive scaffold enhances the degradation. The bal-
ance between MMPs and their inhibitors, TIMPs,
is pivotal in the degradation of the wall. As the
process progresses, dilatation occurs. This leads to
flow disturbances, changes in wall tension with re-
duced tensile strength, and finally rupture. Thera-
peutic trials with doxycycline, a MMP inhibitor, are
ongoing and preliminary results are encouraging
with less progression of aneurysmal size in treated
patients [26].

Dissections

Acute dissection can occur following degeneration
with weakening of the wall. The most common form
is the atherosclerotic variety typically seen in hyper-
tensive patients. Lipid deposition, intimal thicken-
ing, fibrosis, and calcification are seen. The extracel-
lular matrixis degraded with lysis of elastin, collagen
breakdown, and cellular apoptosis. Through the ac-
tion of MMPs the intima and vessel wall become
fragile. The elastin synthesis may be inefficient.
Macrophages, which express the elastin gene and
produce tropoelastin, may play an important role
by producing a defective elastin [27]. The histol-
ogy is characterized by media necrosis, scarcity of
smooth muscle cells, and loss of elastin [28].
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The polymerization of elastin is a very compli-
cated process. Fibulin-5 is an extracellular protein
expressed in the basement membrane in blood ves-
sels. It is a key player in the synthesis of elastin.
Patients with dissection in the thoracic aorta were
recently found to have reduced levels of fibulin-5
[29]. This means that a low content of elastin in
patients with dissection could be due to reduced
synthesis, increased degradation or both.

Familial dissection in the ascending aorta (type
A) was recently linked to a genetic mutation involv-
ing dysregulation TGF-f signaling. This suggests
that TGF-B may have a critical role in this condi-
tion [30].

Obstruction of the vasa vasorum can cause lo-
cal ischemia in the wall. The burden of mechanical
stress in the hypertensive patient facilitates disrup-
tion.

The intramural hematoma is regarded as a special
variety of a localized dissection even if this concept
has been disputed recently [31]. The etiology may
be disruption of a medial vasa vasorum causing a
localized bleeding with hematoma. The intramu-
ral hematomas are particularly hazardous since ap-
proximately half of these patients go on to dissection
or rupture [32].

Localized ulcers can occur in all parts of the aorta.
They develop from plaque rupture and constitute
weak points in the wall where a dissection can start.

There has been an interesting discussion on sea-
sonal variation and the influence of atmospheric
conditions on thoracic dissections. There seems to
be a peak in wintertime [33, 34]. Atmospheric pres-
sure and temperature seemed to be unrelated to
aortic dissection in another recent study [35].

Marfan’s syndrome

Marfan’s syndrome is an autosomal dominant trait
with main manifestations from the connective tis-
sue with degeneration of the elastic fibers. The in-
cidence is about 1/5000 inhabitants. Typically the
main abnormalities are found in the cardiovascu-
lar, skeletal, and ocular systems.

Apart from mitral valve prolapse, dilatation of the
aorta is typical for the cardiovascular involvement.
The aortic dilatation is progressive and starts with
enlargement of the sinuses of Valsalva. All parts of
the aorta can be affected as the disease progresses
distally. The most serious complications are dis-

section of the aorta or aneurysm formation with
rupture. The patients are typically long and slen-
der with arachnodactily (long fingers). They have
pectus excavatus, flat feet, and scoliosis. The ocular
abnormalities are mainly lens luxation and myopia.

The aortic wall is thin with fragmentation of the
elastic fibers in the medial layer. There is also defec-
tive synthesis and crosslinking of elastin. Collagen
metabolism is affected as well with signs of increased
collagen turnover (elevated hydroxyproline secre-
tion in the urine and low proline/hydroxyproline
ratio) [36].

The genetic defect responsible for Marfan’s syn-
drome has been localized to the fibrillin gene
(FBN1) on chromosome 15. Fibrillin is a glycopro-
tein about 350 kD. A large number of mutations
(>500) in the gene are found in Marfan patients. In
the connective tissue there is a reduced fibrillin-1
deposition. This leads to defect fibrillin aggregation
and crosslinking of elastin. Extracellular microfib-
rils are mainly made up of fibrillin. The defective mi-
crofibrils impair anchoring and structural mainte-
nance in various tissues. The elastin formed is more
easily degraded by MMPs. The weakness in the wall
leads to aneurysmal dilatation and/or dissection.

Ehlers-Danlos syndrome

The Ehlers—Danlos syndrome is a genetically deter-
mined disease of the connective tissue. The main ab-
normalities are found in the described skin, joints,
and arteries. Of all the 11 types of Ehlers—Danlos
syndrome described, number IV is of particular in-
terest from a cardiovascular point of view. This form
is an autosomal dominant or recessive trait. The ar-
terial manifestations make type IV particularly seri-
ous. The major cutaneous symptom is echymoses.
Collagen type III synthesis is reduced in the arterial
system. This renders the vessels thin and fragile. Es-
pecially the medial layer is thin with fragmentation
of the internal elastic membrane.

Takayasu'’s disease

Takayasu described this disease in 1908 [37]. It is
characterized by a chronic inflammation that is
predominantly localized to the arch. Synonymous
names are “pulseless disease” or “aortic arch
syndrome,” names that are quite descriptive of the
nature of the disease. However, the disease is not
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limited to the aortic arch but is found in most other
large vessels. Women are much more frequently
affected than men with a ratio of 4:1. The disease
always starts before 40 years of age with a mean
onset around 30. The incidence is 2-3 per million
inhabitants in the USA.

Macroscopic findings
Stenotic processes that can involve all parts of the
aorta and its main branches characterize the dis-
ease. The walls are thickened with perivascular scle-
rosis. The external diameter of the vessel is not
affected. The stenotic process intrudes into the lu-
men and reduces the luminal surface area. In ad-
vanced cases, there may be complete occlusion. Typ-
ically there is a poststenotic dilation in Takayasu’s
disease. Aortic aneurysms or dissection are not fea-
tures of the disease. The supra-aortic branches are
involved in 50% of the cases. The clinical symptoms
depend on the extent and location of the lesions.
The typical lesions are usually seen in the arch
and its branches but changes can occur in all other
branches such as the visceral and the iliac vessels.

Microscopic findings

The most characteristic finding is that of a chronic
inflammation. The most pronounced changes
are seen in the adventitial and medial layers. The
adventitia is site for a sclerotic collagenous dense
tissue and with thickening of the vasa vasora.
The media show breakage of the elastic fibers and
with signs of neovascularization. The vessel wall is
infiltrated with inflammatory cells, lymphocytes,
histiocytes, and sometimes giant cells. The intima
is grossly thickened with a loose connective tissue.
The intimal changes are secondary to the patholog-
ical processes in the outer layers. Sometimes frank
deposition of atherosclerotic material can be seen in
the stenotic lesions. The histopathological changes
can be related to the clinical stage. In the active
phase, the findings of granulomas and infiltration
with inflammatory cells are common. Later during
the occlusive stage, the chronic inflammation with
scarring is predominant.

The granulomatous appearance in the chronic
stage has initiated speculations on tuberculosis be-
ing of etiological importance. Antigens from mu-
cobacteria can cause granuloma. In recent clini-
cal surveys, tuberculosis was found in 20% of the

patients [38] and tuberculin test was positive in 47%
[39]. The inflammatory component of the disease is
further stressed by a correlation between IL-8 levels
in plasma and degree of disease activity [40].
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Clinical consideration of aortic
disease: atherosclerosis, aneurysm,
dissection, and traumatic injury

Lars Lonn, & Bo Risberg

The thoracic and abdominal aorta carries vari-
ous pathologies such as atherosclerosis, aneurysms,
traumatic lesions, dissections, and penetrating ul-
cers which may be life-threatening and necessitate
urgent treatment. Currently there is a change in
treatment paradigm. More of aortic pathology is
approached with endovascular techniques i.e. en-
dovascular aortic repair (EVAR). It is used for the
minimally invasive repair of the aorta for several dis-
ease states, such as aneurysms, penetrating ulcers,
acute or chronic dissections, and contained or trau-
matic ruptures. EVAR is a solid alternative to open
repair since many patients have serious comorbidi-
ties such as coronary artery disease, emphysema,
high blood pressure, or diabetes. Open surgery,
especially in the thorax, is a procedure that can
lead to death in many frail and elderly patients.
For patients, considered unfit for open repair, con-
servative medical management, or “watchful wait-
ing,” is often used as a treatment option but can
lead to increased mortality and morbidity in many
elderly patients due to the risk of rupture. This re-
view of pathology in the thoracic aorta deals with
the following conditions: atherosclerosis, thoracic
aneurysms, dissections, and traumatic aortic injury.

Atherosclerosis

Comprehensive vascular anatomical, physiological,
and pathophysiological information is the corner-
stone of the management of patients with vascular
disease, in order to provide an effective treatment
plan. The appearance of atherosclerosis differs in
the thoracic and abdominal aorta. Heavy stenotic

lesions, calcification, or occlusions are seldom en-
countered in the thoracic aorta. Degeneration of ab-
dominal aorta makes it prone to develop stenoses,
heavy calcification, ulcers, and also aneurysms.

In the thoracic aorta stenotic atherosclerosis is
located preferentially at the orifices of the large
branches in the arch. Cerebrovascular thromboem-
bolism is the most serious complication. Lesions in
the carotid bifurcation were the most frequent find-
ings (>40%) in patients with neurological symp-
toms. Lesions in the orifices at the arch accounted
only for 5-15% [1]. Only when several vessels are
involved cerebral blood flow may be a critical factor.
Lesions at the orifices must be taken into account in
the work-up of these patients even in the presence
of a carotid stenosis.

Theatherosclerotic patientis typically in the older
age (>65 years) and has several risk factors such as
hypercholesterolemia, diabetes, obesity, and smok-
ing. The symptoms depend on the organs affected.
Stenoses at the subclavian arteries impair the flow
to the upper extremities. Because of retrograde flow
through the vertebral arteries even occlusions at
the origin of the subclavian arteries seldom cause
severe ischemic symptoms. The term “subclavian
steal” syndrome means that by heavy exercise of
the arm, cerebral symptoms occur due to massive
retrograde vertebral flow into the arm. Retrograde
flow can fairly often be demonstrated radiograph-
ically but the clinical syndrome is a rare condition
[2]. Surgical or endovascular interventions are only
indicated in advanced cases.

Atherosclerotic degeneration of the wall predis-
poses for dilatation, elongation, and aneurysm

1
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Figure 2.1 Penetrating aortic ulcer
(PAU), shown on sagittal reconstructed
tomaographic image (CT 3D MIP).

formation. There is an ongoing progressive increase
in diameter of the aorta with age. The conditions in
the thoracic aorta are probably similar to those in
the abdomen. The diameter of the abdominal aorta
increases by about 30% between the ages 25 and
70 years [3]. In a recent study, it was found that this
progressive dilatation with age was counteracted by
a compensatory thickening of the aortic wall in or-
der to prevent an accompanying elevation of cir-
cumferential wall stress. Males were found to have
a defective compensation as opposed to females, a
finding that can help in explaining the higher in-
cidence of aortic aneurysms in males [4]. The dis-
tensibility of the aortic wall is reduced with age,
particularly in men, implying that degeneration of
the wall is more pronounced and occurs at an earlier
age in men than in women [5].

The dilatation of the wall with time can give a
homogenous dilatation of the whole aorta or focal
areas with increased diameter. Apart from widening
there is also a progressive elongation particularly of
the thoracic aorta. Once a bend in the aorta has
started to form mechanical stress from blood flow

continuously exaggerates the angulation. This can

in advanced cases produce twists with over 90° an-
gulation of the aorta in any plane, sagittal, coronar,
and oblique views as shown on CT and MR images.
The elongation and twisting can sometimes take
grotesque proportions. It is often combined with
aneurysm formation.

Atherosclerotic ulcerations can occur in the whole
aorta but are more frequent in the thoracic part
(Fig. 2.1). It is a matter of discussion if penetrating
ulcers are variants of aortic dissection. Some ulcers
may develop into saccular aneurysms or not. They
can present either acute or chronic. In the acute
form symptoms may resemble an acute dissection
with severe chest pain. The chronic presentation can
be in the form of distal microembolization. The
subsequent workup will disclose the ulcer in the
aortic wall. In a fair number of patients the size
of the ulcer will increase and there is an associa-
tion with development of intramural hematoma.
Atherosclerotic ulcers are considered unpredictable.
Patients presenting with atheroembolization repre-
sent a small but important group in the practice
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of vascular specialists. Men over 60 years old are
most commonly affected and the embolization can
occur spontaneously as well as due to arterial ma-
nipulations during endovascular or open inter-
ventions. Atheroembolism may originate anywhere
in the arterial tree, but the aorto-iliac segment is
the most common source. Microemboli consist of
cholesterol or fibrinoplatelet aggregates or throm-
bus while macroemboli are considered parts of the
atherosclerotic artery wall. Macroemboli cannot be
distinguished from the clinical picture caused by
cardiogenic emboli.

There is no consensus as to the best way of
treating these patients, conservative or surgical—
interventional. There are an increasing number of
reports on endovascular stent-graft treatment. Re-
cent surveys have indicated however that nonopera-
tive management is safe in the acute situation [6—8].
Expansion or large ulcers and ulcers with other signs
of complications e.g. saccular aneurysm formation,
may probably benefit from surgical intervention,
open or endovascular. A more aggressive approach
has been recommended by other researchers based
on the “virulent” appearance of penetrating ulcers
and a progressive dilatation of the aorta.

Thoracic aneurysms

Thoracic aneurysms constitute about 20% of all
aortic aneurysms. The incidence is 6 per 100,000
patient-years [9]. Aneurysms are characterized by
degeneration of the media resulting in a weakness
of all the layers of the aortic wall. One particu-
lar form of aneurysm develops after aortic dissec-
tion. Approximately 50% of the thoracic aneurysms
originate in a dissection. These are truly pseudoa-
nurysms since not all layers of the aortic wall are
engaged. Early population-based studies demon-
strated a 5-year survival rate for untreated tho-
racic aneurysms of only 13% [9] and for patients
with degenerative aneurysm 3-year survival was
35% [10]. During a 15 follow-up period a clear in-
crease in the incidence of degenerative aneurysms
but with improved survival was noted [11]. Im-
proved diagnostic accuracy and more frequent use
of CT and echocardiography accounts for this rel-
ative increase. The incidence of ruptured thoracic
aneurysmsis 3.5-5/100,000 patient-years. The over-
all risk for rupture during a 5-year period was 20%.

The risk for rupture in women was approximately
seven times that of men. This pattern may differ in
various parts of the world. In Scandinavia an equal
sex distribution in ruptured thoracicaneurysms was
found [12].

Ascending and arch thoracic aneurysms
Thoracic aortic aneurysms do not differ etiolog-
ically in various parts of the aorta. They can be
due to atherosclerotic degeneration, chronic dis-
sections or caused by noninflammatory medial de-
generation. The most common connective tissue
disorder associated with aneurysm is the hered-
itary disorder Marfan’s Syndrome, while Ehlers—
Danlos syndrome and pseudoxanthoma elasticum
are less frequent. More rarely, Osteogenesis imper-
fecta, Klipper—Feil syndrome, Turners syndrome
among other syndromes may involve the aorta. Aor-
titis includes several diseases that can cause destruc-
tion of the medial layer in the aortic wall due to
chronic inflammation. Aortitis can be divided into
two categories, infective or noninfective. The latter
can then be subdivided into luetic or nonsyphilitic
disorder, while the former group can be classified
into those diseases in which the aorta is mainly
involved (Takayasu’s disease) and those predomi-
nantly involving other organ systems than the aorta
(Gaint Cell arthritis, rheumatoid arthritis) but may
rarely involve the vascular tree. Aortic valvular in-
sufficiency is of particular concern in aneurysms of
the ascending aorta. The risk is proportional to the
increase in size of the aneurysm.

The standard indication for intervention is an
aneurysmal diameter of 6.0 cm or a growth rate
10 mm/y. In patients with Marfan’s or chronic dis-
section the recommended limit is 5.0 cm due to the
greater risk for rupture. Standard repair is an open
replacement of the diseased segment of the aorta
and if needed combined with a new valve insertion
and reattachment of the coronaries.

In the present era of endovascular repair signifi-
cant contributions have been made in mini-invasive
replacement of the ascending aorta. The evolving
technology often implies hybrid operations, com-
bining open and endovascular approaches [13]. A
variety of innovative techniques including transpo-
sition of the great arch vessels and elephant trunk re-
construction, have been published [14-17]. As with
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most endovascular techniques there is, for obvious
reasons, a lack of proper long-term evaluation.

Descending thoracic aortic aneurysms
Aneurysms in the descending aorta have an in-
cidence of approximately 30-50/million inhabi-
tants/y [18]. The risk of rupture is related to the
largest diameter of aorta [19]. Rupture causes a fatal
outcome in 33-50% of the patients, while comor-
bidities are responsible for the remaining deaths
[9, 10]. Although regular observation and medi-
cal management are indicated in many cases, surgi-
cal intervention is recommended if the sac diame-
ter reaches 6 cm for asymptomatic aneurysms, and
immediate treatment is recommended for symp-
tomatic aneurysms, regardless of diameter. Stan-
dard treatment has traditionally been surgery. Elec-
tive open therapy of aneurysms is associated with
a substantial short-term treatment mortality inci-
dence of 10-20%.

In recent years, endovascular aortic repair
(EVAR) of descending aneurysms has shown great
promise (Fig. 2.2). Volodos published the first re-
port on endovascular stent grafting for a thoracic
aortic lesion in 1991 [20] while the first clinical se-
ries was published by the Stanford group in 1994
[21]. Typically short-term mortality for stent graft-
ing of the aorta for aneurysms and type B dissec-

tions are less than for open surgery [22, 23]. New
improved stent grafts for thoracic use are available
on the market. Since this is an evolving technology
even better devices are likely to appear.

The aim of EVAR is to prevent rupture by exclu-
sion of the aneurysm sac, decrease pressure stress on
the wall of the aneurysmal sac, or to reduce the pres-
sure in the false lumen with subsequent obliteration.
Transluminal endovascular stent-graft deployment
is less invasive than standard operative repair and,
as a result, patients who were previously not eligible
for surgery may now be considered for treatment.

Each year in Europe, an estimated 16,000 patients
are diagnosed with descending thoracic aortic le-
sions. There seems to be a need in the vascular
community to confidently treat more challenging
thoracic descending thoracic aortic lesions. The
thoracic aorta is as described in the context above,
vulnerable to the development of aneurysms and
dissections, which can be signaled by chest or back
pain, but are usually present without symptoms.
Associated pain may indicate acute expansion or
leakage of the lesion. The thoracic aorta also can be
impacted by outside trauma, such as injuries sus-
tained in an automobile accident. If the thoracic
aorta becomes dissected or severed during an ac-
cident, patients invariably face high mortality rates
if normal blood flow is not restored quickly. The

Figure 2.2 (a) Computed tomography of a thoracic aortic aneurysm before treatment (CT, 3D MIP, sagittal projection).
(b) Thoracoabdominal aneurysm after EVAR (CT, 3D, MIP, sagittal projection).
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thoracic endovascular clinical history now includes
thousands of implanted grafts in various anatomi-
cal positions. The new generation of devices seems
to be more robust, at least in the midterm follow-
up. In future there is a demand that the new sys-
tems should provide more options with increased
control. So in order to be the first line treatment for
aorticlesionsalso in thelong run, devices must show
improved performance, especially regarding key at-
tributes such as conformability, track ability, and
deployment added to long-term durability without
migration.

Thoracoabdominal aortic
aneurysms

Thoracoabdominal aortic aneurysms (TAA) con-
stitute about 10-15% of all aortic aneurysms. They
are among the most difficult to treat and in about
20 to 30% there is an aneurysm in some other part
of the aorta. Chronic dissection is the cause of these
aneurysms in approximately 20% of the cases [24].
Women seem affected as often as men which is
at variance with abdominal aneurysms which pre-
dominantly are a male disorder. The TAAs are classi-
fied, as originally described by Crawford (Table 2.1),
according to their size. Type II aneurysms are the
most extensive and difficult to treat. They also have
the highest morbidity and mortality.

Modern treatment of TAA was pioneered by
Stanley Crawford who introduced the “inlay”-
technique [25] which since has been the stan-
dard approach to these aneurysms. Results of open
surgery have improved considerably with time but
even with precautions such as spinal fluid drainage
and visceral vessel perfusion with partial by-pass
these procedures are associated with significant
morbidity and mortality. Complication rate is re-
lated to the extent of the aneurysm. While overall

Table 2.1 Crawford classification of thoracoabdominal
aortic aneurysm.

Type Extent

Type | Descending aorta + part of visceral branches

Type Il Descending aorta + abdominal aorta

Type I Distal part of descending aorta +
abdominal aorta

Type IV Visceral branches

mortality from a leading center is around 5% and
paraplegia 5% [26, 27], the figures for type II re-
pair are slightly higher, 10% and 7.5%, respectively
[28]. By using motor evoked potential to monitor
motor function of the spinal cord during surgery
the risk for paraplegia can be reduced further to
around 2% [29]. There are a substantial number of
other complications, pulmonary, renal, abdominal
and cardiovascular, which contribute to the signif-
icant morbidity in these patients.

Indication for intervention in asymptomatic
patients is aneurysm size of 6.0 cm and above. In
patients with Marfan’s syndrome the upper limit is
usually 5.0 cm. Symptomatic patients need imme-
diate surgery. Significant comorbidities in most pa-
tients make the decision difficult and complicated.
Due to the age profile of the patients, atheroscle-
rotically damaged vessels in one or several or-
gans increase the risk for complications. Approx-
imately 1/3 of the patients have clinically significant
cerebrovascular, cardiovascular, renal, or peripheral
atherosclerotic disease.

Many are smokers with chronic obstructive lung
disease. Reduced FEV1, reduced kidney function
with elevated serum creatinine, or symptomatic
coronary disease will increase the risks significantly.
Preventive measures must be instituted preopera-
tively, such as CABG or PCI, and a proper risk as-
sessment must be performed. Probably due to the
risks involved in elective repair, a large proportion
of patients, approximately 25%, are treated urgent
due to acute symptoms [26]. Of course, the risks are
even higher under these emergent circumstances.

Given the risk scenario with open repair, en-
dovascular approaches are attractive. The endovas-
cular development in this area has taken two ways
that partly merge. One is the stent-graft technique
based on fenestrated or branched grafts, which both
share a common goal, i.e. the exclusion of flow to vi-
tal aortic branches. The other is hybrid operations,
combining a less extensive open repair to secure
visceral perfusion with stent-graft exclusion of the
aortic aneurysm (Fig. 2.3).

Fenestrated (scalloped) grafts were developed first
to enable free flow through vital side branches such
as renal arteries, but apposition to the wall is neces-
saryto create a seal as well as providing a secure land-
ing zone for the stent graft [30]. The cutting edge
technology today implies multiple fenestrations to
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Figure 2.3 Hybrid aortic surgery. Revascularization of the
four visceral vessels by grafts from right common iliac
artery. Abdominal and thoracic aorta covered with stent
grafts. 3D CT reconstruction in work-station (Medical
Media Systems, Lebanon, NH).

cover all visceral orifices. The branches are usu-
ally stented with a bare or a small covered balloon-
expandable stent.
Branched devices have incorporated side
branches and their use is for those aneurysms
with no neck/proximal landing zone at all. The
zone between the side branch and the target vessel
can be bridged as described above for fenestrated
grafts with a junctional piece of stent graft or
a covered stent. These advanced devices can be
classified according to target region (abdominal
or thoracic or thoracoabdominal) and subdi-
vided into fenestrated or branched stent-graft
systems [31]. The first endovascular thoracoab-
dominal aneurysm operation using branched grafts
was reported by Chuter in 2001 [32]. Progress in
this field has been slow due to the immense

technological problems. However, improved and

commercially manufactured branched grafts, now
available, are likely to speed up the utilization of
this very exciting technique.

In hybrid operations both open and endovascular
techniques are used. The logics are usually to spare
the compromised patient a large open repair by re-
ducing the magnitude of the interventional/surgical
trauma. Revascularization of the visceral vessels can
be accomplished by several routes. By raising four
grafts from one common iliac artery it is possi-
ble to achieve this with minimal ischemic time.
The aneurysmal segments of the aorta can then be
stented as shown in Fig. 2.3.

Abdominal aneurysms (AAA)

Abdominal aorta is the main location for aortic
aneurysms (65%, Fig. 2.4). The incidence is 21 per
100,000 person-years [9]. Only about 15% of
patients with AAA die from rupture. The major-
ity die from other causes. Women develop their
aneurysms about 10 years later than men. There
is a high prevalence in male relatives (about 25—
30%) [33]. Screening for AAA is debated but male
siblings is one focus group. Screening studies have
demonstrated that a normal aortic diameter at the
age of 65 very seldom leads to aneurysm formation.
Screening at that age seems cost-effective [34].

Most AAA grow with time, 5 mm/y asamean. The
risk for rupture is exponentially related to aneurys-
mal diameter. Unfortunately even small a neurysms
can rupture. A recent trial has documented that the
operative risks are larger than the risks for rupture
in aneurysms below 55 mm diameter [35]. Of par-
ticular interest is the high incidence of popliteal
aneurysms in AAA patients indicative of a gener-
alized arterial degeneration. The widely accepted
indication for elective surgical intervention is a di-
ameter of 55 mm or above, unless the patient has
strong contraindications. Open surgery is still the
gold standard. It can be performed with a periop-
erative mortality less than 5%.

The last decade has seen a boost in endovascular
treatment. Even if EVAR can be performed with
low mortality and morbidity there is hitherto no
reason to change the indication for intervention.
In the short- and midterm follow-up outcome is
satisfactory. Long-term benefit may be obviated by
problems of migration or endoleaks necessitating
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repeated interventions. Still there is a reduced rate

in freedom from rupture with time in these patients.
All EVAR patients must be submitted to long-term
surveillance.

Rupture is the most dreaded complication to
AAA. The majority of patients (70%) never make
it to the hospital. Operative mortality is still high,
30-50%. Standard operation in most institutions
is an open repair with exclusion of the aneurysm
by means of a tube or a bifurcated graft. Urgent
EVAR has been introduced at many institutions.
Probably about half of patients with rupture will
be eligible for the endovascular treatment. Pre-
liminary data demonstrate the feasibility of the
concept and that EVAR for ruptured AAA can
be performed with low mortality, about 20% or
less [36, 37].

Inflammatory aneurysm is a particular form of
AAA characterized by an intense inflammation in
the vessel wall, periaortitis. It occurs in about 5% of
all AAA. The wall is adherent to the intestines and
sometimes the urethers are involved in the inflam-
matory process, leading to hydronephrosis. Steroids
are advocated to reduce the inflammatory compo-
nent and to obviate ureteral obstruction.

Figure 2.4 Three-dimensional (3D)
reconstruction of a computed
tomography angiography (CTA) of an
infrarenal abdominal aortic aneurysm
(AAA).

The inflammatory aneurysms are not less prone
to rupture than ordinary AAA. Elective surgery
through a retroperitoneal approach is recom-
mended but EVAR has been used successfully.

Mycotic aneurysms

This infection in these aortic aneurysms is of
hematogenous origin (most frequently gram posi-
tive agents). Local invasion of the vessel wall can lead
to abscess or pseudo aneurysm formation. The risks
are septic embolization and rupture. Early diagnosis
is essential and the condition should be suspected
in patients presenting clinically with signs of sepsis.
Signs on CT of mycotic aneurysm of the aorta
include adjacent soft-tissue mass around the aor-
tic wall with eventual rupture, gas-forming inflam-
mation, and fluid in an unusual location. Mycotic
(infectious) aortic aneurysms have been described
throughout the whole arterial tree. Therefore,
whenever a mycotic aneurysm is suspected, the
whole vasculature should be investigated in order
to localize other mycotic “aneurysmatic siblings.”
In the thoracic aorta mycotic aneurysms can oc-
cur in conjunction with endocarditis, coarctation,
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persistent ductus arteriosus, and endovascular ma-
nipulations within the aorta. Aortic pseudo- or my-
cotic aneurysms following aortic vascular surgery
occur rarely but with high mortality.

Excision of the aneurysm with insertion of an
anatomical graft is the recommended treatment in
combination with long-term antibiotics. In con-
tained mycotic ruptures life-saving endovascular
stent grafts have been proven effective [22, 38].

Thoracic dissections

Aortic dissection is a unique, complex aortic
emergency with an incidence double that of
ruptured abdominal aortic aneurysms, ie. of
10-20 cases/million/y. An intimal focal tear or an
intramural hematoma will result in a rapid surge
of pulsatile blood to enter and propagate into and
through the media layers of the aortic wall (Fig.
2.5). The dissection may propagate both proximally
and distally from the point of initial injury. Aortic
dissections are classified by location, duration of
injury, and presence of ischemic complications.
The creation of the false aortic lumen predisposes
the patient to a sequence of dangerous events,
which also are the indications for intervention and

calls for immediate action:

1 rapid aortic aneurysm formation

2 ongoing organ ischemia caused by obstruction of
primary aortic branch vessels

3 adverse hemodynamics

4 cardiac tamponade

5 aortic rupture

According to one of the commonly used classi-
fications, The Stanford, type A dissection involves
theascending aortaand type B the descending. With
the De Bakey classification type I involves the entire
aorta, type II the ascending aorta, and type III the
descending aorta. Atherosclerotic degeneration of
the wall inherited disorders such as Marfan’s and
Ehlers—Danlos syndromes and hypertension pre-
dispose for dissection.

The intimal tear allows blood to flow into me-
dial part of the wall separating the intima from
the rest of the wall. The intimal flap separates the
true and false lumens. The separation of the wall
can obstruct branches, avulse, or thrombose them.
The obstruction can be dynamic or static leading
to malperfusion. Reentry into the true lumen un-
loads the dynamic stress on the wall by causing a
spontaneous “fenestration.” Multiple reentries are
common, and should be thoroughly investigated

Figure 2.5 (a) Type B aortic dissection MRA 3D scan. (b) A 3D Shaded Surface Technique depicting a type B aortic
dissection.
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by the “state-of-the-art” imaging technique at the
hospital.

The symptomsare usually very abrupt with severe
chest pain, irradiating to the neck or arms. Back pain
is typically seen in type B dissections. Other symp-
toms depend on the extent of dissection and organs
involved. Abdominal pain, renal failure, paraplegia,
or ischemia in the lower extremity can occur.

Type A dissection is particularly hazardous with
high mortality if misdiagnosed or left untreated.
Occlusion of the coronaries or carotids, aortic in-
sufficiency or pericardial tamponade needs imme-
diate surgery if the patient will have a fair chance
of survival. The mortality is 1-2%/h during the
early phase [39]. Medical treatment is not an op-
tionin type A dissection. The outcome, 40% 1-week
mortality, is far inferior to surgical treatment even
if open surgery still has an operative mortality of
about 10%.

Type B dissections are routinely managed med-
ically by a strict hypotensive regime. The aim is to
limit the extent of the dissection, minimize stress
on the aortic wall, prevent dilatation, and to create
thrombosis of the false lumen. In-hospital mortal-
ity of medically treated type B patients is around
10%. In surgically treated patients mortality is over
30% [39].

Treatment strategies for type B dissection are con-
stantly evolving. Endovascular treatment of dissec-
tions has been attempted for both types A and B. In
both instances this treatment must be considered
as experimental. This new treatment modality has
been extensively explored in type B dissections. Oth-
ers and we have reported preliminary results of both
elective and emergency endoluminal treatment
of type B dissection with a satisfactory outcome
(23, 40].

The indication for treatment with endovascular
stent grafts is still debatable in patients with acute
or chronic aortic dissections [41]. Proximal dissec-
tions are not well suited for endovascular therapy
because of the severe angulations of the aortic
arch and the proximity to the coronary vasculature.
Chronic dissections are often difficult to treat due
to residual false lumen flow after deployment and
ischemic complications from coverage of vessels
arising from the false lumen. Uncomplicated dissec-
tions are typically managed with antihypertensive

medications. Thus, only acute complicated distal
dissections may be appropriate for endovascular
therapy, i.e. progressive aortic dilatation, aortic rup-
ture, and in selected cases with end-organ ischemia.
A recent large meta-analysis indicates that the en-
dovascular treatment is technically possible in over
98% of the cases and that acute and midterm results
are very promising. However, major complications
occurred in 11% of the patients including neurolog-
ical complications in 3% [40]. A proper comparison
to medical treatment is needed to establish the
future role of endovascular type B treatment.

Paraplegia is a concern in open surgery, but less
so with endovascular treatment of thoracic diseases.
The risk is higher if a long stent graft is used in
the aorta (>20 cm) and when the region of eighth
to tenth thoracic intercostal arteries is covered. In
our opinion spinal drainage should be considered
in these cases. Earlier percutaneous fenestration be-
tween true and false lumens with guide wires and
balloons could reestablish blood-flow peripherally
and may be used with or without concomitant
treatment of the intimal tear by endoluminal stent
grafting.

Intramural hematoma

The intramural hematoma (IMH) is one variant of
dissection (Fig. 2.6). It may be caused by an inti-
mal tear with a localized hematoma formation or
by bleeding from a ruptured vasa vasorum. They
constitute approximately 5-20% of all acute aortic
syndromes. Hypertension is a predisposing factor in
about half of the patients, the majority of which are
men. A comprehensive meta-analysis of intramural
hematomas was published some years ago, based on
published reports from 143 cases [42]. Hematoma
developed on the basis of an atherosclerotic ulcer
had a progressive course as opposed to hematoma
without ulcer that were more stable [43].

The symptoms do not differ initially from other
acute aortic syndromes such as dissection with chest
or back pain. CT, MR], or transesophageal echocar-
diography (TEE) have a diagnostic sensitivity for in-
tramural hematoma of 100% [44]. The hematomais
seen as a crescentic thickening of the wall extending
for a distance of 5-20 cm. Typically, no entry point
can be demonstrated in patients with intramural



20 PART I Natural history and preoperative planning

Figure 2.6 (a) Intramural hematoma without intravenous contrast. (b) Same image with intravenous contrast. Note the
high density of the aortic wall even without contrast enhancement (arrow).

hematoma as opposed to dissections. Imaging is an
essential part of management [45].

Many IMH resolve spontaneously. In one large
single center study the majority (about 90%) had
resolved after 1 year [6]. There does not seem to
be a difference in outcome between type A and
B hematoma even if type A may be a more se-
rious event [46]. Medical, conservative treatment,
including B-blockers, is inferior to open surgery in
type A hematoma [42]. B-blockers seem to be an
essential part of conservative management [46]. A
more aggressive approach, which includes use of en-
dovascular techniques, seems to be the current strat-
egy [47]. Evangelista and coworkers have shown that
the outcome of IMH is still like “flipping the coin.”
There is no evidence yet to predict which IMH that
needs treatment [48].

Trauma in thoracic aorta

Most patients with a traumatic aortic rupture are
involved in high velocity motor vehicle accidents,
i.e. a blunt force trauma. Blunt aortic injury re-
sults in mortality of 70-90%. Of the approximately
20% who survive transport to a hospital, 50% die
within 24 h and 90% within 4 months without ex-
pedient therapeutic measures. If the initial lesion is
left untreated a chronic pseudo aneurysm will de-
velop. Only patients with contained ruptures have

the chance of surviving long enough to get to a hos-
pital. Short-term mortality in patients who survive
open surgical repair ranges from 12 to 31%.

Arteriography is by many regarded as the “gold
standard” for diagnosis. The classical widening of
the aorta on a plain chest X-ray is notoriously un-
reliable. An enhanced multidetector CT examina-
tion with contrast of the whole aorta will diagnose
the rupture with high accuracy. A 3D reconstruc-
tion can be of great value in characterizing the in-
jury. The technique is rapidly becoming a new “gold
standard.”

Most lesions are situated just distal to the sub-
clavian artery. A contained rupture will allow time
enough for detailed surgical planning. A trans-
esophageal echocardiogram can be very helpful in
delineating details of the traumatic lesion butis very
operator dependent. Patients with transection of the
thoracic aorta usually have multiple traumatic in-
juries with damage to several other organs. Conven-
tional open surgical repair adds a substantial trauma
to these already heavily traumatized patients.
Hemodynamically unstable patients have a very
high mortality (up to 100%) but stable patients can
be managed with very low or zero mortality [49].
Operative strategies and techniques are beyond
the scope of this chapter. Access can be achieved
through sternotomy or posterolateral thoracotomy,
depending on the location of the injury. Repair can
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insimple cases be by clamp-and-sew technique or by
left atrio-femoral bypass using a centrifugal pump.
Full cardiopulmonary bypass under heparinization
is seldom necessary. The risk for paraplegia seems
to be higher after clamp-and-sew than after bypass
unless clamping time is below 30 min [50].

In recent years endovascular treatment of hemo-
dynamically stable patients with traumatic thoracic
aortic injuries has been reported. The stent graft can
be placed with a minimal invasive procedure, even
under local anesthesia, if necessary. Few and small,
noncontrolled studies on endovascular treatment
of traumatic thoracic aortic injuries have been pub-
lished. The endovascular approach seems at least in
the short and midterm perspective at least as good
as the open surgical alternative. Low mortality and
few neurological complications, such as stroke or
paraplegia, have been noticed with the stent-graft
technique [49, 51-54].

Aortobronchial and aortoesophageal fistulas, al-
though different in etiology, are similar to aneurys-
mal rupture in that massive hemorrhage is a com-
mon outcome. Aortoenteric fistulas are rare but
life-threatening emergencies that demand imme-
diate intervention. They are defined as a commu-
nication between aorta and the digestive system,
the duodenum most commonly engaged. Causes
of primary aortoenteric fistulas include aneurysms,
pseudoaneurysms, infection, peptic ulcers, trauma,
foreign body ingestion, inflammatory bowel dis-
ease (Crohn’s disease), neoplasms, and radiother-
apy. Secondary fistulas are well-documented late
complications of open abdominal paraaortic surg-
eries, aortic aneurysm repair and endovascular aor-
tic aneurysm repair.

Short-term mortality with open surgical repair
for aortic fistula is high, up to 40%. Even if there
is a substantial risk of continued infection in pros-
thetic graft, endovascular treatment might be a safe
and effective alternative to open repair also in these
high-risk patients. Mainly case reports have been
published [55, 56].
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CHAPTER 3

Thoracic aortic aneurysms:
classification, incidence, etiology,
natural history, and results

Hazim J. Safi

In the mid-1950s, the first thoracoabdominal aor-
tic aneurysm (TAAA) repairs were performed, first
with a homograft in 1955 then using a Dacron
tube graft in 1956. In the following decades (1960s,
1970s, and early 1980s), results of TAAA and de-
scending thoracic aortic aneurysm (DTAA) repair
varied tremendously from center to center. This was
probably due to the lack of coherent methods of
reporting and an agreed-upon classification of the
aneurysms.

With this in mind, we are going to describe our
rationale for classifications of the DTAA and TAAA.
In the last decade, we began classifying descending
thoracic aneurysms based upon whether they af-
fect the upper half, lower half, or entire thoracic
aorta, known as types A, B, and C, respectively (Fig.
3.1). Type A involves the upper half, type B involves
the 6th intercostal space to T12, and type C com-
prises the entire thoracic aorta. During the era of
the clamp-and-sew technique, some reported cases
showed that the maximum incidence of neurologi-
cal deficit involved types B and C.

TAAA is an extensive aneurysm involving the
thoracic aorta and varying degrees of the abdom-
inal aorta. We categorize these using the modified
“Crawford classification,” which is shown in Fig. 3.2.
Extent I is from the left subclavian artery to above
the renal arteries. Extent II is from the left subcla-
vian artery to below the renal arteries, and extent
IIT is from the 6th intercostal space to below the re-
nal arteries. Extent IV involves the total abdominal
aorta from T12 to below the renal arteries. Extent V,
which has been described in the last half decade, is

from the upper extent of the 6th intercostal space
to the lower extent above the renal arteries. In the
past, we found that the extent of the aneurysm cor-
related with a high incidence of neurological deficit,
the highest being in extent IT and then extents I, III,
and IV. In the era of the clamp-and-sew technique,
the clamp time and the extent of the aneurysm cor-
related to neurologic deficit. In extent II, the overall
incidence of neurological deficit was 31% [1].

Incidence

Ruptured aortic aneurysms remain the 13th lead-
ing cause of death in the United States with an in-
creasing prevalence [2]; this may be attributable to
improved imaging techniques, increasing mean age
of the population, and overall heightened aware-
ness [3]. The incidence of rupture abdominal aortic
aneurysms is estimated to be 9.2 cases per 100,000
person-years [4—6]. The incidence of rupture tho-
racic aortic aneurysms and acute aortic dissection is
estimated to be 2.7 and 3.0 cases per 100,000 person-
years, respectively [7-10]. The mean age of this pop-
ulation is between 59 and 69 years with a male to
female ratio of 3:1 [7].

Etiology

Arteriosclerosis has long been associated with aor-
tic aneurysms, but each affects different layers
of the aortic wall. Atherosclerosis mainly affects
the intima, causing occlusive disease, while aortic

25
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Figure 3.1 Classification of descending
thoracic aortic aneurysms (DTAAs): Type
A involves the upper half of the DTAA,
type B involves the 6th intercostal space
to T12 of the DTAA, and type C
comprises the entire DTAA.

Figure 3.2 The modified Crawford classification of thoracoabdominal aortic aneurysms (TAAAs). Extent | is from the left
subclavian artery to above the renal arteries. Extent Il is from the left subclavian artery to below the renal arteries.
Extent Ill is from the 6th intercostal space to below the renal arteries. Extent IV involves the total abdominal aorta from
T12 to below the renal arteries. Extent V is from the upper extent of the 6th intercostal space to the lower extent above
the renal arteries.
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aneurysm is a disease of the media and adventitia.
They are distinct conditions that nonetheless of-
ten occur together. An aortic aneurysm is typically
characterized by a thinning of the media and de-
struction of smooth muscle cells and elastin as well
as infiltration of inflammatory cells. The infiltrate
consists of macrophages as well as T and B lympho-
cytes, which excrete proteases and elastases causing
wall degradation [11]. The reason for this migration
is unclear. In both clinical and experimental stud-
ies, metalloproteinases (MMP), a most prominent
group of elastases, have emerged as playing a role in
the development of aortic aneurysms [11-14].

Familial clustering of aortic aneurysms is evi-
dent as up to 20% of patients have one or more
first-degree relatives who have also suffered from
the disease [15-17]. Genetic mapping studies have
recently identified a number of chromosomal loci
that are responsible for familial thoracic aneurysms
and dissections. A mutation in transforming growth
factor-p receptor type I is responsible for approx-
imately 5% of familial aneurysms and dissections
[18]. Future studies may further elucidate the role
of genetics in this disease process.

Marfan syndrome, a connective tissue disorder
causing skeletal, ocular, and cardiovascular abnor-
malities, is the disorder most commonly associated
with TAAA as well as aortic dissection. It occurs in
approximately 1 in 5000 people worldwide. Aortic
dilation in individuals with Marfan has been linked
toa mutation in fibrillin-1. Other such disorders in-
clude Ehlers—Danlos syndrome, Turner syndrome,
polycystic kidney disease, as well as other not yet
identified familial disorders [19]. In the majority of
these families, the phenotype for TAAA and dissec-
tion are inherited in an autosomal dominant man-
ner with a marked variability in age and decreased
penetrance [19].

At times, an aneurysm may be caused by an ex-
trinsic factor, such as infection (mycotic aneurysm)
or trauma (pseudoaneurysm). A mycotic aneurysm
is caused by bacteria or septic emboli that seed the
aortic wall or resulting from a contiguous spread
from empyema or adjacent infected lymph node.
Though any organism can be the cause of a my-
cotic aneurysm, the most commonly described are
salmonella, hemophilus influenza, staphylococcus,
and treponema pallidum spirochetes species [20,
21].

There is also a connection between TAAA and
aortic dissection. One quarter of TAAA are asso-
ciated with aortic dissection, and 24% of patients
with an aortic dissection will develop TAAA within
2 to 5 years [15-17]. Persistent patency of the false
lumen has been shown to be a significant predictor
for aneurysm formation, though neither dissection
nor false lumen has been linked to higher risk of
rupture [22-25].

Natural history
The survival rate for patients with untreated tho-
racic aortic aneurysms is dismal, estimated to be
between 13 and 39% at 5 years [7, 26-28]. The life-
time probability of rupture in untreated thoracic
aneurysms and TAA is between 75 and 80% [7, 26].
The most common cause of death is rupture [29].
Moreover, the few patients who survive to opera-
tion sustain significant morbidity, prolonged hos-
pital course, and, ultimately, a poor quality of life.
The time that elapses between aneurysm forma-
tion and rupture is influenced by aneurysm size
and growth rate, hypertension, smoking, history
of chronic obstructive pulmonary disease, presence
of pain, etiology, and age. The size of the aortic
aneurysm remains the single most important de-
terminant of the likelihood of rupture. Rupture is
more likely to occur in TAAs exceeding 5 cm in di-
ameter with the likelihood increasing significantly
as the aneurysm enlarges [26, 30-33]. Growth rate
is a component in formulating the rate of rupture
or indication for surgical intervention [30, 34]. The
rate of growth is exponential with larger aneurysms
growing at greater rates; at 0.12 cm/y for aneurysms
greater than 5.2 cm in diameter [34, 35].
Hypertension and subsequent increased aortic
wall tension play a significant role in aneurysm for-
mation. The law of Laplace states that as the diame-
ter of a cylinder increases, the tension applied to the
wall also increases. This indicates that the wall ten-
sion is directly related to pressure. Though systemic
hypertension is widely recognized as a risk factor for
aneurysm formation, it is diastolic blood pressure
that has been specifically correlated with aneurysm
rupture. Multiple reports have noted an associa-
tion of increased diastolic blood pressure (greater
than 100 mmHg) with rupture of both abdomi-
nal and thoracic aortic aneurysms [30, 34, 36]. As
was demonstrated by Wheat in his work on aortic
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dissections, decreasing the force of myocardial con-
traction or dp/dt may decrease the progression of
disease and the likelihood of rupture [37]. Con-
sequently, it is recommended that beta-adrenergic
blocking agents be included in the antihypertensive
treatment regimen for patients with known aortic
aneurysms.

Although smoking has been implicated as a risk
factor for rupture in abdominal aortic aneurysms
[38, 39], a stronger association with chronic ob-
structive pulmonary disease has been identified [30,
34]. In one study, chronic obstructive pulmonary
disease was defined as a forced expiratory volume
in 1s (FEV1) of less than 50% of predicted [39].
This correlation may be related to increased collage-
nase activity as seen in smokers [40]. It is theorized
that the proteolytic activity may weaken the aor-
tic wall of those patients that are susceptible [41].
Patients with chronic obstructive pulmonary dis-
ease have demonstrated a connective tissue intoler-
ance to smoke-related toxicity, which may be seen
as an indicator of susceptibility [42]. In addition, it
has been documented that patients with a history
of smoking have a more rapid expansion of tho-
racic aneurysms [34, 43]. This evidence justifies the
cessation of smoking in the presence of an aortic
aneurysm.

Further implicated in the increased likelihood of
aortic rupture are pain, chronic dissection, and age.
Vague or uncharacteristic pain in the presence of
TAA has been significantly associated with subse-
quent rupture [30]. Generally, the etiology of TAA
has been attributed to a degenerative process. It has
also been suggested that rupture is associated with
chronic dissection, but the evidence is not com-
pelling [7, 44]. In a prospective study by Juvonen
et al. aneurysms associated with chronic dissection
were observed to be smaller (median diameter of
5.4 cm) than degenerative aneurysms (median di-
ameter of 5.8 cm) [45]. Significant alterations in
the structure of the aortic wall occur with aging
that are distinct from the formation of aneurysms.
However, age in TAA patients has been associated
with increased risk of rupture [9]. Furthermore, Ju-
vonen ef al. demonstrated that the relative risk for
rupture increased by a factor of 2.6 for every decade
of age [9].

The natural course of the majority of aortic
aneurysms is rupture and death. Aneurysm size

and growth rate, patient age, medical history, and
symptoms must be carefully weighed while consid-
ering when to intervene surgically; however, elec-
tive surgery for TAA repair has been demonstrated
to improve long-term survival [28]. Methods have
been devised to attempt to predict the risks of sur-
gical repair for TAAs [30, 34]. Although these for-
mulas may allow one to preoperatively stratify the
risks of surgery for a patient, the decision to op-
erate still remains with the surgeon based upon
the surgeon’s clinical evaluation and the patient’s
preference.

Results

Between February 1991 and March 2005, we per-
formed 1887 operations for ascending/arch or de-
scending thoracic/TAAAs. Seven hundred eighty
one of these cases involved the proximal aorta (as-
cending and transverse arch). The 30-day mortality
in this group of patients was 11.5% (90/781). The
stroke rate was 2.1% (16/781).

We performed 1106 operations for repair of the
distal aorta (descending thoracic, n = 305, and
TAAAs, n = 801). The 30-day mortality rate was
14.5% with an immediate neurological deficit rate
of 3.2%. The mortality rate highly correlates with
preoperative renal function as determined by cal-
culated glomerular filtration rate (GFR). Patients
with a GFR greater than 90 ml/min/1.73 m* had a
mortality rate of 5.6% compared to a rate of 27.8%
in patient with a GFR less than 49 ml/min/1.73 m?
[46].

Approximately 80% of patients who underwent
surgical repair of the descending thoracic aorta in
our series did so with the adjunct (cerebrospinal
fluid drainage and distal aortic perfusion). The re-
maining 20% underwent simple crossclamp with
or without the use of a single adjunct [47]. Aor-
tic crossclamp times have increased significantly
(34 s/y) since 1991. Despite this increase in cross-
clamp time, neurologic deficit rates have declined
from the first to the fourth quartile. This decrease
in neurologic deficit is most pronounced with ex-
tent II TAAAs (21.1% to 3.3%). The use of the ad-
junct (cerebrospinal fluid drainage and distal aor-
tic perfusion) increased the crossclamp time by a
mean of 12 min, but was associated with a sig-
nificant protective effect against neurologic deficit.
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Although other previously established risk factors
remained significantly associated with neurologic
deficit, crossclamp time is no longer significant [48].
The adjunct significantly reduced the risk of neu-
rologic deficit, despite increasing crossclamp time.
The use of the adjunct appears to blunt the effect
of the crossclamp time and may provide the sur-
geon the ability to operate without being hurried.
Because crossclamp time has been effectively elim-
inated as a risk factor with the use of the adjunct,
using this variable to construct risk models becomes
irrelevant in our experience.

In repairs of DTAA, the incidence of neurologic
deficit after all repairs was 2.3%. The incidence of
neurologic deficit (immediate and delayed) in the
adjunct group was 1.3%, and in the nonadjunct
group was 6.5%. One case of delayed paraplegia
occurred in each group. All neurologic deficits oc-
curred in patients with aneurysmal involvement of
the entire descending thoracic aorta. Statistically
significant predictors for neurologic deficit were the
use of the adjunct, previously repaired abdominal
aortic aneurysm, type C aneurysm, and cerebrovas-
cular disease history. Significant multivariate pre-
dictors of 30-day mortality were preoperative renal
dysfunction and female sex.

Remarkable progress in the treatment of TAAAs
has been achieved in the last decade. Morbidity
and mortality have declined which we attribute to
the adoption of the adjuncts distal aortic perfusion
and CSF drainage as well as the evolution of sur-
gical techniques to include sequential aortic cross-
clamp, intercostal artery reattachment, and mod-
erate hypothermia. Currently, the overall incidence
of neurological deficit in DTAA is 0.8% and mor-
tality rate in patients with normal renal function
is 5%.

The introduction of endovascular repair has
added a new approach to the armamentarium of
surgeons treating this disease. Currently available
technology is limited by patients’ anatomical crite-
ria. Future advances will widen the availability of
this approach to a larger group of patients.

For now, aortic surgeons need to maintain exper-
tise in both open and endovascular approaches. Re-
gardless of the technique, complex aorticaneurysms
should be treated in centers with the capability and
experience necessary to manage this challenging
group of patients.
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CHAPTER 4

Angiographic aortic
anatomy and variants

Louis G. Martin

From day 29 to week 7 of human cardiovascular
development a common arterial trunk, the trun-
cus arteriosis, emerges from the bulbus cordis. Two
primitive ventral (ascending) aortae continue via
symmetrical aortic arches into primitive dorsal (de-
scending) aortae [1]. The proximal portions of the
ventral aortae fuse to form a single midline trunk
(the aortic sac). The paired dorsal aortae fuse to
form a midline descending aorta. Between the ven-
tral and dorsal aortae, the first two pairs of sym-
metrical branchial aortic arches develop. Six paired
branchial arches eventually develop between the
dorsal and ventral aortas. Although there are six
primitive pairs of arches, they are not all present
at the same time [1, 2]. As the branchial arches
are developing and regressing the aortic sac di-
vides into what will become the pulmonary trunk
and ascending aorta. The third arches and dorsal
aorta cephalad to these arches become the internal
carotid arteries. The ventral aorta cephalad to the
third arches forms the external carotid arteries. The
fourth branchial arches form paired (double) aor-
tic arches. The fifth branchial arches regress com-
pletely. The sixth branchial arches form the ductus
arteriosis and the pulmonary arteries. The seventh
branchial arteries migrate cephalad to a position be-
tween the ductus arteriosis and the common carotid
arteries and become the subclavian arteries [1]. At
this point in development a double arch is formed
(Fig. 4.1). The hypothetical “Edwards double arch”
[2] can now be used to explain the further develop-
ment of the aortic arch and its variations [3].

The normal left aortic arch results from inter-
ruption of the dorsal segment of the embryonic
right arch between the right subclavian artery and
the descending aorta with regression of the right

ductus arteriosis (Figs. 4.2 & 4.3). The midline dor-
sal aorta shifts to the left of the spine to become the
descending aorta (Fig. 4.4) [2]. Not infrequently, a
small diverticulum arises from the medial (inner)
aspect of the left arch just distal to the origin of the
left subclavian artery. Although this structure is in
anatomic proximity to the left ductus arteriosis it
is not caused by traction of the ductus but rather
it represents persistence of the most distal portion
of the embryonic right arch [4]. It is important not
to confuse this normal structure with a traumatic
dissection when performing catheter based or com-
puterized tomographic aortography following chest
trauma.

The left aortic arch with an aberrant (anomalous)
right subclavian artery is the most common varia-
tion of the thoracic aortic arch affecting 0.5% of
the normal population. Its incidence is somewhat
higher, reported in up to 2.9%, in patients with con-
genital heart disease. The aberrant right subclavian
artery results from interruption of the dorsal seg-
ment of the embryonic right arch between the right
common carotid artery and the right subclavian
artery (Figs. 4.5 & 4.6). It may cause an oblique left
posterior indentation of the esophagus on a bar-
ium swallow, but it does not cause respiratory or
swallowing difficulties [3, 5]. Their relative posi-
tions are important when aberrant right subclavian
artery coexists with aortic coarctation. The aberrant
right subclavian artery will be a low pressure ves-
sel if it arises distal to the coarctation in which case
there may be large retrograde flow to the descending
aorta through this artery and rib notching will occur
on the left side only. This abnormality results from
interruption of the right arch between the com-
mon carotid and right subclavian arteries. The right
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Figure 4.1 Edwards hypothetical
double arch.

subclavian artery origin from the aorta may have an
aneurismal or bulbous appearance. This is called
the diverticulum of Kommerell; it represents per-
sistence of the most distal portion of the embryonic
right arch [6].

The right aortic arch is a very rare variation. It
courses to theright of the tracheaand esophagus and
continues as the upper thoracic aorta to descend ei-
ther to the right or to the left of the spine. The most

Figure 4.2 Interruption of the dorsal
segment of the embryonic right arch
between the right subclavian artery

and the descending aorta.

common type of right aortic arch is right aortic
arch with an aberrant left subclavian artery. Its fre-
quency is about 0.1% and it is 2—3 times more com-
mon than right arch with mirror image branching
of the brachiocephalic vessels (Figs. 4.7 & 4.8) [7].
Right arch and aberrant left subclavian artery has
a 5-12% incidence of associated congenital heart
disease while right arch with mirror branching of
the brachiocephalic vessels has a 98% incidence of
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associated congenital heart disease [8]. The right
aortic arch has been classified into types depending
on where interruption of the hypothetical Edwards
double arch occurs (Fig. 4.9). The first two types re-
sult in mirror image branching of the arch vessels. In
type 1, the most common form of the interruption

LSA

Figure 4.3 Regression of the arch
between the right subclavian artery
and the descending aorta and
regression of the right ductus arteriosis.

occurs between the left ductus arteriosis and the
descending aorta. The interruption occurs between
the left ductus and the left subclavian artery in the
extremely rare type 2 right aortic arch. A vascular
ring is possible with type 1, but not with type 2. The
interruption is between the left subclavian artery

The arch rotates anteriorly and to the right

Figure 4.4 The right side of the
“Edwards double arch” persists as the
innominate artery. The left side of the
“Edwards double arch” rotates
anteriorly and to the right resulting in
the innominate artery being the first
branch of the “left arch” followed by
the left common carotid artery and the
left subclavian artery in turn.
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Figure 4.5 Interruption of the dorsal
segment of the embryonic right arch
between the right common carotid
artery and the right subclavian artery.

and the left common carotid artery in type 3 right
aortic arch. This results in an aberrant origin of the
left subclavian artery which becomes the last artery
arising from the aortic arch. There is interruption
of the anterior portion of the embryonic left arch

RSA

RCCA

Figure 4.6 Regression of the arch
between the common carotid artery
and the right subclavian artery and
regression of the right ductus arteriosis.

proximal to the left common carotid artery in type 4
rightaortic arch resulting in a left innominate artery
that becomes the last artery arising from the aortic
arch and gives rise to the left common carotid and
the left subclavian arteries. In type 5 right aortic




CHAPTER 4 Angiographic aortic anatomy and variants 35

RSA

RCCA

arch, interruption of the left arch occurs on both
sides of the left subclavian artery which, now iso-
lated from the aorta receives its blood supply from
the left ductus arteriosis. This anomaly is frequently
associated with cyanotic congenital heart disease,
especially the tetralogy of Fallot [3].

The double aortic arch is characterized by the
presence of two aortic arches. The ascending aorta

RSA

RCCA

Mirror image right arch

LSA

LCCA

Figure 4.7 Interruption of the dorsal
segment of the embryonic left arch
between the left subclavian artery and
the descending aorta.

arises anterior to the trachea and divides into two
arches which pass on either side of the trachea and
esophagus. The right common carotid and sub-
clavian arteries and the left common carotid and
subclavian arteries arise independently from their
ipsilateral arches. It is not possible for an innom-
inate artery to be present with a double arch. The
two arches join posteriorly to form the descending

LSA

Figure 4.8 Regression of the arch
between the left subclavian artery and
the descending aorta and regression of
the right ductus arteriosis. The left
ductus usually persists. The left side of
the “Edwards double arch” persists as a
left innominate artery. The right side of
the “Edwards double arch” rotates
anteriorly and to the left resulting in
the innominate artery being the first
branch of the “mirror image right arch”
followed by the right common carotid
artery and the right subclavian artery in
turn.

LCCA
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RSA

RCCA
Figure 4.9 Interruptions in the
numbered locations explain the
formation of four variations of the
anomalous right arch. “Type 5" right
arch is explained by interruption of the
“Edwards double arch” at locations 1
and 3 resulting in isolation of the left
subclavian artery, which remains
connected to the pulmonary artery by
way of the left ductus arteriosis.

arch

aorta, which descends on the left more often than
the right. The right arch is usually larger. There are
two variations of the double arch. In type 1, the most
common, both arches are patent and functioning
and in type 2 both arches are intact, but one arch is
atretic. Theoretically in type 2 the atresia can occur
in either the right or the left arch; however in all re-
ported cases the atresia has only occurred in the left
arch. Double arches are rarely associated with con-
genital cardiac anomalies but is the most important
arch anomaly resulting in vascular rings [8, 9].

There are two forms of interruption of the aortic
arch; both are rare. In one form, there is complete
anatomic interruption of the arch; in the other, an
atretic fibrous remnant connects the arch with the
descending aorta. The latter is referred to as “atre-
sia of the aortic arch.” This anomaly is one of the
causes of the hypoplastic left heart syndrome. Inter-
ruption of the aortic arch can occur in almost any
location and can be multiple [3].

Hypoplasia of the aorta refers to a state of arrested
development in which the lumen of the aorta is nar-
rowed but patent and the vessel is small in size. The
term is used here to refer to a segment of aorta witha
narrowed lumen in which the media is histologically
normal. Although hypoplasia may be a focal lesion
asin coarctation, frequently a longer segment of the
aorta may be involved such as cases in the ascending

Types of right

LSA

LCCA

aorta in aortic valve atresia and supravalvular aortic
stenosis.

The essential feature of coarctation is a “local-
ized deformity of the aortic media resulting in a
curtain-like infolding of the wall which causes an
eccentric narrowing of the aortic lumen. Although
a normal lumen may be present distal to the coarc-
tation, more often a zone of hypoplasia is present
[10].” Coarctation most often involves the isthmus
of the aorta, the portion of the aorta between the left
subclavian artery and the ductus arteriosis, but on
rare occasions may be proximal to the left subcla-
vian artery. The appearance of the aorta is related to
the relationship of the ductus arteriosis to the coarc-
tation during fetal development. When the coarc-
tation is proximal to the ductus, fetal blood flow
is through the ductus to the distal descending aorta
which may result in hypoplastic development of the
portion of the aortic arch between the left subcla-
vian artery and the coarctation. When the coarc-
tation is distal to the ductus fetal flow is directed
into the normally developed proximal arch and left
subclavian artery [10, 11]. Coarctation is twice as
common in males. Approximately 50% of patients
with coarctation will present in the first year with
symptoms of severe congestive heart failure, the ma-
jority of which will have other cardiac defects [12].
Rib notching secondary to collateral blood supply
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to the hypotensive descending aorta via the inter-
costal arteries can provide information on the re-
lationship between the coarctation and the origin
of the subclavian arteries. Bilateral rib notching is
present when the coarctation is below the origins of
the right and left subclavian arteries, but may be on
the left only, if it occurs between the left subclavian
artery and an aberrant right subclavian artery or is
absent on the rare occasion that the coarctation is
above the origin of the left subclavian artery [3, 13,
14].

The Midaortic Syndrome also known as Abdomi-
nal Coarctation may be located in the descending
thoracic aorta, abdominal aorta, or both. It ac-
counts for 0.5 to 2% of all coarctations. The mi-
daortic syndrome is characterized by severe nar-
rowing of the abdominal aorta with progressive
involvement of the renal arteries in 90% of the
cases and superior mesenteric and celiac axis in
20-40% of cases; it almost never involves the in-
ferior mesenteric artery. Several congenital or ac-
quired etiologies have been suggested. Hypoplasia
may occur during development of the aorta and
the vitelline and metanephric vasculature. The as-
sociation of Midaortic Syndrome with fibromuscu-
lar dysplasia, neurofibromatosis, mucopolysaccha-
ridosis, Alagille syndrome, and William’s syndrome
would suggest a genetic etiology. The Midaortic
Syndrome has also been associated with fetal al-
cohol syndrome, rubella, Takayasu’s arteritis and
several autoimmune diseases which suggest an ac-
quired etiology. The natural history of untreated
symptomatic midaortic syndrome is death before
the 4th decade frequently associated with the com-
plications of hypertension and renal failure. Ther-
apeutic options are usually surgical and percuta-
neous angioplasty and stenting [15, 16].

The abdominal aorta

Compared to the aortic arch, little has been writ-
ten about the development and variations of the
abdominal aorta. Because of interest in the con-
struction of abdominal aortic endografts which
can accommodate side branches of juxtarenal and
suprarenal abdominal aortic aneurysms, there has
been recent interest in anatomic variations of the
mesenteric and renal artery origins. Of signifi-
cance to the development of the visceral circulation,

both dorsal aortas provide ventral segmental (om-
phalomesenteric) arteries to the viscera which give
rise to the vitelline arteries. The ventral roots fuse at
about the fourth week and there is reduction of the
primitive ventral segmental arteries. As the embryo
continues to develop, most of the segmental arteries
regress, except for the precursors of segmental ar-
teries to the three major mesenteric vessels. The 10th
segmental artery gives rise to the celiac artery, which
supplies the foregut, which in turn includes the re-
gion extending between the esophagus and the dis-
tal duodenum. The 13th segmental artery becomes
the SMA that supplies the midgut, which corre-
sponds to the intestinal segment between the prox-
imal jejunum and the midtransverse colon. Lastly,
the 22nd segmental artery develops into the IMA to
supply the hindgut from the midtransverse colon to
the rectum [17, 18].

The more common variations the origin and posi-
tions of visceral and renal abdominal aortic branches
are listed in Table 4.1. The greatest variation occurs
in the blood supply to the liver, which normally
issupplied by right and left hepatic arterial branches
ofthe common hepaticartery which originates from
the celiac axis. The right hepatic artery completely
originates from the SMA in approximately 16% and
from both the celiac and SMA in 5%. Rarely the
common hepatic artery or the splenic artery can
originate from the SMA or the splenic artery can
originate as a separate branch from the aorta. At
least one kidney is supplied by more than one renal
artery originating from the aorta in approximately
30%; neither kidney is more commonly affected
[17]. The right renal artery originates ventral to a

Table 4.1 Variations of major abdominal aortic branches
[17]. Incidence (%)

Hepatic branches for the SMA (overall) 18-20
Totally replaced right hepatic artery from SMA 14-18
Accessory right hepatic artery from SMA 4-6
Common hepatic artery from SMA 25
Celiacomesenteric trunk from the aorta <1
Splenic artery off the SMA <1
Splenic artery from the aorta <0.1
Multiple renal arteries (2-4) 30*
Multiple renal arteries — unilateral 32
Multiple renal arteries - bilateral 12

*No more common on the right or left
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Table 4.2 Normal diameter of the adult thoracic aorta* [23].

Male Female
Ascending aorta at the level of the right pulmonary artery 341+58 28.2+37
Ascending segment of the aortic arch 304+56 25.6+3.4
Distal segment of the aortic arch 26.1+4.3 21.1+3.2
Descending aorta at the level of the right pulmonary artery 254+4.0 20.7 +£4.0
Descending aorta at the level of the left ventricle 242+43 18.0+3.4

*Measured in millimeters on magnetic resonance images of 15 females and 51 males

horizontal plane through the axis of the abdominal
aorta and the left renal artery originates dorsal to
this plane in 93% and 80% respectively [19].

The aortic diameter varies with body size, sex,
and ageing. Dilatation and loss of compliance are
accelerated by factors such as atherosclerosis and
hypertension. Several series have produced tables
of normal ranges in adults and these are useful for
reference. There is quite a wide range of normality.
The diameter of the mid ascending aorta in young
men is approximately 33 mm =+ 3 and the descend-
ing aorta 22 mm = 3. The ratio of ascending to
descending aorta should normally be about 3:2 but
the descending aorta becomes relatively larger with
age, particularly over 60 years. Women have slightly
smaller aortas than men, even at the same body
surface area. When measuring the progress of aor-
tic dilatation by serial CT or MR, it is convenient to
choose a readily recognizable level such as the right
pulmonary artery. It is also important to measure
the shortest diameter if the image plane is not abso-
lutely perpendicular to the axis of the aorta. Normal
diameters in the thoracic and abdominal aortas are
presented in Tables 4.2, 4.3 and 4.4.

Fleischmann et al. (Table 4.3) found a significant
effect of sex, with men having 1.9 mm larger aortic

diameters. They also found a significant stepwise
decrease of diameter from the supraceliac abdomi-
nal aorta to the aortic bifurcation. Segmental diam-
etersincreased significantly with age, with the slopes
of these linear relations being steeper proximally
(0.14 mm/y above the celiac axis, P < 0.0001) than
distally (0.03 mm/y between the IMA and aortic
bifurcation, P = 0.013) [20]. They conclude that
“in healthy, 19- to 67-year-old individuals, the age-
related increase of aortic diameter is strongly as-
sociated with the relative anatomic position along
the abdominal aorta. The “growth rate” was high-
est (0.14 mm/y) in the most proximal (supraceliac)
segment of the abdominal aorta, diminished gradu-
ally when moving down the aorta, and was minimal
(0.03 mm/y) near the bifurcation. Consequently,
the aortic geometry also changes gradually and
systematically in healthy subjects. In general, this
causes an increase of tapering of the entire abdom-
inal aorta from proximal to distal with time [20].”
Fleischmann et al. found no tapering or observed
a mild proximal-to-distal increase of diameter in
the infrarenal aorta in young individuals. It must
be noted that only 9 of the patients that were stud-
ied were 55 years or older. In an older, more diverse
population-based study from the Netherlands [21]

Table 4.3 Normal diameter of the adult abdominal aorta* [20].

Male Female
Supraceliac abdominal aorta 19.3+2.2 17.6+23
Aorta between the celiac and SMA 186+1.8 16.5+2.2
Aorta between the SMA and the renal arteries 175+1.6 1554+ 2.2
Aorta between the renal arteries and the IMA 17.1+1.7 146+2.0
Aorta between the IMA and aortic bifurcation 15.0+1.3 13.1+1.7

*Measured on CT angiographic images of 33 males and 44 females
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Table 4.4 Autopsy study of 30 men without aneurysm [24].

Aortic dimensions (mm)

Thoracic (n = 30)*

Abdominal (n = 30)**

Luminal diameter 17.00 £ 0.43 14.88 £ 0.70
External diameter 20.30+0.50 17.80 +£0.70
Media thickness 1.01+0.03 0.48 +0.03
Wall thickness 1.63+0.05 1.50 + 0.06
Plaque thickness 0.65 + 0.06 1.0140.09
Plague area (mm?) 44.30 + 5.40 59.20 + 5.70

*Midway between the left subclavian artery and the celiac artery
**Midway between the renal arteries and the aortic bifurcation

in 5419 subjects aged 55 years and older revealed
slower growth rates of the abdominal aorta proxi-
mally (0.03 mm/y, measured with ultrasound scan)
than distally (0.07 mm/y). These findings were con-
firmed in a subsequent study based on the same
patient population (n = 5419) combined with data
from another large population-based study from
the United Kingdom conducted in 6053 men older
than 50 years [22].
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CHAPTER 5

Patient selection for thoracic
endografts: today and tomorrow

Mark A. Farber

It has been over a decade since the first implanta-
tion of a thoracic stent graft was reported and only
recently has the first device been approved by the
FDA [1, 2]. Even though this technology has been
approved by the FDA for more than 6 years for in-
frarenal aneurysmal repair, devices for use in the
thoracic aorta are considered first generation and
are limited by constraints similar to those for in-
frarenal devices. Additionally, complicated devices
that allow for fenestrated or branched designs are
lacking, or are only in the initial phases of develop-
ment [3].

In the beginning, hand-made devices were used
to treat “ideal” isolated descending thoracic aor-
tic aneurysms in straight regions of the aorta.
These initial results were met with great enthusiasm
and interest [1, 4, 5]. More extensive lesions were
avoided secondary to fear of inducing paraplegia
from sacrificing critical intercostals arteries. This
myth was dispelled however after more extensive
lesions were treated in high risk, nonoperative pa-
tients with a surprisingly low incidence of ischemic
spinal cord complications. Additionally, advance-
ments in both device technology and techniques al-
lowed for better navigation and treatment of more
challenging pathologies. While this broadened the
scope of thoracic endovascular procedures, it also
increased the number and incidence of associated
complications. This learning curve and the desire to
“push the envelope” is nothing new to device tech-
nology and was previously experienced by many in-
dividuals during the early phases of infrarenal EVAR
development. One must keep this in mind and re-
alize that successful thoracic endovascular repairs
are governed by many of the same principles as in-
frarenal EVAR repair; mainly that patient selection

plays a vital role in obtaining excellent results with
limited complications. Thoracic aortic anatomy can
be very complicated and challenging to assess. It
should be evaluated and sized on a workstation with
multiplanar reformatting and never be based upon
axial imaging alone. This allows for more precise
measurements and compensates for the inherent
tortuosity present in the thoracic aorta. Most imag-
ing protocols involve 2-3 mm axial imaging with
reconstructions; however, the specific details vary
among institutions.

Device sizes

In the United States there have been four different
devices trialed for the treatment of thoracic disease
to date. Each manufacturer has different diameter
ranges and lengths for their devices. Both of these
device characteristics play an important role in se-
lecting the best device for the patient. Appropriate
device oversizing and limiting the number of com-
ponent junctions may help to improve patient out-
comes and reduce complication rates.

Neck anatomy

Neck anatomy still remains the “Achilles heel” of
all EVAR procedures. When diseased implantation
sites are selected for device fixation, increased com-
plications occur. Providing adequate proximal and
distal fixation and accomplishing aneurysm exclu-
sion with an appropriate sealing region is the most
challenging task in many patients [6]. Almost all in-
frarenal devices require 1.5 cm of aortic neck length
to provide adequate fixation and seal for aneurys-
mal exclusion. Additional length is needed in the
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thoracic aorta, however given its larger size; 2.0—
3.0 cm is generally thought to be sufficient. Some
experts rely upon aratio calculation and target a fix-
ation length of 0.75 times the aortic diameter as a
minimal acceptable length. During patient selection
if inadequate neck length exists, the patient should
be evaluated for proximal and/or distal debranch-
ing techniques to accomplish aneurysm exclusion or
traditional open repair. Some devices provide addi-
tional fixation without sacrificing branched arteries
with bare stent regions.

Itis also crucial that the aortic walls be fairly par-
allel and free of significant calcification and throm-
bus. Implantation into funnel shaped necks is not
advised and alternative options including hybrid
procedures or open repair should be considered in
these patients. While isolated thoracic aortic lesions
can still meet these requirements, many thoracic
aortic processes involve the entire descending tho-
racic aorta and end at, or near, the crus of the di-
aphragm or in the visceral section. In these cases,
obtaining adequate distal fixation can be problem-
atic. The angle of the descending thoracic aorta also
plays a major role in the migration of thoracic stent
grafts, possibly causing a cephalad migration of the
caudal aspect of the device. It can also make precise
deployment rather difficult; many times it is nec-
essary to deploy an additional distal extension [7].
Implanting the device in a region where significant
angulation exists can jeopardize the durability of the
endovascular repair. Finally, most stent-graft dep-
loyment mechanisms are designed for precise prox-
imal placement with minimal or no control over the
distal attachment site or landing zone. Therefore ac-
curate deployment near the celiac artery becomes
more challenging. Given the aforementioned issues,
itisadvisable to lengthen the distal neck by perform-
ingaortic debranching techniques in a small but not
insignificant number of patients.

While additional fixation can be obtained on the
proximal aspect of the aneurysm by either carotid
subclavian bypass or coverage of the left subclavian
artery, the visceral section of the aorta is less forgiv-
ing. While there are reports of celiac artery coverage
without incident, severe complications may arise
from either hepatic or splenic ischemia, resulting in
potential demise of the patient [8, 9]. It has been
our approach to routinely revascularize all celiac
arteries if coverage is planned unless certain con-
traindications exist [10]. These include prohibitive

abdominal surgical risks, diminutive hepatic or in-
flow vessels potentially jeopardizing collateral flow
or patients with documented celiac occlusion.

Neck angulation can also impose significant re-
strictions on proximal thoracic pathologies. Since
the arch of the aorta is fixed by the great vessels,
proximal aneurysms often induce an acute angle
change at or just distal to the left SCA. Passage
of some devices can be difficult in these situations
and are often associated with an increased risk of
stroke during endovascular exclusion. It is advis-
able in these patients to evaluate the extent of arch
atherosclerotic disease and council the patientabout
potential stroke risks.

Aortic morphology

Tortuosity in other regions of the aorta can also
cause intent to treat failures. The thoracic aorta
is a complex three-dimensional (3D) structure,
which when dilated from aneurysmal disease can
pose many challenges for the interventionalist. One
should be familiar with the available devices and
their relative ability to traverse various thoracic
anatomies (flexibility). This becomes especially im-
portant when treating extensive regions of the
thoracic aorta. Each component implanted into
the thoracic aorta results in a relative compliance
change and potentially limits the insertion of the
next component. There have been instances when
exclusion of the aneurysm cannot be completed af-
ter the deployment of the initial device because sec-
ondary devices are not able to traverse the thoracic
aorta. One approach is to evaluate the radius of
curvature. In the cases where the aortic arch radius
is less than 25-35 mm endovascular repair may be
problematic. In addition, when the aortic angles ex-
ceed 75°, the deliverability of the device often be-
comes extremely difficult or impossible.

Device position

During patient selection, the location of the prox-
imal implantation region of the device should be
determined. Adjustments to the ideal position of
the proximal seal are not only governed by the neck
location, but also the orientation and conformation
of the device and the sealing stents to the thoracic
aorta. In angled regions, especially in the arch, this
can alter the intended implantation site and resultin
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unanticipated coverage of branched vessels. When
preoperative evaluation predicts that this may oc-
cur, cerebral evaluation should be completed prior
toimplantation [11]. This generallyincludes carotid
and subclavian artery duplex ultrasonography, as
well as CT and/or MRA of the great vessels, verte-
bral arteries and the Circle of Willis. As previously
described the left subclavian artery can be man-
aged expectantly without preprocedural revascular-
ization with few exceptions [11, 12]. These include
patients with aberrant or dominant left vertebral ar-
teries and LIMA bypass grafts. When more proximal
implantation is desired, aorticarch debranching can
be performed. This can be accomplished with nu-
merous procedures that include carotid—subclavian
bypass or transposition, carotid—carotid bypass and
ascending arch to innominate and carotid bypass.

Paraplegia risks

While it has been shown with open thoracoabdomi-
nal aneurysm repair that the length of aortareplaced
is associated with an increased risk of paraplegia,
this has not been the experience with thoracic en-
dovascular procedures. Therefore, generous sealing
regions (3—-5 cm) that exceed the IFU recommen-
dations are usually chosen for the patient to maxi-
mize the potential for long-term success. An asso-
ciation with paraplegia has been identified however
in those patients who have had prior abdominal
aortic aneurysm repairs. It appears that the risk is
increased approximately two-fold, from 4% to 8%
[6, 13]. In this cohort care should be taken when
planning the procedure. Preservation of left SCA
flow should be stressed because it provides an ex-
cellent collateral pathway in potentially preventing
spinal cord ischemia. Additionally, many surgeons
will insert a prophylactic spinal drainage catheter.
This practice has arisen from several anecdotal case
reports of resolution of spinal cord ischemic com-
plications after placement of a lumbar drain in pa-
tients.

Access issues

Access complications are often due to a combina-
tion of iliofemoral arterial calcification, tortuosity,
and stenosis that can be identified with preopera-
tive imaging. While the presence of any one of these
aspects can easily be overcome, their combination

can lead to access failure or vascular complications
during the procedure. Critical assessment of the il-
iac vessels should be undertaken with axial imaging
characterizing the caliber of access vessels (common
iliac, external iliac, and common femoral) and the
degree, location, extent, and circumferential nature
of calcium; and 3D reconstructions can map out
vessel tortuosity. Delivery catheter sizes are still rel-
atively large and have a size range of 22-25 Fr.
Approximately 15-20% of patients will require an
iliac or aortic conduit for successful device implan-
tation. While this can be tolerated in most patients
in the elective situation, it does add additional mor-
bidity to the procedure. When emergent conversion
from iliac rupture occurs, it imparts significant risks
to the patient. If any potential access issues are iden-
tified preoperatively, an elective conduit placement
should be planned.

Conclusion

Despite advancements in devices and technology
over the past decade, patient selection criteria have
remained relatively the same and are mainly gov-
erned by aortic neck characteristics both proximally
and distally. When compromises are made in either
of these two regions, patient outcomes are nega-
tively impacted. Detailed axial imaging with mul-
tiplanar reconstruction capabilities is crucial for
proper evaluation, planning and sizing for thoracic
endovascular procedures. In the future, branched
and fenestrated devices will allow for the treat-
ment of lesions involving either the great vessels
or the visceral section with less invasive meth-
ods compared to hybrid procedures performed
today.
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CHAPTER 6

Noninvasive aortic imaging
modalities: CT, MRI, intravascular
ultrasound (IVUS),

and transesophageal
echocardiography (TEE)

Tae K. Song, & Rodney A. White

Noninvasive imaging modalities are the principal
methods used to determine which patients are can-
didates for thoracic aortic endovascular interventi-
on and allow for surveillance monitoring following
aortic endovascular procedures. Current modali-
ties being utilized include computed tomography
(CT), magnetic resonance imaging (MRI), trans-
esophageal echocardiography (TEE), and intravas-
cular ultrasound (IVUS). Each modality provides
information that is useful for preinterventional se-
lection of patients, deployment of endografts, and
assessment of long-term outcomes.
Preintervention CT and MRI are replacing con-
trast angiography as the primary imaging studies
for thoracoabdominal pathology in determining
patient candidacy for endovascular therapy. An-
giography can be particularly misleading regard-
ing adequacy of landing zone length and the dis-
tribution of thrombus at the fixation sites. In fact,
many interventionalists feel that contrast enhanced
CT scans (preferably centerline images with three-
dimensional (3D) reconstructions) are the most ac-
curate method to determine aneurysm morphol-
ogy, aortic dissection characteristics, and adequacy
of fixation sites for endograft deployment in aortoil-
iac procedures. MRI provides similar information
as CT scans if high quality software is available.
IVUS and TEE are ultrasound-based imaging
modalities that are enhancing the 3D, real-time

imaging of aortic segments prior to, during, and
following endovascular therapy. These nonionizing
radiation imaging technologies supplement con-
ventional angiography and cinefluoroscopy. Appro-
priately employed in conjunction with preinterven-
tion CT images, IVUS interrogation can expedite
preprocedural planning and reduce fluoroscopic
and contrast requirements.

IVUS can also be used to determine aortic mor-
phology such as the presence of thrombus or cal-
cification. IVUS provides real-time observation of
endograft stent expansion and assessment of appo-
sition of endograft stents to the aortic wall before
the procedures are completed. In comparison, TEE
offers some of the same advantages as IVUS but also
produces a unique perspective of cardiac function,
ascending and descending aortic anatomy.

Computed tomogaphy

3D spiral CT imaging methods are dramatically im-
proving the utility of CT for interpreting the dis-
tribution of thoracoabdominal disease and for as-
sessing appropriate endovascular therapy. Images
can be reconstructed using maximum intensity pro-
jection (MIP), producing two-dimensional (2D)
images that can differentiate mural calcification
from intraluminal contrast. Alternatively, a shaded
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surface display (SSD)-rendering technique may be
used, producing 3D images depicting the surface of
the contrast-enhanced structures. CT angiography
(CTA) then allows an infinite number of viewing
angles of the 3D reconstructed image.

CT has become the gold standard in preinter-
ventional planning of thoracoabdominal aortic an-
eurysms, thoracic aortic dissections, grafts, and
stents for endovascular therapy. CT offers precise
anatomic information needed for preplanning of
endovascular therapy. Thin cut CT slices of 2 to
3 mm can be converted into 3D reconstructions us-
ing specialized computer software (Medical MetRx
Solutions, West Lebanon, NH). Thus, CT allows
assessment of the cross-sectional morphology of
vascular structures with clear delineation of lumi-
nal and wall components (i.e. thrombus or calci-
fications), aortic dimensions (i.e. stent selection),
size of femoral access vessels, and involvement of
branch vessels [1]. With thoracic aortic dissections,
CT accurately determines the extent of dissection
flaps and which visceral vessels are supplied by the
true or false lumen (Fig. 6.1). This information may
be important when planning interventions such as

Figure 6.1 Interactive 3D CT image of a
chronic descending aortic dissection
depicting a true and false lumen (f) with an
entry point distal to the left subclavian
artery and extending below the celiac axis
(celiac origin is derived from true lumen).
Corresponding axial images depict the 2D
findings found on conventional CT.

fenestration to alleviate the ischemic sequelae of a
thoracic dissection. CT is also sensitive (92%) and
specific (83%) for the detection of hemodynami-
cally significant renal artery stenosis [2]. CT accu-
rately delineates the splanchnic vessel anatomy, in-
cludingidentifying accessory renal arteries, stenoses
involving mesenteric vessels, and collateral vessels
[3].

CT is helpful in monitoring the long-term func-
tion of devices and is the primary modality for es-
tablishment of long-term surveillance. Patients se-
lected for endovascular treatment are often enrolled
in follow-up surveillance programs with serial CT
scans obtained preoperatively and postoperatively
at 1 month, 6 month, and yearly thereafter (Fig. 6.2).
Serial CT scans can then help delineate the effects of
endovascular therapy on the natural history of tho-
racoabdominal pathology. CT will also detect com-
plications of endograft treatment such as stent frac-
ture, stent migration, thrombosis, and endoleaks.
Compared to digital subtraction angiography, CTA

is sensitive (86%) in detecting the presence of en-
doleaks, but demonstrates less specificity in differ-
entiating the type of endoleak [4].
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pre-procedure

Figure 6.2 Composite interactive 3D CT images of complete regression over 7 months of a 7 cm aneurysmal enlargement
of a chronic proximal descending aortic dissection following coverage of the proximal entry site with a single

130-mm-long Talent thoracic endograft.

Magnetic resonance imaging

The principle of “flow void,” where rapidly moving
protons fail to elicit a perceptible signal, forms the
basis for imaging blood vessels using MRI methods
(magnetic resonance angiography) essentially pro-
ducing a “luminogram” of the thoracic aorta [5].
More sophisticated techniques based on gradient-
echo (GRE) pulse sequences produce bright blood
images from 2D or 3D data sets that can be pro-
cessed for optimal viewing angles.

MRI is an important and noninvasive diagnos-
tic tool to screen patients for endovascular therapy.
MRI can also be used as an alternative method for
monitoring long-term outcomes following endo-
graft placement. A comparison of MRI to CT as the
sole preoperative imaging modality for endovascu-
lar therapy showed no differences in aborted proce-
dures, conversions to open procedures, or inability
to access vessels for deployment [6, 7].

MRI provides information regarding luminal di-
mensions, vessel wall, and the relation of pathology
to the arch vessels and paraaortic structures. Like
CT, MRI is effective for diagnosing aortic dissec-

tions, but MRI is more sensitive for demonstrat-
ing the dissection entry site and endpoint. On MRI
scans, intimal flaps are seen aslinear structures of in-
termediate signal density, with blood flowing in the
adjacent lumens appearing as flow void or anoma-
lous intraluminal flow signal. MRI is also well suited
to the evaluation of aortic aneurysmal disease de-
tecting the presence of a mural thrombus, outer di-
mensions of the aorta, size of the residual lumen,
and the relation of the aneurysm to major branch
vessels. Dynamic MR is developing as a powerful
method for evaluating intravascular 3D hemody-
namics and flow and is enhancing the assessment of
complicated aortic pathologies such as dissections.

Increasingly, MRI is commonly used as an ad-
junct to ultrasound imaging for the assessment of
patients who are not suitable for radiologic con-
trast infusion due to renal insufficiency or con-
trast allergy. The incidence of anaphylactic reaction
to gadolinium is extremely low. MRI can also be
used to establish long-term surveillance outcomes
as the nitinol stent material is compatible with mag-
nets; however MRI does not allow assessment of
the stent lumen. Artifacts created by the presence
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of intravascular steel coils [5] from previous em-
bolization vessel occlusion reduce image resolution.
In contrast, the use of platinum intravascular coils
would allow for MRI compatibility.

More recently, application of MRI using faster
magnetic resonance gradients to allow for time-
resolved magnetic resonance angiography (TR-
MRA) has been employed not only to detect the
presence of endoleak, but also to characterize the
type of endoleak with much greater sensitivity than
CTA [8, 9]. The ability to characterize the type of
endoleak is important in directing the need for fu-
ture intervention for type I and type III endoleaks.
Currently, the gold standard for detecting the type of
endoleak is digital subtraction angiography. Haulon
etal.[9] suggest the failure of the aneurysm to shrink
based on 6 month CTA surveillance should be fol-
lowed by a MRI with gadolinium to detect an en-
doleak with a high degree of sensitivity. Cine MRA
has also been used to correlate aneurysm pulsatil-
ity to differentiate between type I and type II en-
doleaks [10]. Type II endoleaks have not been as-
sociated with continued endotension [11] and are
often monitored with serial imaging.

MRI, however, is not suitable for all patients.
Exclusion from MRI scanning includes metal im-
plants, inability to hold one’s breath (i.e. ventilator-
dependent patients), and claustrophobia. MRI
shows a limited ability to determine the degree and
distribution of calcification within a vessel lumen
making assessment of the suitability of femoral ac-
cess vessels difficult. MRI does not accurately detect
the presence of accessory renal vessels or the degree
of renal artery stenosis well.

Ultrasound imaging

Transesophageal echocardiography

The role of TEE during endovascular therapy is
evolving and is probably the least utilized noninva-
sive imaging modality. Primarily employed for the
assessment and treatment of thoracic aortic dissec-
tions, TEE provides a unique perspective of cardiac
function and ascending and descending thoracic
aortic anatomy. TEE allows precise localization of
entry sites and relationship to the brachiocephalic
artery, depicts the anatomical relationship of the
true and false lumens, and can detect endoleaks
[12]. Similar to IVUS, TEE can verify placement

of the guide wire within the true lumen prior to
endograft deployment and assess for stent appo-
sition following endograft deployment with color
flow Doppler. Because TEE does not interfere with
deployment, TEE can be used in real time to assess
successful exclusion of the false lumen (i.e. “smoke
phenomenon”) as well as to detect the presence of
endoleaks including a higher sensitivity in detecting
Type IV endoleaks [12, 13].

In contrast to IVUS, TEE requires general anes-
thesia and allows limited visualization of the trans-
verse aortic arch and abdominal aorta and its
branches. Similar to IVUS, the assessment of PTFE
stents with TEE will be less useful. With its higher
degree of sensitivity in detecting thoracic dissec-
tions and its utility in endograft deployment, the
role of TEE may continue to expand in the treat-
ment of aortic dissections.

Intravascular ultrasound

IVUS is particularly useful in the treatment of tho-
racoabdominal pathology [14]. For instance, IVUS
can establish aortic wall morphology, locate the ori-
gins of branch vessels, size vessel lumen dimensions,
and select proximal and distal landing zones for
endograft deployment [15]. In conjunction with
cinefluoroscopy, IVUS can be used to assess the
accuracy of endograft deployment, degree of de-
vice expansion, and stent apposition of the pros-
thesis to the vascular wall (Fig. 6.3). An advantage
of IVUS is the ability to map additional segments
of the aorta either proximal or distal to the endo-
graft in preparation for additional endograft stent
placement. IVUS is particularly useful when com-
bined with fluoroscopy to identify the origin of the
visceral vessels, thus enhancing precise deployment.
Through the use of IVUS and pulsed fluoroscopy,
the amount of radiation exposure and potentially
nephrotoxic contrast use can be minimized signifi-
cantly. This reduced exposure and limited contrast
use may benefit those with contrast allergies or renal
insufficiency.

As an appealing alternative to contrast angiogra-
phy, IVUS can be used independently to investigate
pathologic lesions. Its ability to identify branch ves-
sels relative to a calibrated ruler placed beneath the
patient and anatomic landmarks has been used to
deploy endografts without the need for fluoroscopy
(Fig. 6.4).
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Figure 6.3 Postendograft deployment (a) image on fluoroscopy and corresponding IVUS image (b) demonstrating poor
apposition of the endograft to the aortic wall. The endograft underwent balloon dilatation with subsequent improved
apposition.
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Figure 6.4 IVUS image depicting the typical sequence of aortic arch branch vessels (images a and b) of innominate artery,
left common carotid artery (CCA) and left subclavian artery (SCA). An entry site (tear) is demonstrated (image c) distal to
the left subclavian artery. An intimal flap separating the true (t) and false (f) lumen is shown by IVUS (image d).
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Figure 6.5 Entry site (arrow) of an aortic
dissection is depicted by IVUS.

IVUS utilization requires an understanding of the
principals of ultrasound interpretation in vascular
anatomy. The ultrasound signal may be attenuated
by calcification in the vessel wall, and may show
enhancement by prosthetic graft material. Analysis
of aortic wall morphology may show the presence
of thrombus, dissection flaps, and pulsatile flow
within the true and false arterial lumens in a dis-
sected artery.

Artifacts can be produced by wires and catheters
in the arterial lumen. Catheter designs that en-
able delivery of the ultrasound elements without
a monorail delivery wire eliminate wire artifact and
enhance 360° views of the arterial anatomy. For
this reason, coaxial phased array systems that pro-
duce images utilizing electronically rotating signals
rather than mechanically rotating systems over ec-
centric wire delivery provide enhanced optimal res-
olution.

In our practice, IVUS is particularly useful in
the endograft treatment of aortic dissections [16].
IVUS can help identify entry and reentry tears in
aortic dissections (Fig. 6.5), identify the origin of
aortic and visceral branch vessels, and determine

08:54:10

the proximal fixation point relative to the brachio-
cephalic vessels. Selective endograft exclusion of the
false lumen can be aided by use of IVUS to care-
fully navigate a guide wire pathway within the true
lumen and assess for successful reperfusion of the
true lumen following endograft deployment. IVUS
may also help determine adequacy of stent length
coverage for false lumen exclusion by demonstrat-
ing the return of systolic pulsatile flow to the true
lumen as well as concomitant stagnation of flow
and thrombus development within the false lumen
(Fig. 6.6) [16]. The major drawback to the use of
IVUS is the need for invasive arterial access for
catheter placement.

Conclusion

There exist a number of noninvasive imaging
modalities that are currently available for use in
the treatment of thoracoabdominal pathology with
endovascular therapy. Each modality has particu-
lar advantages and will likely continue to evolve
as more experience with endografts is accumulated
and long-term outcomes are better understood.
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Figure 6.6 1VUS images of aortic dissection preendograft deployment (a) and postendograft deployment (b)
demonstrating the dimensions of the true lumen (arrows) at the same aortic level. Real-time predeployment images show
pulsatile flow in the false lumen with severe compromised flow in the true lumen. The postprocedure IVUS image (b)
demonstrates enlargement of the true lumen with pulsatile flow in the true lumen and stagnation of flow in the false

lumen (f) following coverage of the proximal entry site.

Spiral CT remains the gold standard for preoper-
ative assessment for patient selection and postoper-
ative surveillance. For instance, spiral CT is particu-
larly useful for choosing appropriate candidates for
complex reconstructive procedures such as endolu-
minal vascular prosthesis placement, where prein-
tervention assessment of the lesions, sizing of proxi-
mal and distal vessels, and identification of collateral
beds is indispensable. Moreover, TEE and IVUS are
under-utilized modalities that may play an expand-
ing role in endovascular therapy given its applica-
bility within the operating room.
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CHAPTER 7

Preoperative imaging and device
sizing in endovascular management
of thoracic aortic aneurysms

Panagiotis Kougias, Hosam El Sayed, & Wei Zhou

Thoracic aortic pathology in a variety of forms con-
tinues to represent a significant health challenge.
The incidence of thoracic aortic aneurysms (TAAs)
is estimated to be as high as 10 cases per 100,000
population per year [1, 2], whereas acute aortic dis-
section occurs in 10 to 20 individuals per million
population [3] and traumatic aortic tears occur in
up to 18% of motor vehicle accidents [4]. Until re-
cently, the only effective treatment method was sur-
gical graft replacement, involving high morbidity
and at times technically complex operations. En-
dovascular stent-graft repair recently emerged as a
viable alternative and has now gained acceptance
as an innovative, safe treatment method associated
with substantially less morbidity and reduced hos-
pital stay.

Unlike open TAA repair, where the surgeon can
make decisions on graft size at the time of surgery,
endoluminal repair requires meticulous preopera-
tive imaging to precisely define the aneurysm mor-
phology and choose the appropriate size graft. This
quickly became evident in the early era of endovas-
cular abdominal aortic aneurysm (AAA) repair,
when failure to correctly measure the aneurysm
led to endoleaks, graft thrombosis, graft misalign-
ment, and failure to exclude the aneurysm [5];
and is particularly true for aneurysms of the tho-
racic aorta, where high flow velocities and acute
arch angles pose a formidable challenge in accurate
graft placement and aneurysm exclusion. Evalua-
tion must include measurements of various diame-
ters and lengths of the aortic arch and proximal and
distal thoracic aorta. In addition, iliac artery size,

tortuosity, angulation, and calcification may impact
graft delivery and need to be taken into account.
This chapter summarizes the most important as-
pects and highlights commonly made pitfalls in en-
dograft sizing prior to endovascular repair of TAA.

Preoperative imaging

An ideal preoperative imaging modality to evalu-
ate a patient for endovascular TAA repair would be
accurate in depicting aneurysm morphology, mini-
mize radiation and contrast exposure, and be non-
invasive, inexpensive, and easily tolerated by the pa-
tient. Such a modality is not available. Techniques
that are available and currently in use, sometimes in
combination, include computed tomography (CT)
scans, aortography, intravascular ultrasound scan-
ning, and magnetic resonance angiography. The
most commonly used diagnostic modalities are CT
scan and marking aortography [6].

CT angiography with intravenous administra-
tion of contrast and 3-mm-thick slices, widely used
in the assessment of TAAs, may be the only study
required prior to an open repair. Traditional ax-
ial CT images over a tortuous portion of the aorta
will overestimate the true diameter of the vessel
and should thus be interpreted cautiously when
sizing a thoracic endograft. Digital modification of
CT-acquired images has been used with success for
both abdominal and TAAs. Reconstruction of the
image with curved linear reformats allows visualiza-
tion of the vascular lumen in a plane perpendicular
to the central arterial axis. To achieve this, central
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lumen lines are created by placing markers in the
center of the vessel of interest (Fig. 7.1). The recon-
struction obtained using this method may provide
more accurate information on aortic length than
traditional arteriography with marking catheter,
since the position of the central lumen line can be
adjusted to the anticipated position of the endo-
graft. If the aorta is elliptical at the level of the mea-
surement, then the mean diameter can be used to
select the appropriate graft [7]. In addition, three-
dimensional (3D), interactive digital reconstruc-
tion is possible using proprietary software (Preview
Software, Medical Media Systems [MMS], West

Figure 7.1 Three-dimensional reconstruction of CT scans is
invaluable in permitting accurate measurements of
thoracic aorta aneurysms. Length measurements are
optimized; however, lumen diameters are best measured
directly from transverse slices.

Lebanon, NH). Encouraging results with this tech-
nology indicate that 3D reconstruction might be the
only diagnostic modality necessary for preoperative
planning in patients with AAAs, eliminating the
need for preoperative angiography [8]; however,
others take a more conservative approach, sug-
gesting that for the straightforward aneurysm, 3D
reconstruction does not really alter or improve deci-
sion making compared to traditional CT angiogra-
phy [6]. Studies comparing 3D CT reconstruction
with traditional CT angiography and other imag-
ing modalities in terms of preoperative thoracic en-
dograft planning are not currently available. The
complex structure of the aortic arch and the tor-
tuosity present in the distal descending aorta — the
two common landing zones of thoracic endografts —
lend themselves to a more sophisticated level of
imaging, and most authors use 3D reconstruction
routinely [1].

Aortography provides important information on
arterial tortuosity, length of the various segments,
and the presence of concomitant occlusive disease.
Distinct disadvantages include complications asso-
ciated with the invasive nature of the procedure;
and inability to reliably measure diameter, because
of the presence of mural thrombus, or detect calci-
fication that can be a major cause of fixation and
delivery problems. When performed as a separate
procedure prior to endograft placement, arteriog-
raphy also adds to the overall cost of the procedure.
In our experience, sizing the endograft with CT an-
giography and performing the arteriogram with a
marking catheter just prior to the deployment of the
stent graft is preferable, except for the most compli-
cated aneurysms or those associated with chronic
dissection.

Intravascular ultrasound (IVUS) has become an
invaluable intraoperative imaging tool, particularly
in difficult cases and those associated with aortic
dissection. IVUS gives information on aortic diam-
eter without the confounding magnification effect
of arteriography; measures the length of proximal
and distal landing zones; confirms aortic branch
anatomy; verifies the optimal stent-graft placement
after deployment; confirms wire passage in the true
lumen and adequate coverage of the entry site in
the cases of dissection; and offers information on
adequate graft apposition and relation to adjacent
branches [9, 10].
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Device sizing

Selection of appropriate length and diameter of the
endoprosthesis used in endovascular TAA repair is
closely linked to the sophistication and accuracy of
the preoperative imaging modalities. The impor-
tance of accurate sizing cannot be overemphasized.
Some of the major postoperative complications, in-
cluding type I endoleak, kinking and collapse, and
obstruction at branch orifice points, are directly re-
lated to poor sizing.

Diameter considerations (Fig. 7.2)

CT scan imaging with or without 3D reconstruction
indicates the aneurysmal portion of the aorta and
the adjacent segments of normal caliber that can
serve as landing zones. Diameter measurements of
the true lumen from inner wall to inner wall at 1
and 2 cm from the proximal and distal implanta-
tion sites are recommended to assess for a conically
shaped neck, which may increase the risk of graft
migration. A graft diameter 6-19% larger than the
aortic diameter is desirable to allow for good wall
apposition. For the Gore thoracic aortic graft (TAG)
device, this means that aortic diameters from 23 to
37 mm can be treated using six different prosthe-
sis diameters from 26 to 40 mm (Fig. 7.3). Further
oversizing the graft does not add anything to the
procedure and can in fact be dangerous if the end
point of the graft protrudes into the aortic lumen,
especially if the proximal landing zone is just dis-
tal to an acutely angled aortic arch. This has the
potential for graft collapse, which can lead to con-
tinuous pressurization of the aneurysmal sac. In an
even worse case scenario, high blood flows within
the aortic arch can make the graft fold into itself,
causing obstruction of the aorta and death. This is
of particular concern in young patients with rela-
tively small aortas who present with aortic trauma
and for whom appropriately small endoprostheses
are not available.

The size of the introducer sheath utilized to de-
liver the endoprosthesis is closely linked to the di-
ameter of the endograft and may vary from 20 Fr
(7.6 mm) to 24 Fr (9.2 mm). This is an impor-
tant consideration when planning the operation
and mandates careful evaluation of the diameter of
the access vessels. Small, calcified, and tortuous iliac
and femoral vessels will not accommodate the large

Figure 7.2 This is a typical sizing diagram for sizing of the
descending thoracic aorta. A minimum of six diameters are
used to characterize the proximal and distal landing zones.
For the Gore TAG device, these are lumen-to-lumen
measurements, not adventitial-to-adventitial
measurements. Consequently appropriate sizing requires a
contrast-enhanced CT scan, angiogram, or IVUS. A:
Proximal implantation site. B: 1 cm from proximal
implantation site. C: 2 cm from proximal implantation site.
D: Aneurysm. E: 2 cm from distal implantation site. F: 1 cm
from proximal implantation site. G: Distal implantation
site. H: Right common iliac artery. M: Aneurysm length. N:
Distal neck, distance from aneurysm to celiac axis. O: Total
treatment length.

delivery devices. Placement of a temporary pros-
thetic conduit in the common iliac artery is recom-
mended in these situations to avoid vascular injuries
in the iliac and femoral territory. If using a conduit,
select a graft with a large enough inner diameter for
the sheath, such as a 10-mm Dacron graft.

Length considerations (Figs. 7.4-7.6)

At least 2 cm neck length proximally and distally is
recommended by most authors to allow adequate
stent-graft seal and minimize the risk of type I
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Figure 7.3 A TAG (W.L. Gore) sizing
chart.

endoleaks. In the cases where this was not possi-
ble, continuous sac pressurization with deleterious
consequences has been described [11]. When the
aneurysm starts at least 2 cm distal to the left sub-
clavian artery, the endograft deployment is rather
straightforward. Aneurysms with more proximal
extent may necessitate complex debranching pro-
cedures that will allow coverage of one or more of
the arch branches in order to achieve the desirable
2 cm sealing zone. Distal neck length, measured as
the distance of the aneurysm from the celiac axis,
also needs to be adequate, although debranching
procedures have been described [12] and can opti-
mize the neck to appropriate length.

Lengths of thoracic stent grafts are limited; the
TAG endoprosthesis, for instance, is available in
lengths of 10, 15, and 20 cm. Therefore, more than
one piece of stent graft is often required to com-
pletely exclude the aneurysm. Several factors should
be considered in the decision making process:
(1) A minimum of 3 cm of overlap should be
used for devices of different sizes. (2) Five centime-
ter overlap should be used for same size devices.
(3) Many physicians use 5 cm overlap in most
situations. (4) Implant the smallest device, which
may be the distal device, first. (5) If the diame-
ters of the proximal and distal landing zones are
different enough to require endografts of different

Figure 7.4 (a) Measure the length of the aneurysm using angiography with marker catheter present. (b) Measure the

maximum lumen-to-lumen diameter using CT.
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AORTOGRAM

CT SCAN

Figure 7.5 Diameter measured in angled necks seen on an aortogram (a). For device sizing purpose, measure the smaller

width of the ellipse on the CT scan (b).

diameters, which is often the case, a bridging device
may be necessary between the devices.

Difficult scenarios

Small iliac arteries

Vascular trauma or thrombosis occurred in 14% of
patients in the Gore TAG pivotal trial, most of them
access-related iliac artery injuries. Iliac artery rup-
ture is the most commonly reported complication
since US Food and Drug Administration (FDA) ap-
proval of the device. Judging iliac artery ability to
accommodate a sheath is very difficult. Size require-
ments vary depending on the diameter of the graft
to be utilized, which in turn determines diameter of
the sheath to be inserted:

20 Fr sheath: OD = 7.6 mm

22 Fr sheath: OD = 8.3 mm

24 Fr sheath: OD = 9.2 mm.

Typically a rupture will not be identified until the
sheathisbeingremoved. If sheath insertion has been
difficult, have an occlusion balloon prepped and on
the table or insert one into the distal aorta while
slowly withdrawing the sheath and injecting dye.
Although some ruptures can be salvaged by inser-
tion of a stent graft, usually the external is avulsed
and back bleeding can occur from the internal il-
iac artery. In our experience, open surgical repair
is usually required. As a result, we have adopted a
very liberal policy for insertion of a retroperitoneal
conduit: If in doubt, place a conduit.

Significant aortic tortuosity

Numerous curves can develop within the aorta.
When there is angulation and tortuosity at the
arch, coupled with tortuosity immediately prior to
penetrating the diaphragmatic hiatus, these dou-
ble curves can lead to difficulty in advancing the
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Figure 7.6 Compensating for tortuosity at landing zones: Use more than 2 cm of neck if available and appropriate (a).
Greater than 2 cm of neck is recommended when a severe angle exists (<60° angle) (b).

device over the arch. The device tends to buckle into
the curve above the diaphragm and fails to advance
in the arch. Ensuring that the wire is advanced as
much as possible, advancing the wire and catheter
together, or placing a second wire to straighten the
aorta as much as possible are adjunctive techniques
for this problem.

Debranching techniques to extend the
application of thoracic endografts
Selective carotid—subclavian bypass was the first
technique used to extend the proximal landing
zone to permit endograft deployment up to the
origin of the left common carotid artery. Since
device approval, clinicians have developed tech-
niques to further debranch the aorta. Carotid-to-
carotid bypass with selective carotid—subclavian

bypass permits device deployment up to the innom-
inate. In patients with a normal ascending aorta or
a prior ascending graft, aorto—innominate bypass
with carotid-to-carotid and carotid—subclavian by-
pass permits total debranching of the aortic arch.
Debranching of theabdominal aorta canalso be per-
formed from either an infrarenal graft, infrarenal
aorta, or iliac arteries. Retrograde bypass to the
celiac, superior mesenteric artery, and renal arter-
ies allows a sequential increase in the length of the
distal landing zone.

Conclusion

Careful preoperative planning is essential for the
success of endovascular treatment of thoracic aor-
tic pathology (ETAP). CT scans with or without 3D
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reconstruction in conjunction with arteriography
provides the information needed for graft selection.
Careful diameter oversizing and adequate coverage
of the proximal and distal landing zones will allow
for aneurysm exclusion. Debranching procedures
enable treatment of aneurysms adjacent to or in-
volving the aortic arch branches, providing flexibil-
ity on landing zone selection. Characteristics of the
iliofemoral vessels need to be taken into account, in
conjunction with the delivery sheath size, in order
to avoid serious injury to the access vessels.
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CHAPTER 8

Intramural hematoma and
penetrating ulcer

Michael D. Dake

Over the past decade, advances in vascular imag-
ing technology have led to increasing recognition
of aortic intramural hematomas (IMHs) in patients
with acute aortic syndromes. Considered by many
to be a variant of aortic dissection, the pathogen-
esis of IMH still remains unclear. Two different
pathophysiological processes can lead to intramural
hematoma formation. One is IMH without intimal
disruption; in this entity, it is believed that sponta-
neous rupture of aortic vasa vasorum is responsi-
ble for hematoma formation within the aortic wall
[1]. The other type of IMH is associated with an
atherosclerotic ulcer that penetrates into the inter-
nal elastic lamina and allows hematoma formation
within the media of the aortic wall [2—4]. In previ-
ousreports, these two types of IMH are rarely distin-
guished in discussing prognoses and optimal treat-
ment methods [3, 5, 6]. The concept of the Stanford
classification scheme for aortic dissection has been
applied to IMH because the prognostic impact of
thelocation of IMH and its standard treatment have
been considered similar to those for classic aortic
dissection [5]. It is generally accepted that patients
with type B (exclusive involvement of the descend-
ing aorta) IMH can be managed conservatively in
the absence of disease progression, whereas early
surgical interventions are recommended for type A
(involvement of the ascendingaorta) IMH [5,6].On
the other hand, Coady et al. [7] recently reported
that the prognoses of acutely symptomatic hospi-
talized patients with penetrating atherosclerotic ul-
cers (PAUs) were worse than those with classic aor-
tic dissection due to a higher incidence of aortic
rupture.

In general, the treatment paradigm for IMH par-
allels the approach in classical aortic dissection

[8, 9]. A meta-analysis review of 11 IMH stud-
ies found cumulative mortality for type A IMH to
be 24% for those treated surgically, 47% for those
treated medically, and 34% overall; mortality for
type B IMH was 14% overall with little difference
between surgical (15%) and medical (13%) treat-
ment groups [10]. At present, no consensus ther-
apeutic strategy for PAU exists although a more
aggressive surgical approach, independent of loca-
tion, is being increasingly considered especially in
symptomatic patients [7, 11, 12]. The Yale Thoracic
Aortic Diseases Group has identified a 40% rup-
ture rate among PAU patients managed medically
[7, 11]. At a minimum, PAU patients with compli-
cations should undergo surgical treatment [13].

Management strategies

As the profile of clinical factors, imaging findings,
acute outcomes, and long-term results of various
management strategies comes into sharper focus,
some patterns are emerging and serve as a basis
for establishing the initial standard treatment al-
gorithms for IMH. One of the aspects of IMH,
however, that confounds attempts to set indica-
tions for intervention, much less precise manage-
ment techniques, is the wide variety of morpho-
logic appearances of aortic IMH observed with
common diagnostic imaging modalities, including
transesophageal echo (TEE) or magnetic resonance
imaging/computed tomographic (MRI/CT) scans.
Traditionally, IMH refers to hemorrhage contained
within the medial layer of the aortic wall, and is dis-
tinguished from typical aortic dissection and pene-
trating atherosclerotic aortic ulcer by the absence of
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an associated tear in the intima or direct commu-
nication between the media and the aortic lumen.

Unfortunately, this seemingly straightforward
differentiation is not always possible because of the
rapid tempo of morphologic evolution noted fre-
quently on sequential imaging exams of patients
with IMH. Thus, depending on the exact time after
the onset of symptoms when an imaging “snap-
shot” is performed, the appearance may be inter-
preted differently than an impression made from
images obtained only hours before or after. In prac-
tical terms, because there are limitations in our
ability to repeat imaging at frequent intervals, as-
signment of precise diagnostic labels in a dogmatic
manner is not always possible. Indeed, in many pa-
tients with acute aortic symptoms, a healthy bit of
confusion between the related diagnoses of aortic
dissection without intimal rupture, IMH, and pen-
etrating atherosclerotic aortic ulcer with associated
IMH is expected, and reflects the natural history
of IMH.

In addition to the potential for diagnostic confu-
sion that exists when imaging “samples” one point
in the rapid tempo of morphological evolution
characteristic of some IMH patients, other factors
limit the facile development of criteria that would
permit the blanket application of a general thera-
peutic strategy to manage patients with IMH. Some
of the critical features identified in the medical liter-
ature that appear to influence the outcome of IMH,
in terms of whether it has a complicated, progressive
course or follows an uncomplicated, benign disease
pattern include: the presence of acute symptoms at
the time of imaging diagnosis; involvement of the
ascending aorta, and presence of an associated pen-
etrating ulcer or ulcer-like projection in the involved
aortic segment [14-19].

Born out of these initial clinical observations and
despite the recognized limitations to formulating
prognostic criteria for IMH, recent attention fo-
cused on this entity over the last five years led to
the identification of numerous new features of dis-
ease involvement that may allow a more reliable
determination of the relative risk for an individ-
ual patient. It is hoped that these disease charac-
teristics will be further refined in the future to bet-
ter define those patients with an increased relative
risk of progression to aortic dissection, rupture,
aneurysm formation, IMH expansion, and those in

which partial regression or complete resorption is
likely.

Predictors of disease progression

Some of the current predictive factors of disease
progression proposed for patients with IMH exclu-
sively, without an associated ulcer or intimal ero-
sion, include: involvement of the ascending aorta;
maximum aortic diameter of 50 mm or greater on
initial CT scan; persistent pain; progressive maximal
aortic wall thickness; and enlarging aortic diameter
[15, 18-20]. Other predictors of disease progres-
sion in patients with IMH and an associated aortic
ulcer or intimal erosion include: interval increase
of associated pleural effusion; recurrent pain; ul-
cer located in the ascending aorta or arch; initial
maximum ulcer diameter of 20 mm or more; and
initial maximum ulcer depth of 10 mm or greater
[14,15].

Given this background and with the recognition
that roughly half the cases of IMH progress de-
spite medical treatment while the others show spon-
taneous resolution of the process without clinical
sequelae, a loosely held consensus regarding IMH
management has coalesced around the traditional
treatment algorithms applied to classic aortic dis-
section [15, 21]. Thus, one of the pivotal criteria
used to direct treatment is based around the loca-
tion of aortic involvement with the Stanford classi-
fication of aortic dissection commonly used to cat-
egorize IMH. In this regard, in many institutions,
the standard treatment over the past decade for pa-
tients with type A IMH with or without an ulcer has
been early surgical graft replacement.

Published 30 day mortality after surgery is re-
ported to range from 10 to 50% [15, 20-23]. De-
spite the uncertain risk of operative repair, it is a
firmly held belief that for acute IMH presenting
within a few hours of symptom onset and involv-
ing the ascending aorta, observation and medical
treatment are far more dangerous than surgery [15,
20-23]. Alternatively, other investigators have advo-
cated conservative treatment for type A IMH and
report favorable results without progression to clas-
sic dissection, rupture, tamponade, or compres-
sion of coronary ostia [16, 24-26]. Song and col-
leagues suggest that medical treatment initially with
frequent imaging follow-up and elective surgery
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in cases that develop complications is a prudent
strategy [27]. These conservative approaches cur-
rently, however, remain minority opinions for deal-
ing with acutely symptomatic patients.

Asymptomatic patients

Conversely, in asymptomatic patients or those be-
yond 48 h from the onset of symptoms with IMH
located in the arch or descending aorta, watchful
waiting and aggressive antihypertensive treatment
appear a safe strategy; however, frequent follow-up
imaging evaluations for evidence of intimal erosion
or disease progression are required and a low thresh-
old for intervention should be maintained if symp-
toms recur [14, 15]. This conservative approach to
type B IMH is supported by studies that document
similar survival statistics for medical treatment and
surgical repair in the setting of descending thoracic
IMH [17, 18, 22]. In a series of 53 cases of type B
IMH, Harris and colleagues reported similar sur-
vival results for 33 patients managed medically and
20 who underwent surgery (91% and 80%, respec-
tively) [22]. Thus, although the cumulative risk of a
conservative management policy is not defined pre-
cisely for type BIMH, there exists no clear advantage
to an operative strategy.

There are clinical scenarios, however, that are
considered exceptions to this approach. Most no-
tably, the presence of a penetrating aortic ulcer in
an acutely symptomatic patient or an unstable or
enlarging distal ulcer associated with type B IMH
should undergo more aggressive treatment [ 14]. Ex-
peditious surgical intervention is recommended in
this setting; however, conventional open repair re-
quiring graft interposition is associated with high
morbidity and mortality rates, especially in this
complicated setting in patients that typically are not
ideal operative candidates because of advanced age
and/or coexisting medical diseases. Consequently,
less invasive strategies that rely on the endovascu-
lar placement of stent grafts to cover the ulcer and
some extent of the IMH have been recently investi-
gated with promising initial results, including a lack
of early pseudoaneurysm formation in the treated
aortic segment. Indeed the endovascular approach
may have considerable advantages in this disease
compared with conventional open surgical repair
[14, 28]. Application of this minimally invasive

technology to cases of type B IMH without asso-
ciated intimal disruption or ulcer has not been re-
ported. As additional correlative studies from larger
clinical series than previously published and the re-
sults of new therapies are reported in the literature,
there is an opportunity to refine management ap-
proaches to IMH and establish treatment guidelines
that will improve outcomes and benefit patients be-
yond what is achieved currently.
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CHAPTER 9

Patient follow-up and evaluation of
abdominal and thoracic stent grafts

Jan D. Blankensteijn

Introduction

Currently, almost 15 years after the introduction of
endovascular aortic aneurysm repair, durability of
stent grafts is still an issue. Endovascular aneurysm
repair has been demonstrated to be safe and effec-
tive, and in two randomized studies it was shown to
be superior to open repair, at least for the first post-
operative month [1, 2]. Despite this, many surgeons
are hesitant to make endovascular aneurysm repair
the method of first choice in all eligible patients.
This attitude probably finds its origin in the first
decade of endovascular aneurysm repair in which
many durability issues of stent grafts have been en-
countered including metal fatigue, fabric tears, dis-
connecting modules, and graft porosity. While 2- to
4-year results of randomized trials comparing open
and endovascular repair have been reported [3, 4],
longer term results are required before endovascular
aneurysm repair can be labeled a durable alternative
for open repair.

Although the new generation endografts have al-
ready outperformed their predecessors, the disas-
ters of the recent past are not easily forgotten. As
a consequence, endovascular aneurysm repair pa-
tients are usually submitted to intensive and fre-
quent follow-up schedules. Recent reports have re-
iterated the need for a continued, intensive, and
accurate surveillance [5].

With the development of endovascular aneurysm
repair, imaging modalities have also greatly im-
proved. Initially, plain abdominal films (to detect
structural defects), Duplex ultrasound (to detect
endoleak and evaluate limb patency), and (heli-
cal) CT-angiography (to detect endoleak and size

changes) were predominantly used. More recent
modalities such as magnetic resonance imaging,
MR-angiography (MRA), and multidetector CT-
angiography (MDCT) have dramatically improved
image quality in endovascular aneurysm repair
follow-up. These novel techniques have allowed
for dynamic imaging of aortic wall and endo-
graft movement and of endoleak hemodynamics.
In addition, remote pressure sensors (RPS) have
made noninvasive, continuous sac-pressure mea-
surement possible.

Simultaneously, the focus of follow-up after en-
dovascular aneurysm repair has shifted from in-
complete exclusion (endoleak) and structural de-
fects, to aneurysm sac size changes (diameter and
volume), and subsequently to sac-pressure and aor-
tic wall and stent-graft motion.

In this chapter, the following issues will be ad-
dressed. What is the best indicator of effectiveness
of endovascular aneurysm repair, i.e. prevention of
death from aneurysm rupture? Are current endo-
grafts reliable as to allow us to relax on the follow-
up protocols or will newly developed (potentially
less durable) endografts continue to require vigi-
lance? Can a single new modality (MDCT, MRA,
or RPS) reliably replace multiple older modalities
of follow-up? Is follow-up of thoracic stent grafts
different from abdominal endovascular aneurysm
repair? What impact do the elaborate follow-up ex-
aminations have on the economics of endovascu-
lar aneurysm repair, and on patient safety (radia-
tion and dye exposure)? Is the same endovascular
aneurysm repair follow-up required for all patients
or can tailor-made protocols safely minimize the
negative effects of follow-up?

65
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Determinants of success

The primary goal of aneurysm repair is to prevent
death from rupture. Conventional open repair has
long been established to accomplish this for both
abdominal and thoracic aortic aneurysms. Imag-
ing plays a key role in determining the postoper-
ative success of endovascular repair. After stent-
graft placement, complete and continued exclusion
of the aneurysm sac can be confirmed by the ab-
sence of flow outside the endograft (endoleak) using
contrast-enhanced imaging (CTA/MRA) or Duplex
ultrasound, or by shrinkage or arrest of growth of
the aneurysm as determined by diameter or volume
measurements.

All endoleaks can lead to aneurysms expansion,
which in turn is thought to be associated with ele-
vated extra-luminal sac pressure (ESP). Therefore,
aneurysm size is an important marker of persistent
pressurization of the aneurysm sac, independent
of the presence or absence of endoleak [6]. If the
aneurysm is growing after endovascular aneurysm
repair, even in the absence of an obvious endoleak,
it should be considered at risk for rupture.

It is important to realize that sac shrinkage is a
slow process and depending on the method used it
may take long before changes can be demonstrated.
Using diameter measurements it typically takes over
12 months before 50% of sacs can be demonstrated
to shrink. Consequently, in the most optimistic sce-
nario, over 40% of patients cannot be assured that
the risk of rupture is removed in the first year. We
have shown that serial, standardized, nonluminal
aneurysm sac volume measurement (thrombus vol-
ume) is the most sensitive tool of following size
change after endovascular aneurysm repair [7]. Of
all size parameters, volume measurements are the
first to identify effectively excluded AAA and the
first to identify AAAs that are not excluded from
the systemic blood pressure and intervention might
be indicated. Using thrombus volume, in over 60%
of aneurysms a significant change can be detected
after 6 months. Maximum aneurysm sac area and
circumference measurements are less sensitive to
size changes than volume measurements but more
sensitive than diameter measurements [8]. Maxi-
mum aortic circumference measurements can be
used as an alternative if volume measurements are
not available or too time-consuming.

In addition to these imaging techniques, com-
plete exclusion can be tested by direct measurement
of ESP using pressure gauges [9], or wireless pres-
sure sensors implanted in the excluded aneurysm
sac [10]. Pressure measurements do not rely on slow
secondary effects of pressure changes (aneurysm
growth) to occur and therefore seem to be the most
direct and straightforward determinant of success-
ful endovascular exclusion. However, even a small
percentage of false negative pressure readings may
cast doubt on pressure sensing as a single follow-up
tool. Further studies to determine sensitivity and
specificity of these techniques are due.

Imaging modalities

Several modalities are available for postoperative
imaging. Plain antero-posterior, lateral, and oblique
abdominal X-rays are used for their high spatial res-
olution. They will show dislocation or failures of the
attachment systems and kinking of the graft. This
method is inexpensive, fast, and patient friendly. Of
course no information is obtained on the arterial
wall, lumen, and changes in aneurysm diameters.

Color Duplex ultrasound is also relatively inex-
pensive and may be used for an early, noninvasive
firstimpression of aneurysm exclusion. It ishowever
operator dependent and size measurements have a
low reproducibility. A recent systemic review has
suggested Duplex ultrasound to be inadequate for
endoleak detection [11].

Computer tomography angiography (CTA) is
able to show very small endoleaks, communications
with patentaortic branches, changes in aortic diam-
eters and volumes, and malplacement of grafts or
attachment systems.

In helical or spiral CTA tomography, the X-ray
tube and detector (gantry) rotate continuously as
the patient moves through the scanner. The result
is a raw dataset, representing the helical path of
the X-ray beam through the scanned volume. From
this primary raw data, images can be reconstructed
(postprocessed) in several planes and even into
three-dimensional (3D) models. The diagnostic
performance of spiral CTA however depends on the
appropriate choice of acquisition parameters [12].

In an attempt to limit scanning time, subsequent
tube heating, and motion artifacts, the patient has to
be moved through the scanner at high table speeds,
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leading to an increase in slice collimation and sub-
optimal spatial resolution. This inverse relation be-
tween scan range and slice collimation has been
overcome by the introduction of multidetector spi-
ral computed tomography (MDCT) [13].

MDCT allows the simultaneous acquisition of
multiple slices during one gantry rotation. The ef-
fect of the number of slices on scanning time and
resolution is explained by the following example.
The scan range from the celiac artery to the femoral
bifurcation is approximately 35 cm. Scanning this
range using a single slice spiral CT, with a gantry ro-
tation time of 1 s, a collimation of 5 mm, and a pitch
of 1 (table speed/collimation) takes 70 s. Scanning
the same area with a 16-slice CT, using the same
pitch and twice the table speed, results in a slice col-
limation of 0.625 mm, increasing both resolution
and scanning time.

At our institution, we use a 64-slice CT for the
pre- and postoperative evaluation of abdominal
aortic aneurysms. Although this scanner produces
64 slices during one gantry rotation “only” 32 slices
can be generated for abdominal studies due to the
orientation of the detectors. This results in maximal
spatial resolution of 0.6 mm (SC) during a total data
acquisition time of only 15 s (TF = 23 mm/s).

Besides an improvement in acquisition parame-
ters, MDCT also allows an improvement in recon-
struction parameters [13]. MDCT produces large
amounts of data. A special interpolation scheme
(z-filtering) uses all data for final reconstruction.
Due to z-filtering the final reconstructed, effective
slice thickness is independent of preset collimation
as long as effective slice thickness does not exceed
SC. Besides effective slice thickness, spatial resolu-
tion is determined by the reconstruction increment
(RI). RI determines the degree of overlap between
subsequent slices. At our institution we use an ef-
fective slice thickness of 1 mm with an RI of 0.7
(30% overlap). This final stack of overlapping re-
constructed images is used for further image post-
processing. The most useful postprocessing tools
for the assessment of aortic morphology include
multiplanar reconstruction (MPR), maximum in-
tensity projections (MIP), volume rendering (VR),
and shaded surface display (SSD). Evaluation con-
sists of a comparison of the noncontrast-enhanced
scan to the subsequent scans. This is best done
on a separate image-processing workstation as

described earlier. The use of delayed series has been
shown to be an effective tool to trace small type II
endoleaks.

Cardiac gated or cardiac triggered MDCT tech-
niques can eliminate pulsatile motion artifacts al-
most completely and allow for dynamic imaging. In
dynamic imaging, the CT gantry is maintained in
one position at the level of a certain aortic region
and the position of all 64 detectors is therefore fixed
during data acquisition. The rotation of the detector
row is synchronized with the patient’s EKG and by
referencing the acquired slices to the EKG position
a dynamic reconstruction can be created. This gen-
erates a movie-like representation of the motions of
aorta, its branches, and the endograft in the inter-
rogated segment. Although the moving images de-
rived by this technique are astonishing, the value of
this imaging modality will depend on the prospects
of quantifying motion and forces.

As described above, an essential part of our
follow-up protocol is tracking size changes using
measurements of the nonluminal aneurysm sac
volume. Unfortunately, nonluminal aneurysm sac
volume measurements cannot be obtained from au-
tomated postprocessing tools. Manual segmenta-
tion is required and this is a time-consuming and
labor-intensive procedure in which the aneurysm is
outlined in every single reconstructed CT-slice and
processed by an experienced technician. Several
commercially available systems can be used. Our
segmentations were all done on a separate im-
age postprocessing system, EasyVision™ (Philips
Medical Systems, Best, The Netherlands). We have
also gained experience with the semiautomated PC-
based system, Vitrea™ (Vital Images, Plymouth,
MN, USA), which can provide volume data in a less
time-consuming way [14]. Scans can also be pro-
cessed by remote service providers, such as MMS
(Preview™, Medical Metrx Solutions, West Leba-
non, NH, USA). The raw CT-dataset is forwarded
to this company and a fully analyzed CD-ROM with
over 50 pre- and postoperative patient-specific mea-
surements is returned or communicated through a
secure internet database: PEMS™ (Patient Evalu-
ation & Measurement System).

Endoleak detection with CTA can be difficult be-
cause of the relative insensitivity of this technique
to iodinated contrast agent. Even with the use of
the most dedicated CTA protocols, endoleaks may
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be missed [15, 16]. There is a significant number
of patients with a growing aneurysm sac after en-
dovascular aneurysm repair without a detectable
endoleak on CTA or on conventional angiography
[6, 17]. In some of these patients, this might be due
to a hygroma-like process [18]. In others, it is pos-
sible that CTA is not sensitive enough. The super-
selective digital subtraction angiography technique
is mainly reserved for specific cases and cannot be
used routinely for surveillance because of its inva-
sive nature [19].

In addition, the evaluation of sac size change, by
using diameter or volume measurements, can be
difficult using CTA. The moderate amount of soft
tissue contrast involved does not always allow an ac-
curate demarcation of the aneurysm wall, especially
in inflammatory aneurysms. Another limitation of
CTA is the difficulty in detecting stenosis in the en-
dograft. Maximum intensity projections (MIP) not
only depict the endograft lumen but also calcium,
bone, metal, and other signal intense tissues, mak-
ing appreciation of the lumen difficult.

Magnetic resonance imaging (MRI) might be
more appropriate for follow-up after endovascular
aneurysm repair than CTA due to its excellent soft
tissue contrast, its inherent three-dimensionality,
and its extreme sensitivity to gadolinium contrast
agent. Moreover, the signal losses resulting from
the metallic stent and calcium cannot be confused
with contrast agent and are therefore less disturbing
in low artifact metals, such as nitinol or tantalum.
The absence of ionizing radiation and the ability
to use a nonnephrotoxic contrast agent give MRI
an additional advantage over CTA in endovascular
aneurysm repair follow-up [20]. Furthermore, re-
cent developments in MR hardware, such as SENSE
(parallel imaging) and ultrafast gradient systems,
together with cardiac gating have made fast dynamic
scanning possible. These techniques have the poten-
tial to depict the contrast dynamics in and around
the aneurysm sac and might therefore be of use for
determining the origin of an endoleak and assess-
ment of endograft patency [21].

The excellent soft tissue contrast of MRI can be
used to detect local variations in thrombus consis-
tency on T1- and T2-weighted images as described
by Castrucci et al. [22]. Hygroma-like processes
could also be revealed in this way. The clear liquid-

like material from the hygroma will have high signal
intensity on T2-weighted image in contrast to older
organized thrombus.

The processing of the acquired images of patients
after endovascular repair is similar to the preproce-
duralimage postprocessing. CTA or MRI/MRA data
are loaded onto a separate graphical workstation.
Cine-mode, multiplanar reformats, segmentations
of the lumen, and the nonluminal aneurysm sac are
useful image postprocessing options in the assess-
ment of an aneurysm after endovascular repair. For
a more detailed analysis and for accurate diameter
and length measurements, the central lumen line is
drawn in the MPR. Curved linear reformats allow
accurate measurement of the aneurysm diameter in
aplane perpendicular to the vessel axis and accurate
length measurements which is used for the evalua-
tion of graft migration and aneurysm deformation.

There is one important disadvantage of MR
follow-up of endovascular aneurysm repair. The
metal components of one new-generation, abdom-
inal and thoracic, aortic endograft are composed of
stainless steel: Zenith™(Cook Inc., Bloomington,
IN, USA). We have evaluated the potential of MR
imaging with alarge set of endografts [23]. For most
endografts, the lumen and structures surrounding
the endograft were well visualized. However, the
ferromagnetic properties of the Zenith™ device re-
sulted in large susceptibly artifacts that obliterated
the endograft lumen as well as adjacent structures.
All fully supported grafts showed some amount of
signal loss from the graft lumen caused by radiofre-
quency caging.

Recommended guidelines
for follow-up

The failures of the past have guided newer endograft
designs. With stronger fabric and metal compo-
nents, the new-generation endografts have reported
better durability than older designs. It must be real-
ized, however, that newer endografts have a shorter
duration of follow-up than older designs by defini-
tion. Longer term data are due before the commonly
recommended guidelines can be relaxed.

In addition, new generation endografts are not
always designed to be stronger and more durable
than the existing models. Smaller profiles of the



CHAPTER 9 Patient follow-up 69

delivery systems, unconventional attachment sys-
tems, and percutaneous introduction techniques
are common objectives and means for the next gen-
eration devices. Clearly, lower profiles are associ-
ated with thinner fabric and supporting materials.
Consequently, “new” does not always imply “more
durable” and a relaxation of the current follow-
up recommendations seems ill-advised at this mo-
ment. The Imaging Guidelines Society for Interven-
tional Radiology, published in 2003 by Geller [5],
are similar to those suggested by Eurostar [24, 25]:
Imaging studies (CT or MR) at baseline, every 6
months in the first 2 years and yearly thereafter.

Our initial endovascular abdominal aneurysm
repair protocol consisted of a three full spiral CTA
runs (plain, early-arterial, and late-venous) with
1 mm slices from celiac trunk to the level of the
common femoral artery. Between 1993 and 2003,
we have used this protocol in over 100 patients. In a
retrospective study, we have shown that this was an
enormous effort for patients and physicians while
theyield was rather limited [26]. For all patients, our
protocol required almost 600 CTA-scans, 20 gallons
of contrast, and 500 h of radiology technician post-
processing time. Individual patients were exposed
to 500—1000 mSv which is equivalent to 500-1000
plain X-ray films and a cumulative contrast load of
about 1 [ after 5 years of follow-up. On the other
hand, the yield of this intensive protocol was only
a few (maybe too early) conversions for sac size in-
crease and some (in the end unsuccessful) reinter-
ventions for endoleaks.

While the risks of this extremely high radiation
dose are obvious, the risks of nephrotoxic contrast
administration in this patient population are some-
times not fully appreciated. In the patient cohort of
our own DREAM-trial (elective nonhigh-risk AAA
repair population) we have noted a prevalence of
NHANES stage-3 chronic renal failure (glomerular
filtration rate < 60) of around 20% (17-25%, N =
348). In stage-3 CRE, the risk of a more than 25%
increase in serum creatinine after a single dose of
150-200 ml of contrast is 20%. This increase may
be temporary, but permanent loss of GFR is likely,
especially after repeated episodes.

We have therefore modified our protocol. Cur-
rently, we use a minimized scan protocol single non-
contrast run from a level immediately above the

stent graft to immediately below the distal end of
the stent graft (120 Kv, collimation 1.2, pitch 1.8,
3 mm reconstructions) which yields a fivefold re-
duction in radiation exposure (100 mSv at 5 years)
and in over 80% of patients no contrast is used
at all.

The costs associated with the above-mentioned
surveillance protocols are significant [27, 28]. In ad-
dition, endoleaks and inadequate sac size changes
detected by these rigorous follow-up protocols may
lead to a further increase of costs by additional rein-
terventions [29]. These continued postoperative ex-
penses may cancel out the already marginal cost
benefit initially realized by the minimally invasive
approach [30].

Finally, the cumulative case load of CT-scans is
obviously directly related to the volume of patients
entering the surveillance protocol. This case load
can be shown to quickly amount to incredible num-
bers congesting CT-schedules. A simple rule-of-
thumb to estimate this case load is the following.
Assume we want to calculate the case load (L) of
CT-scans required per month for surveillance of an
endovascular program at time point f (years after
the initiation of the endovascular program). Let N
be the number of new patients entering the protocol
per month, P the sum of scans in the surveillance
protocol through ¢ years (in current guidelines P
equals 8 at 5 years), and S the typical yearly survival
rate of this patient population. Then the case load
at time point ¢ can be calculated by this formula:
L(t) = N x P x S%/?, Assume you are running
an endovascular program since the year 2000 with
a relatively stable new patient entry rate of 4 cases
per month (N = 4) and you want to know the case
load (L) in the first month of 2006 (¢t = 6). With
P = 9 at 6 years and using a typical 4-year survival
rate of 70% in this patient population (S = 92%)
[4], L(t) = 4 x 9 x 0.92(%/2) = 28.In other words,
this endovascular program will require 28 CT-scans
in the first month of 2006. Using a formula not dis-
played here, it can be calculated that 227 patients are
incorporated in the follow-up program. Likewise,
with a caseload of 10 new stent grafts per month
since 1996, the same formula yields a staggering 93
CT-scans (acquisition, postprocessing, evaluation,
and discussions with the patient!) on a monthly ba-
sis with 814 patients in follow-up.
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Specifics for thoracic stent-graft
follow-up

While aneurysmal disease is almost the exclusive
indication for endografts in the abdominal aorta,
reasons for placing stent grafts in the thoracic aorta
are more diverse. The question arises whether a sin-
gle generic follow-up protocol is appropriate for
traumatic aortic ruptures, thoracic aneurysms, and
dissections. Size changes and endoleak are most
relevant for aneurysms, but less important after
treating dissections and irrelevant after traumatic
aortic rupture repair. In the case of dissections, spe-
cific aspects such as branch patency (away from the
stentgraft), entry/reentry of false channels, and the
interaction of endografts with the dissected aortic
wall should be addressed. After traumatic aortic re-
pair (typically in young healthy aorta), device in-
tegrity is the most important issue. Consequently,
the follow-up intervals, the modalities used, and
the problems to look for need to be defined for each
indication specifically.

In our institution, we use MDCT as the mainstay
of endografts follow-up for both thoracic aneurysm
repair and aortic dissection. In the case of dissec-
tions, repeat scans of the entire aorta down to the
groins are made frequently in the first few days af-
ter stent-graft placement in order to monitor the
highly variable and rather unpredictable progres-
sion of the true and false lumens even after stent-
graft placement. After discharge, CT-scans are used
every 3 months until a regression of the false lumen
is noted. Once the outer diameter of the dissected
aorta can be demonstrated to shrink and in the ab-
sence of endoleak, the CT-follow-up intervals are
increased to 6 months and 12 months.

Our follow-up protocol of thoracic aneurysm
repair is similar to that of abdominal endovascu-
lar aneurysm repair. Contrast-enhanced CT is only
performed in the cases where aneurysms cannot be
demonstrated to shrink using maximum aneurysm
circumference or thrombus volume measurements.

Although MDCT has far better resolution than
single slice CT and 3D-reconstructions can produce
impressive images of the stent-graft structure, we
still prefer plain 4-view X-ray films for monitoring
modular stability and stent-graft integrity for all
indications. Plain X-rays are fast, inexpensive, and
have even better resolution than MDCT.

As endoleaks tend not to be a major issue in tho-
racic aneurysm repair, the importance of follow-up
of thoracic stent grafts is sometimes not fully appre-
ciated. The extreme forces working the stent grafts
in the thoracic aorta and the larger sizes of aorta
and stent grafts amplify each other in challenging
endovascular device integrity. Together with the in-
dications other than aneurysmal disease for which
thoracic stent grafts are used (aortic dissection and
traumatic arch ruptures), these factors render tho-
racic endograft follow-up protocols largely unset-
tled at this moment.

Conclusions

In the absence of durability data of current en-
dografts and with newer endograft continuing to
emerge, life-long and frequent follow-up remains
the cornerstone of endovascular aneurysm repair
for both abdominal and thoracic stent grafts. CTA
(MDCTA) is currently the imaging modality of
choice for endovascular aneurysm repair follow-up.
A dedicated CTA protocol will be able to detect most
problems, provided it is combined with an adequate
image postprocessing evaluation. All necessary as-
sets of the postoperative follow-up can be evaluated.
Although there is only limited evidence of the
value of MRI and MRA techniques for surveil-
lance of endovascular aneurysm repair, this modal-
ity seems to be more sensitive to endoleak detection
than CTA. Furthermore, the combination of the
high soft tissue contrast in the T2-weighted images,
the comparison of the T1-weighted scans before
and after contract enhancement, and the possibil-
ity of performing dynamic contrast-enhanced MRA
might very well make MRI the imaging modality of
choice after endovascular repair in the future.
These elaborate imaging protocols will continue
to have a significant impact on the already marginal
cost-effectiveness of endovascular aneurysm repair.
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Device description

The TAG endoprosthesis is a symmetrical expanded
polytetrafluoroethylene (ePTFE) tube (Fig. 10.1)
externally reinforced with ePTFE/FEP (fluorinated
ethylene propylene). A nitinol exoskeleton is at-
tached to the entire external surface of the graft with
ePTFE/FEP bonding tape. The ends of the graft have
scalloped flares designed to help the graft conform
to the tortuous aorta. A PTFE sealing cuff is affixed
to the base of the flares. Each cuff is attached on
one end with FEP while allowing the other end to
remain free. This enhances sealing of the device to
the aortic wall and is intended to help prevent type
I endoleaks. Two radiopaque gold bands at the base
of the flares serve as a guide during deployment and
in graft surveillance.

The 100-cm-long delivery catheter is flexible and
has tapered oval beads or “olives” at both ends of the
device that allow a smooth transition from the de-
livery catheter to the endograft. Unlike most other
endografts that are deployed by a mechanism of
unsheathing, deployment of the TAG endoprosthe-
sis is unique (Fig. 10.2). The device is constrained
by an ePTFE/FEP sleeve connected to a deploy-
ment knob located at the control end of the delivery
catheter. The deployment line initiates a rapid re-
lease of the TAG device from the middle of the en-
dograft with bidirectional progression. A specially
designed trilobed balloon, which allows continuous
blood flow during inflation, is used to expand the
device after deployment (Fig. 10.3).

Pivotal (phase II) trial

Objectives and hypotheses

The pivotal trial was conducted to determine the
safety and efficacy of the device for the treatment of
DTAA as compared to an open surgical repair [1].
The primary safety endpoint was the percentage of
patients with more than one major adverse event
(MAE) through 1-year posttreatment. The primary
efficacy endpoint was the percentage of patients free
from major device-related events through 1-year
follow-up for the TAG group. A predefined estimate
of 80% was considered to be a reasonable efficacy
outcome since the device was expected to show a
significant improvement in safety profile over time;
the efficacy for the open repair was assumed to be
100%. The secondary hypotheses were that the op-
erative blood loss, intensive care unit (ICU) and
hospital stay and convalescence to normal activi-
ties will be lower in the TAG group vs. the surgical
control arm.

Study design

The construct of this study was a prospective, non-
randomized, controlled multicenter trial. One hun-
dred and forty study patients and ninety four con-
trol subjects were recruited through 17 clinical sites
in the United States between September 1999 and
May 2001. Of the 94 control group patients, 44 were
prospectively acquired during the study and 50 were
acquired by selecting the most recent surgical pa-
tients in a reverse chronological order. All patients

75



76 PART Il Thoracic aortic aneurysm

Figure 10.1 The Gore TAG endoprosthesis.

Figure 10.2 Deployment of Gore TAG
device in stages. The endoprosthesis is
fully constrained on delivery catheter
(b). By turning and pulling the
deployment knob (a), the deployment
begins from the middle (c) and
progresses rapidly to both ends (d).
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Figure 10.3 Trilobed balloons that allow aortic blood flow during inflation are shown in difference sizes.

were surgical candidates with a life expectancy of
at least 2 years. Notable exclusions were ruptured
aneurysms, dissections, connective tissue disorders,
and mycotic aneurysms. Anatomic requirements
for the device included a 2-cm healthy proximal
and distal necks.

Follow-up

Physical examinations, plain radiographs, and com-
puted tomography (CT) scans were obtained at 1-,
6- and 12-month intervals and yearly thereafter. For
those with early endoleaks, a CT was obtained ata 3-
month visit. A core laboratory reviewed all imaging
studies. Individual sites reported clinical data which
were monitored by sponsor representatives. Major
adverse events, defined as those clinical events that
required therapy or that resulted in an unintended
increase in the level of care, prolonged hospitaliza-

tion, permanent adversity or death, were adjudi-
cated by the Clinical Events Committee [2]. Minor
adverse events were those that did not require any
therapeutic intervention or those without clinical
sequelae. All patients are to be followed for 5 years.

Results

Clinical materials

All major demographic and clinical variables were
similar between the two groups (Table 10.1). The
mean age of the patients was 71 years and males ac-
counted for 58% of the patients in the TAG group;
the corresponding figures were 68 years and 51% in
the control group, respectively. Aortic morphology
was also comparable between the two groups. The
mean aneurysm size was 64 mm in the TAG group
and 63 mm in the open control group. Baseline
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Table 10.1 Baseline demographics.

TAG Surgical

device control P
Age (years) 71 68 NS
Male (%) 57 51 NS
Height (cm) 170 170 NS
Weight (kg) 76 78 NS
Ethnicity (%)
Caucasian 87 86
Black 8 10
Other 5 4

comorbidities were well-matched between the two
groups (Table 10.2). The prevalence of symptomatic
aneurysms, however, was significantly higher in
the control group although most symptoms were
mostly compressive in nature. The higher preva-
lence of coronary artery disease in the TAG group
was of no statistical significance. The risk classifi-
cation according to the standard ASA classification
and the SVS risk score showed no significant differ-
ence.

Operative data

Technical success with TAG implantation was
achieved in 137 of 140 patients (98%). All three
failures resulted from poor vascular access. A con-
duit was placed to facilitate access in 21 patients

Table 10.2 Baseline comorbidities.

(15%). Multiple devices were used in 77 patients
(55%). Left carotid-subclavian bypass grafting or
subclavian to carotid transposition was utilized in
28 patients (20%) before the left subclavian artery
was intentionally covered with the device to assure
proper sealing. Unplanned coverage of the left sub-
clavian artery and visceral artery occurred in one
patient each. The latter underwent an open abdom-
inal explantation of the device and redeployment of
another stent graft without sequelae.

Early outcome

Mortality

Operative mortality, defined as death within 30 days
of the procedure or during the same hospitalization,
occurred in 3 (2.1%) patients after a TAG repair (Ta-
ble 10.3). A postoperative stroke, a cardiac event on
postoperative day 11, and a late in-hospital death
accounted for all three mortalities. This was signif-
icantly lower than the 11.7% mortality associated
with open repair [3].

Spinal cord ischemia

Spinal cord ischemia (SCI) developed in four pa-
tients in the TAG group. One was noted immedi-
ately after the procedure without recovery of neu-
rological function despite all supportive measures.
Three cases of SCI were delayed in onset and tran-
sient. Recovery of motor function was complete in

Proportion (%)

TAG device Surgical control P

Smoking 84 82 0.86
Coronary artery disease 49 36 0.06
Prior vascular intervention 45 55 0.14
COPD 40 38 0.89
Other concomitant aneurysms 28 28 1.0

Cardiac arrhythmia 24 31 0.23
Symptomatic aneurysm 21 38 <0.01
Cancer 19 13 0.21
PVD 16 1 0.33
Stroke 10 10 1.0

Hepatic dysfunction 2 0.65
Renal dialysis 1 0 0.52
Paraplegia 1 0 1.00
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Table 10.3 Comparison of early complications between
TAG and open surgical controls in the Gore pivotal trial.

Patients (%)

Operative complications TAG Open surgical
Death 2 12
Paraplegia/paraparesis 3 14
Stroke 4 4

one and partial in two, and all were ambulatory at
last follow-up. The incidence rate of SCI in the con-
trol group was significantly higher at 13.8% (13/94).
Of the 13 control patients with SCI, eight suffered
paraplegia, resulting in six deaths. One case of para-
plegia resolved completely. Spinal drainage was not
routinely used in either group.

Cerebrovascular accidents

Perioperative stroke was noted in 4% of patients in
both groups and was clustered in the patients with
proximal aneurysms involving the arch. Five TAG
patients (3.5%) had a stroke resulting in one death.
Three occurred in the right hemisphere.

Endoleaks

Early endoleaks were seen in five patients. One pa-
tient had a type Ia endoleak and was treated with
endovascular revision and additional stent grafting.
The remaining endoleaks were thought to be type II.

Other major adverse events

Cardiopulmonary events, bleeding and intraopera-
tive vascular injury accounted for the other most
common complications. A higher percentage of
postprocedural bleeding and respiratory failure was
witnessed in the control group [3]. Only vascular
complications were noted to occur more frequently
in the TAG group (14%) as compared to the con-
trol arm (4%). This is due to introduction of a large
sheath through the iliac arteries, causing vascular
trauma in 11% of the patients.

Hospital length of stay

The average ICU stay was significantly shorter in the
TAG group as compared to the control group (2.6 £
14.6 days vs. 5.2 & 7.2 days, P < 0.001). This was
also true when evaluating the total length of stay
(7.4417.7 days vs. 14.4 + 12.8 days, P < 0.001) [3].

Late outcome

Late survival

Two-year all cause mortality was comparable in
both groups at 24% in the TAG group and 26% in
the surgical control group (Fig. 10.4). The causes
of death were in accordance with associated co-
morbidities in this elderly population. Aneurysm-
related mortality however was significantly better
in the TAG group. At 2-year follow-up, the freedom
from aneurysm-related mortality was 97% for the
TAG group and 90% for the surgical control group
(P =0.024). No deaths occurred after the first year
(Fig. 10.5).

Major adverse events

The incidence of MAEs at 1-year follow-up was sig-
nificantly lower in the TAG group as compared to
surgical controls, 42% vs. 77%, respectively. The
majority (70%) of MAEs were noted to have oc-
curred within 30 days of the original procedure.
This advantage to the TAG group persisted through
3-year follow-up. Kaplan—Meier estimates of the
probability of freedom from MAEs at 3 years were
48% after TAG repair and 20% after open repair
(Fig. 10.6).

Device-related events

During a 3-year follow-up, five patients underwent
endovascular revisions and one patient underwent
surgical conversion. Three of the revisions took
place 24 months after the initial procedure. Three
proximal and four component device migrations
were noted without clinical adversity at a 2-year
follow-up. Sac expansion (>5 mm) was noted in
17% (11/64) of patients, whereas sac shrinkage (>5
mm) was observed in 38% (24/64) of subjects. Out
of the 11 patients with sac enlargement 3 had en-
doleaks at some point in follow-up. A total of 20
fractures were noted in 19 patients, 18 of which
were in the longitudinal spine and 2 in the apical
nitinol support rings. Clinical sequelae developed
in only one patient who manifested a type III en-
doleak successfully treated with an additional en-
dograft. Freedom from device-related events over
2 years was 94% for the TAG device, which is
significantly higher than the predefined limit of
80%. No device-related deaths were noted through
3 years.
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Figure 10.4 Comparison of Kaplan—-Meier estimates for all cause mortality through 3-year follow-up between Gore TAG
and surgical control groups.
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Figure 10.5 Comparison of Kaplan—-Meier estimates for aneurysm-related mortality through 3-year follow-up between
Gore TAG and surgical control groups.
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Figure 10.6 Comparison of Kaplan-Meier estimates for freedom from major adverse events through 3-year follow-up

between Gore TAG and surgical control.

Confirmatory trial

Objectives and hypotheses

To compare the safety and early results of the modi-
fied device with the original device, a confirmatory
study was undertaken. A 30-day safety endpoint was
chosen as an appropriate measure based on the re-
sults of the pivotal study in which the majority of
MAEs occurred within the 30-day period. Never-
theless, all patients are to be followed up to 5 years.
Inclusion and exclusion criteria and the safety and
efficacy endpoints were identical with those of the
pivotal study.

Design

The study was a prospective nonrandomized trial.
All test subjects were treated with the modified TAG
device and compared to the control data from the
pivotal study. Fifty-one patients were enrolled and
their results compared with the same 94 control
subjects used in the pivotal study.

Results

Clinical materials

Baseline demographics, comorbidities, and aor-
tic morphology were similar between the two
groups. Although the pivotal study database had
a statistically significant prevalence of symptomatic
aneurysms in the control group no such difference
was noted in this trial. Risk classification accord-
ing to the ASA was very well-matched between the
TAG group and the surgical control group. The SVS
risk score was slightly higher in the TAG group, a
statistical significance.

Early outcome

Major adverse events

The incidence of MAEs was noted to be 12% in the
TAG group and 70% in the control group at a 30-day
follow-up. This was a statistically significant differ-
ence corresponding to an 83% risk reduction for
those with TAG repair. Vascular complication rates
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were similar between the two groups in this study.
There were no deaths in this TAG cohort. Kaplan—
Meier estimates of the probability of freedom from
MAE:s through 30 days were significantly lower fol-
lowing TAG repair when compared to the surgical
controls (P < 0.001).

Device-related events

No major device-related events were noted at the
30-day follow-up. This is in comparison to a 4%
major device-related complication rate reported in
the pivotal study.

Hospital length of stay

The length of hospital stay was shorter in the TAG
group (3 days) compared to the control group
(10 days). The time to return to normal activities
was also significantly shorter following TAG repair
(15 days) vs. 78 days for the control group.

Discussion

Due to the high inherent risks of open thoracic aor-
tic repair, greater benefits are anticipated with en-
dovascular therapy of thoracic aneurysmal disease
than its abdominal counterpart. The results of the
Gore TAG trials have proven that, indeed, endovas-
cular treatment of DTAA is not only safe and effec-
tive, but also superior to conventional open surgical
repair. Perioperative mortality and morbidity were
lower, particularly with respect to spinal cord is-
chemia, than those with open repairs. This led to
the FDA approval of commercial use of the TAG
device in March of 2005.

There are, however, several limitations to the
Gore TAG device similar to other thoracic endo-
grafts. Access with a large profile device continues
to present a major challenge. Access issues required
a conduit proximal to femoral artery in 15% of
patients, and accounted for all three failures and
vascular trauma in 11% of patients in the pivotal
trial. The increased prevalence of DTAA in women
compared to abdominal aneurysms contributes to
this problem. Vascular injury was the only category
of complications with higher frequency following
TAG repair than after open repair. These findings
have been reported by others [4] and underline
the importance of prophylactic use of conduits to
avoid potentially disastrous vascular complications.

It is worth noting that the incidence of vascular
complications in the confirmatory trial was only
6% and did not differ significantly from the con-
trol group, probably reflecting the increased aware-
ness of iliac access and its potential for complica-
tions.

Aneurysm sac shrinkage occurred in 38% and
sac expansion in 17% of patients at 2 years. No
ruptures were noted. When compared with other
thoracic endografts [5, 6] the sac shrinkage rate is
lower and the sac enlargement rate higher, much
like the phenomenon observed with the Excluder
abdominal endograft associated with transudation
of fluid [7]. The commercial modified TAG device,
however, is composed of a low porosity ePTFE that
should eliminate this issue. The results from the
confirmatory study may shed light on this subject
in the near future.

Despite the low incidence of spinal cord ischemia
in the TAG trials compared to open repair and other
series in the literature [ 1, 4, 6, 8, 9], it is still a source
of major morbidity when it happens. Prior aortic
surgery and long coverage of the thoracic aorta in-
crease the risk of spinal cord ischemia in a cumula-
tive fashion [9-11].

That four of the five strokes occurred in those
with planned coverage of the left Subclavian artery
warns of the danger of manipulating the aortic arch,
particularly when the disease extends proximally.
The nature of the strokes was most likely embolic
as three were multicentric and three were right-
hemispheric. The need to cover the left subclavian
artery for proper sealing serves as a marker for the
increased risk of stroke, although others have re-
ported coverage of the left subclavian artery without
significant problems [12].

Conclusion

In summary, the Gore TAG U.S. trials have demon-
strated the safety and efficacy of the TAG device
in the endovascular repair of descending thoracic
aortic aneurysms and its superiority over open sur-
gical repair. With follow-up extending to 3 years,
sustained benefits have been shown with TAG re-
pair. A high-risk trial that is currently underway is
expected to broaden the application of this tech-
nology for the treatment of other thoracic aortic
pathologies.
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CHAPTER 11

Medtronic TALENT and VALIANT
devices: moving toward the next
generation of thoracic aortic stent

grafts

Ron Fairman

With the recent completion of enrollment in the
three arms of The Valor Trial (Evaluation of
the Medtronic Vascular Talent Thoracic Stent-
Graft System for the Treatment of Thoracic Aortic
Aneurysms), Medtronic is preparing to introduce
into US clinical trials their next generation thoracic
aortic endovascular stent graft, called the Valiant
device. This technology has already been introduced
in Europe through alimited market release program
last spring. The Talent thoracic stent-graft system
evaluated in The Valor Trial has been used exten-
sively outside the United States for many years. In
addition physicians have gained considerable ex-
perience with the Talent thoracic stent graft since
the feasibility phase I high risk trial was performed
in the United States in 1998. The evolution of the
Talent thoracic stent graft to the Valiant design is
a result of accumulated feedback from thousands
of implants worldwide. Medtronic engineers have
enhanced both the delivery system as well as the
stent graft itself creating a product that promises
to be vastly superior to the original Talent thoracic
stent graft. That being said, the original Talent tho-
racic stent graft was the first endovascular device
that we had available to treat thoracic aortic pathol-
ogy when we began our thoracic endovascular pro-
gram at the Hospital of the University of Pennsyl-
vania in 1998. The customization features of that
first generation Talent thoracic device presented us
with our first opportunity to offer novel endovas-
cular options to patients who were being managed

with “watchful waiting.” The preliminary outcomes
in our first 50 patients using that early Talent de-
sign were largely extraordinary. Minor changes to
that original Talent device culminated in the Talent
thoracic stent-graft system used in the Valor Trial
(Fig. 11.1). The system is composed of a preloaded
stent graft and the CoilTrac TDS delivery system.
For the purposes of the Valor Trial, the delivery sys-
tem was redesigned to a balloon-less system with
a longer pushrod. This change was made on the
basis of previous clinical trial experiences. Elimi-
nation of the integral balloon served to reduce the
potential for kinking thereby reducing the deploy-
ment forces. The implanted Talent endoprosthesis
is composed of a polyester graft fabric sewn to a self-
expanding Nitinol wire frame. The design concept
is modular and although the Talent stent graft has
been viewed as a customized device, only catalog
sizes were available in the Valor Trial. Proximal and
distal stent-graft diameters range from 22 mm to
46 mm, and the total covered length of the device
ranges from 112 mm to 116 mm. Bare Spring (prox-
imal device diameter < 24 mm) and Freeflo (prox-
imal device diameter > 24 mm) configurations are
available proximally which are indicative of termi-
nating spring without fabric coverage. Bare Spring
configurations are also available distally. Both prox-
imal and distal Bare Spring configurations allow
for crossing the great vessels of the arch as well as
the celiac artery respectively. An accessory Reliant
stent-graft balloon, packaged separately, is intended
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Figure 11.1 The Talent thoracic stent graft.

for use following stent-graft deployment to facili-
tate modeling of the covered springs and to remove
fabric pleats from the graft material.

The Valor Trialis a prospective, multicenter, non-
randomized evaluation of the safety (rate of “all
cause” mortality) and efficacy (successful aneurysm
treatment at 1 year) of the Talent thoracic stent-
graft system when used in patients with thoracic
aortic aneurysms (test arm, Fig. 11.2). The test
arm consists of patients diagnosed with thoracic
aortic aneurysms that are considered candidates
for open surgical repair which is low to moder-
ate risk based on SVS/ISCVS criteria. Addition-
ally, two observational treatment group registries

were conducted concurrently, serving to record de-
scriptive information that may serve as the basis
for future clinical investigations. The Registry and
High Risk Arms include patients diagnosed with
dissections, traumatic injury, pseudoaneurysms, as
well as aneurysms without a distinct proximal or
distal aneurysm neck of >20 mm or greater in
length.

Although there were 40 active sites in the Valor
Trial, eight sites in the US trial enrolled 57% of the
test group patients and 66% of the high risk/registry
arm. At the time of this trial, thoracic stent grafting
was performed largely in a handful of centers. Most
of the pathology treated throughout all arms of the
trial consisted of fusiform or saccular aneurysms; in
the high riskarms, this pathology was presentin 76%
of the patients enrolled. The demographics revealed
that 40% of the patients enrolled were females, a
percentage not dissimilar from the phase II mul-
ticenter trial of the Gore TAG thoracic endopros-
thesis. With a greater percentage of female patients
compared to abdominal aortic aneurysmal disease,
issues of iliac access assume critical importance. In
the Valor trial, surgically placed conduits were nec-
essary in upward of 15% of patients, demonstrating
the need for delivery systems smaller than 22-24 Fr.
The Bare Spring or Freeflo proximal design as well
as the availability of stent-graft devices with diame-
ters as large as 46 mm opened the door to endovas-
cular thoracic aortic options for a broader range
of patients in Valor than with any other industry-
sponsored thoracic device trials. Due to device siz-
ing constraints based on thoracic aortic anatomy,
35% of the patients treated with the Talentstent graft
in the high risk arm of Valor could not be treated
with any other industry-sponsored device. The pre-
liminary results of the high risk arm were presented
this past June at the Vascular Annual Meeting in
Chicago.

The Talent thoracic experience has resulted in
a number of consistent observations that are rel-
evant not only to the Talent device, but to all en-
dovascular therapiesin the thoracicaorta. Although
rigid stent grafts can function well in the abdominal
aorta, flexible designs that conform to the aorta are
paramount in the thoracic aorta (Fig. 11.3). Tho-
racic devices need to conform to the aortic arch as
well as the tortuosity inherent in the atherosclerotic
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thoracic aorta. Although one can accurately deploy

a Talent thoracic device in the proximal descend-
ing thoracic aorta, controlled deployment in an an-
gulated arch or in an area of marked tortuosity is
difficult. These issues are addressed with the Xcel-
erant delivery system (Fig. 11.4) which has been
available to physicians in the United States for the
AneuRx AAA stent graft, and has been modified for
the Valiant device. The new thoracic version of the
delivery system is smaller by 2 Fr and allows for con-
trolled ratcheted precise deployment. Stabilization
of the delivery system when deploying in the arch is

Figure 11.2 Completion angiogram
following the placement of a Talent
thoracic stent graft.

of fundamental importance in preventing embolic
stroke. In order to optimize ease and accuracy of
deployment as well as conformability, the long con-
necting bar of the Talent device has been removed
in Valiant, while columnar support has been opti-
mized through stent spacing and the exoskeleton.
The removal of the connecting bar has eliminated
the need to orient the device in vivo and results in
improved flexibility. The proximal uncovered bare
spring has been increased from five to eight peaks,
which distributes the force of the spring over more
apexes, and in addition the proximal stents have
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been inset into the fabric. Experience to date has
shown that this change does result in more stable
deployment which may prevent the rare instances
of “bare spring flip” observed when deploying in an
angulated arch.

Furthermore, longer stent grafts are particularly
desirable when treating most pathology in the tho-
racic aorta. The great majority of thoracic aortic
conditions require stent-graft coverage of up to 200
mm. Although shorter stent grafts are fine for treat-
ing focal disease processes such as penetrating ul-
cers, transections, or saccular aneurysms; in most
instances we are treating fusiform longer segments
of disease. Longer endografts result in less modular
junctions and fewer passes of large delivery systems

Figure 11.3 Early generation thoracic
stent grafts were rigid and did not
conform well to tortuous aortas; the
Valiant device is more flexible.

through small diseased iliac arteries which can re-
sult in life-threatening iliac artery avulsions.

A consistent observation is that it is difficult to
identify proximal and distal aspects of modular
components once inserted. The new Valiant de-
vice has distinct “figure of eight” radiopaque mark-
ers proximally and “zero” markers distally which
provide enhanced visibility and result in more pre-
cise overlap at modular junctions. The Talent and
Valiant devices are compared side by side in Fig.
11.5. Although the preliminary outcomes of the
Valor High Risk Arm using the Talent thoracic
stent-graft system are encouraging and reveal high
procedural success in the setting of low operative

mortality, stroke incidence, and paraplegia rates,




CHAPTER 11 Medtronic TALENT and VALIANT devices

89

enhancements in stent-graft design are evolving.
The delivery system and stent-graft changes culmi-
nating in the Valiant design will allow more precise

Figure 11.4 The Xcelent delivery system
of the Talent thoracic stent-graft device
allows stable and accurate deployment.

The Valor Test Arm is now in the follow-up phase
and the PMA will be filed with the FDA in the early
summer of 2006. Medtronic is currently finalizing

placement of endografts and should further reduce  their US clinical trial protocol using the Valiant

deployment-related complications. Stent-Graft System for FDA submission.

TALENT and VALIANT comparison

Product features TALENT VALIANT
Diameters available 22-46 mm Same
Graft material LPS (Monofilament polyester) Same
Suture 5-0 braided polyester Same
Body spring 5-peak (0.020 wire) Same
Stent material Chemical etched nitinol Same
Delivery system CoilTrac TDS Xcelerant
Maximum total length 130 mm 220 mm

Body spring attachment

Inside graft material

Outside graft material

Connecting bar

Yes

No

Proximal end configurations

Bare spring (5-peak / 0.020 wire)
Open web (5-peak / 0.020 wire)

Bare spring (8-peak / 0.021 wire)
Closed web (8-peak / 0.021 wire)

Distal end configurations

Closed web (5-peak / 0.020 wire)
Bare spring (5-peak / 0.020 wire)
Open web (5-peak / 0.020 wire)

Closed web (8-peak / 0.021 wire)
Bare spring (8-peak / 0.021 wire)

Proximal radiopaque markers

2-Figure “8” Ptlr

4-Figure “8” Ptlr

Distal radiopaque markers

2-Figure “8” PtIr

2-Circle Ptir

Sterilization method

EtO

E-beam

Figure 11.5 Comparison of the Talent and Valiant stent grafts.
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CHAPTER 12

Initial clinical experience with the
Bolton Relay stent graft: a new

thoracic device

Frank J. Criado

The RelayTM thoracic sten graft (Fig. 12.1) is a new
endovascular device for treatment of thoracic aortic
pathologies. It is composed of self-expanding niti-
nol stents that are sutured to a polyester graft fabric.
The skeleton of the device is made up of a series of
sinusoidal stents placed along the length of the graft
fabric. A curved nitinol wire provides longitudinal
support. This wire is attached to the graft with sur-
gical sutures. It provides moderate column strength
while, at the same time, preserving desirable flex-
ibility and torque response. Radiopaque markers
(made of platinum/iridium) have been placed in
various locations to enhance fluoroscopic visual-
ization.

The Transport™ delivery system (Fig. 12.2) is a
two-stage device that consists of a series of coax-
ially arranged sheaths and catheters (primary in-
troduction sheath, secondary delivery sheath, and
thru lumen), handle, and apex release mechanism.
The stent graft is constrained within the secondary
sheath, which is further constrained within the pri-
mary sheath. The radiopaque polymeric primary
(outer) sheath is introduced endovascularly via
puncture of the femoral artery (or through an access
conduit), tracking over a stiff guidewire. Once the
system reaches the desired level within the aorta
(at or just above the level of the renal arteries),
the proximal handle of the delivery system is ad-
vanced to exit the secondary sheath from the pri-
mary sheath in preparation for deployment. The
secondary sheath, composed of thin-wall flexible
polymer, enables the thoracic endograft to be easily
advanced and delivered across curved and tortuous

portions of the anatomy—such as the aortic arch.
The secondary sheath, which is connected to the
delivery catheter and the delivery handle, can now
be retracted to deploy the constrained stent graft in
a controlled fashion. The apex release mechanism
constrains the Safex (uncovered) stent at the top
end of the endograft. The Safex stent is released by
retracting the outer control tube over the guidewire
lumen. This allows for controlled apposition at the
seal/fixation zone on the aortic wall.

The Relay device comes in various sizes and con-
figurations, both tapered and nontapered. Graft
lengths up to 200 mm are available, with diame-
ters from 22 to 46 mm. The profile of the primary
introducer sheath ranges from 22 to 26 F depending
on graft diameter and length.

Initial clinical experience

The Phase I Feasibility study for the clinical evalu-
ation of the Relay thoracic stent graft in the treat-
ment of intermediate and high-risk patients with
descending thoracic aortic aneurysms (TAA) and
penetrating ulcers (PU) was approved (by the FDA
under IDE G040175) on December 2, 2004. It was
initially limited to 30 patients and 5 clinical sites.
Regulatory approval to include two additional sites
(for a total of seven) was granted on April 28, 2005
(G040175/S3). The first implant (in the USA) took
place at Union Memorial Hospital in Baltimore
on January 5, 2005 (Figs.12. 3 and 12.4). To date
(August 21, 2006), 27 patients (15 males, 12 fe-
males) have been treated (implanted) during the

91



92 PART Il Thoracic aortic aneurysm

Figure 12.1 Bolton Relay thoracic stent graft.

Phase I study. Twenty-four (81.5%) had TAA and
three had PU. Patients’ demographics and comor-
bidities are summarized in Table 12.1. Salient pro-
cedural parameters appear in Table 12.2. Delivery
and deployment of the device was judged (by the
implanting investigator) to be satisfactory in all in-

stances except 3—all by the same physician at the
same study site—where it was noted that the proxi-
mal end of the device had a tendency to “wind-sock”
and migrate distally when the deployment sequence
included a stop-and-go maneuver with initial ex-
pansion of the first two to three stent segments be-
fore proceeding to full uncovering and expansion
along its full length. These observations were re-
produced on bench testing, leading to a modifica-
tion of the IFU vis-a-vis deployment technique. No
further occurrences were recorded following such
modifications.

Technical success rate was 96.3% in that all proce-
dures could be completed, with delivery and deploy-
ment of the device as intended, and with complete
angiographic exclusion of the targetlesion with only
one exception (26/27). There have been no 30-day
mortalities. One endoleak (3.7%) has been uncov-
ered on follow-up CT scans. To date, there have
been no unanticipated device-related adverse events
or surgical conversions. Completion of the Phase I
study will be followed by the pivotal clinical trial,
set to begin in late 2006 or early 2007.

In summary, the Relay thoracic stent graft
emerges as a promising new endovascular device
for treatment of thoracic aortic pathologies. Its per-
formance appears satisfactory, as reflected in the
early results from the Phase I clinical trial in the
USA. A larger clinical experience in Europe tends to

Transport™ Delivery System

\ o 4
—stel |

Lagend
1. Delivery System Tip 5. Radiopague Marker 9. Flush Port / Stoprock
2. Apex Holder 6. Stationary Grip 10. Deployment Grip
3. Inner Secondary Sheath 7. Salety Retaingr 11, Controdier
4, Quter Primary Sheath 8. Main Body 12, Stainless Steel Rod

Figure 12.2 Detailed drawing of the Bolton stent-graft device.

: i -

13. Apex Release Retainer
14. Apex Release Grip
15, Guidewire Luer

16. Flushport
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Figure 12.3 Extensive aneurysmal
disease throughout aorta, with large
TAA and smaller AAA.

Figure 12.4 Postoperative CT images
following endovascular exclusion of TAA
with a 2-segment Bolton Relay stent
graft.
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Table 12.1 Demographic characteristics of Bolton thoracic
stent-graft trial.

Demographics n = 27

® Gender

® |esions

Male 15, female 12
TAA 24, PU 3

63% (17/27)

29.6% (8/27)
88.9% (24/27)

35% (10/27)

85.2% (23/27)

Coronary artery disease
® COPD
Hypertension

Prior AAA repair

Tobacco abuse

corroborate such impressions (nearly 500 implants
on more than 300 patients worldwide). Its de-
sign and newly conceived delivery system make

Table 12.2 Procedural indicators.

156.40 min (mean)
344.60 ml (mean)
30% (8/27)

30% (8/27)

Gen 70%, reg 30%

® Duration

® EBL

® Prophylactic CSF drainage
® [liac access conduit

® Anesthesia type

it uniquely capable of addressing difficult arch
anatomies—a recognized limitation of currently
available thoracic endograft devices. Results of on-
going clinical trials and a larger experience will
hopefully substantiate such positive early impres-
sions in the future.
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CHAPTER 13

Clinical results of the EUROSTAR
thoracic registry

Peter Harris, Lina Leurs, Randolph Statius van Eps, ¢

Jacob Buth

Introduction

It is the perception of most vascular clinicians that
the results of treatment of thoracic aortic disease
by endovascular means are considerably superior
to those of conventional surgery. Consequently,
whereas endovascular treatment of abdominal aor-
tic aneurysms has been subjected to randomized
controlled trials, there seems to be a consensus that
it would be inappropriate for similar trials to be
conducted in respect of thoracic disease. This col-
lective viewpoint is based upon an assumption that
the much reduced physiological insult associated
with endovascular interventions will translate into
a lower risk of perioperative death and other major
complications known to be associated with conven-
tional surgical reconstruction of the thoracic aorta,
including multiple organ failure and paraplegia.
The burden of proof of this assumption rests with
the medical community. Furthermore, it is essen-
tial to ascertain whether or not any early clin-
ical advantage associated with the endovascular
approach is at risk of being nullified subsequently
by higher late complication and reintervention rates
related to a comparatively limited durability of the
technique.

Because most clinicians currently believe en-
dovascular repair to be superior, i.e. they are not in
equipoise regarding the results of endovascular and
open repair for thoracic aortic disease, a random-
ized trial would not be ethical and this precept seems
to have been accepted by the regulatory authorities
in the USA and Europe. Therefore, reliance must
be placed on lower levels of scientific evidence. The

EUROSTAR Thoracic Registry is a voluntary obser-
vational study which was established in 2000. It is
linked in terms of its administration and its protocol
to the EUROSTAR Registry of Endovascular Repair
of Abdominal Aortic Aneurysms. Data may be sub-
mitted on-line and center-specific reports together
with an analysis of the whole database can similarly
be retrieved on-line for the purpose of comparative
audit.

In the UK the government-sponsored National
Institute for Health and Clinical Excellence (NICE),
whileaccepting thata randomized trial is not appro-
priate, at this stage, has recommended that all en-
dovascular procedures undertaken for thoracic aor-
ticdisease and their outcomes should beaudited bya
national registry program. Accordingly, a Thoracic
Registry was established within the UK Registry of
Endovascular Treatment of Aortic Aneurysms (UK
RETA). Compatibility between the EUROSTAR and
UK RETA registries permits the data to be com-
bined to create a relatively large population sample
size from which reliable conclusions may be drawn
sooner than would be possible from consideration
of each dataset separately. Aggregated data from the
EUROSTAR and UK Thoracic Registries were pub-
lished in 2004 [1]. Data for this chapter are drawn
exclusively from the EUROSTAR registry.

Sample population

To July 2005 a total of 581 patients were recruited
onto the EUROSTAR Thoracic Registry by a total
of 54 different European institutions (see the Ap-
pendix). The mean age of the patients was 63.4 years

95



96 PART Il Thoracic aortic aneurysm

(range 13 to 91 years). There were 447 (77%) males
and 134 (23%) females.

Seventeen per cent of the patients had an Amer-
ican Society of Anesthesiologists (ASA) Risk Score
of 4 or 5, signifying that they were considered to be
unfit for open surgical repair due to serious comor-
bidities. Cardiac and pulmonary diseases were the
most frequent. Fifty seven per cent of the patients
were current smokers and 69% were hypertensive.

Characterization of thoracic
aortic disease

The patients were categorized into four groups:

1 Degenerative TAA (N = 292, 50%)

2 Aortic dissection (N = 188, 32%)

3 Traumatic rupture of the thoracic aorta (N = 63,
11%)

4 False anastomotic aneurysm (N = 26, 4%)

When aneurysm was the presenting feature 227
(60%) were found to involve the proximal third of
the descending thoracic aorta, 173 (45%) the mid-
dle third of the descending aorta, and 115 (30%) the
distal third. The arch wasinvolvedin 61 (16%) of pa-
tients and the ascending aorta in 3 (1%). The mean
maximum diameter of the aneurysms was 62.1 mm
(SD 16 mm, range 30-120 mm).

Of the patients classified under the heading “aor-
ticdissection” 11 (6%) had type A extent, 144 (77%)
had type B, and 37 (20%) had penetrating ulcers.
The primary tear was within the proximal third of
the descendingaortain 138 (73%), the middescend-
ingaortain 50 (27%), thelower third of the descend-
ing aorta in 25 (13%) and in the arch in 22 (12%).

The procedures

Emergency procedures were defined arbitrarily as
those that were undertaken within 7 days of first
presentation. The following commercially available,
Communauté Européenne (CE)-approved devices
were used:

1 Talent (Medtronic/AVE) (N = 393)

2 Excluder (W. L. Gore & Associates) (N = 124)

3 Zenith (William Cook Europe) (N = 28)

4 Others (N = 36)

A single stent graft was deployed in 301 (52%)
of cases, two were deployed in 167 (29%) and three
or more in 110 (19%). General anesthesia was em-
ployed in 546 (94%) of the patients. The remainder

were treated under either regional or local anes-
thetics. Controlled hypotension was induced in 246
(42%) and cardiac cessation in 29 (5%). The left
subclavian artery was overstented in 146 (25%) pa-
tients and some form of adjuvant extraanatomic by-
pass was undertaken in 57 (10%) of patients. “Crit-
ical” (T8-12) intercostals arteries were covered in at
least 25% of patients (data reporting for this field
were incomplete).

Outcome of the procedures

Complete technical success, judged from comple-
tion angiography, was achieved in 520 (90%) of pa-
tients. One hundred and ninety nine patients did
not require intensive care unit postoperatively. The
382 patients that did spent a mean of 114.2 h (range
3-1800 h) in an intensive care unit. The mean dura-
tion of hospital admission was 11days (range 0-100
days).

Arterial complications were encountered in 61
(10%) patients. These included rupture of the aorta,
thrombo-emboli and ischemia related to exclusion
of aortic side-branches.

Device-related complications were reported in 51
(9%) patients. The most common were failure to
advance the delivery system and migration of the
stent/graft. There was failure to complete the pro-
cedure on five occasions. In one case conversion to
open repair was carried out and in another two the
procedure was abandoned.

Endoleaks

An endoleak was noted on the completion an-
giogram in 54 (9%) patients. There were 40 (7%)
type 1 endoleaks and 14 (2%) type 2. Another
10 were not characterized. The incidence of type
2 endoleak was much lower than that observed
following endovascular repair of abdominal aortic
aneurysms, but type 1 endoleaks were also less fre-
quent.

Neurological sequelae

Neurological complications occurred in a total
of 54 (9%) patients. Of these 33 were serious or
permanent accounting for 6% of the whole of the
treated population. Intracranial strokes occurred
just as frequently as spinal cord injury with an
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incidence of 18 (3%) compared to 15 (2.5%). This
finding highlights the risks associated with the
manipulation of wires, catheters and introducer
sheaths within the arch, which have potential to off-
set or even cancel out the benefit of a reduced risk
of paraplegia in comparison to open surgery.

An analysis of the risk factors for paraplegia in
14 patients is shown in Table 13.1. The most im-
portant result from a clinical perspective is a highly
significant increase in the risk of paraplegia when

three or more stent grafts are used. This applied in
nearly 20% of patients and presumably correlates
with the length of aorta covered, i.e. the greater the
length the higher the risk. Interestingly, there was no
correlation between the length of the aneurysm and
the risk of paraplegia and it may be speculated that
the greatest risk relates to relatively healthy aorta
being covered.

The risk of paraplegia associated with endovas-
cular repair of degenerative thoracic aneurysms was

Table 13.1 Neurological complications following endovascular thoracic aortic repair.

Paraplegia N = 14 Other N = 495
N (%) N (%) P-value

Degenerative aneurysm 12 (85.7) 300 (60.6) 0.057
Chronic 8(66.7) 227 (75.7) NS
Acute 4 (33.3) 56 (18.7) NS
Unknown — 17 (5.7) NS

Dissection 2(14.3) 195 (39.4) 0.057
Chronic 0 (0) 102 (52.2) NS
Acute 2 (100) 93 (47.7) NS

Localization
A (prox) 5(35.7) 189 (38.2) NS
B (prox+mid) 2 (14.3) 38(7.7) NS
C (mid) 1(7.1) 64 (12.9) NS
D (dist) 1(7.1) 46 (9.3) NS
E (mid+dist) 2(14.3) 27 (5.5) NS
F (prox+mid+dist) 3(21.4) 39 (7.9) 0.069

Length aneurysm (mean + SD) 128.3 + 116.7* 98.1 £+ 63.5* NS
Anesthesia
General 14 (100) 460 (92.9) NS
Regional — 21 (4.2) NS
Local — 14 (2.8) NS

Number of stent grafts
>3 7 (50.0) 101 (20.4) <0.0001

Duration operation (mean + SD) 159.1 & 89.6 132.9 4+ 86.7 NS

Replaced blood volume (mean + SD) 362.5 + 639.3 485.4 4+ 5092.4 NS

Blocking side branches
T9 - occlusion by device 5(35.7) 124 (25.1)

T10 - occlusion by device 7 (50.0) 99 (20.0)
T11 - occlusion by device 5(35.7) 76 (15.4)
T12 - occlusion by device 4 (28.6) 45 (9.1)

Conversion 1(7.1) 10 (2.0) NS
Early (30-day) 1(7.1) 2(0.4) 0.0012
Late (>30-day) 0 (0) 8(1.6) NS

Death 8(57.1) 97 (19.6) 0.0006
Early (30-day) 6 (42.9) 43 (8.7) <0.0001
Late (>30-day) 2(14.3) 54 (10.9) NS

Risk factors for paraplegia.
*N = 11 and 258.
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12/312 (3%) while that associated with treatment
of dissections was 2/97 (1%). Paraplegia was asso-
ciated with a very high mortality risk 8/14 (67%).
Most of these deaths occurred within 30 days of
operation.

Follow-up

Currently follow-up extends to a maximum of 5
years. However data are available on just 10 out
of a total of 34 patients in whom the procedure
was carried out more than 5 years ago. A total of
108 patients have died, 67 within 30 days of their
operation and 41 after this period. Fourteen have
been converted to open repair, three have suffered
late rupture of their aneurysm and eight patients
have been lost to follow-up.

Life table analyses for survival, freedom from
endoleak, freedom from persistent endoleak, per-
sistent endoleak-free survival, freedom from sec-
ondary intervention, secondary intervention-free
survival, and freedom from rupture are shown in
Figs. 13.1-13.7.

Of the patients treated for aortic dissection com-
plete or partial thrombosis of the false lumen was
observed in 53% at 1 month after operation. For the
whole population of patients the cumulative rate of
survival at 5 years was 62%. The secondary inter-
vention rate was lower than that associated with ab-
dominal endovascular procedures at less than 20%
at 5 years. The incidence of secondary intervention
after the first year was very low. Almost 99% of the
whole population of patients remained free from
aortic rupture after 5 years.
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Figure 13.1 Life table analysis — survival.
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Key points

1 A variety of thoracic aortic pathologies were
treated by endovascular stent/grafting.
2 Complete technical success was achieved in 90%
of patients.
3 The total incidence of endoleak on completion
of the procedure was 9%. Type 2 endoleak was ob-
served in only 2% of the patients.
4 The incidence of paraplegia was low (2.5%).
5 Deployment of three or more endografts within
theaortawasahighly significant risk factor for para-
plegia.
6 Sixty seven per cent of patients with paraplegia
died.
7 Theincidence of intracranial stroke (3%) equaled
that of paraplegia.
8 Partial or complete thrombosis of the false lumen
occurred within 1 month in 53% of the patients
treated for aortic dissection.
9 Late complications have occurred infrequently
to date. Freedom from secondary intervention ex-
ceeded 80% at 5 years.
10 Durability of endovascular treatment of tho-
racic aortic pathologies beyond 5 years remains to
be established. But, within this period late device
related complications have been rare. Contrary to
expectations migration of stent/grafts was reported
in one patient only to date.
11 These results are consistent with the expecta-
tion of superior outcome from endovascular re-
pair in comparison to the known results of con-
ventional open surgery at least in the medium
term.

To review updates of the EUROSTAR Thoracic
and abdominal aortic aneurysm databases visit the
website at:

www.eurostar-online.org
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CHAPTER 14

Management of aortic aneurysms
and dissections with the Zenith

TX2 stent graft

W. Anthony Lee

The prevalence of thoracic aortic aneurysms is ap-
proximately 8—12 cases per 100,000. This estimate
is largely based on historical data predating the en-
dovascular era and high-speed spiral computed to-
mographic (CT) scans. With the more liberal use
of CT scans for vascular and nonvascular diagnos-
tic imaging, this estimate is likely to increase in the
future.

TAA is a disease of the elderly with its peak inci-
dence occurring in the eighth decade of life. There
is relatively greater proportion of women present-
ing with TAA as compared to abdominal aortic
aneurysms (AAA). Whereas in the abdominal aorta,
the ratio of men to women is approximately 4:1, in
the thoracic aorta it is approximately 3:2, and in
some series approach 1:1.

Similar to femoral and popliteal aneurysms, the
presence of a TAA is a strong marker for the pres-
ence of a concomitant AAA. Almost half of those
who present with a thoracic aortic aneurysm will
have or had a repair of an AAA. Conversely, those
who present with an AAA have a 5% incidence of a
concomitant TAA, and thus anyone being evaluated
for an AAA should have a thoracic CT scan at least
once during their initial workup.

The indications for treatment of TAA include
symptoms of back pain, rupture, or size greater than
5.5-6.0 cm. Conventional surgical repair involves
prosthetic aortic replacement under left heart by-
pass using variety of adjunctive measures such as
distal perfusion and spinal cord drainage to mini-
mize the risk of spinal cord ischemia. Endovascular
repair involves tubular stent grafts that are deliv-

ered through the femoral or iliac arteries and de-
ployed over uninvolved segments of the thoracic
aorta proximal and distal to the aneurysm. Cur-
rently, the only FDA-approved commercially avail-
able device in the United States with this indica-
tion is the TAG thoracic endograft from W.L. Gore
(Flagstaff, AZ).

In addition to thoracic aneurysm, thoracic aortic
dissection is another significant disease which can
affect this vasculature. Thoracic aortic dissections
are primarily classified according to their chronic-
ity and site of the primary intimal tear relative to
the left subclavian artery. In the Stanford classifi-
cation system, A-type refers to dissections that in-
volve the ascending aorta, and the B-type refers to
those that begin distal to the left subclavian artery
with or without abdominal extension. Acute and
chronic dissections are differentiated by whether
onset of symptoms is older than 2 weeks. While
most Stanford A dissections require urgent repair
due to the risk of pericardial rupture, aortic regur-
gitation, and death, most Stanford B dissections are
managed medically.

The clinical presentation of thoracic aortic dis-
sections is distinctly different from atherosclerotic
aneurysms. The patients are typically younger in
their third and fourth decades of life and uniformly
present with severe hypertension. Therefore, the
mainstay of medical management is aggressive con-
trol of their blood pressure and heart rate using a
combination of short acting beta-blocker and ni-
troprusside infusions. The physiologic aim of these
two maneuvers is to reduce the dp/dt and prevent
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the risk of progression of the dissection and acute
rupture.

The natural history of uncomplicated and un-
repaired chronic Stanford B dissections is that of
progressive aneurysmal dilation of the false lumen
in up to 30-40% of cases within 5 years, most of
whom will require surgical repair to prevent rup-
ture. Currently, the only indication for endovascu-
lar or surgical intervention for acute dissections is
complications refractory to medical management.
These include unremitting back pain, refractory hy-
pertension, visceral or lower extremity malperfu-
sion, and rarely acute expansion and rupture of the
false lumen.

Mortality and morbidity of surgical repair for
complicated acute aortic dissections can be signifi-
cant. Therefore, “minimalist” or symptom-directed
approach to restore perfusion to the ischemic bed is
reasonable if anatomically possible. Surgical treat-
ments include prosthetic aortic replacement under
cardiopulmonary bypass, with or without circula-
tory arrest, and extra-anatomic bypasses to restore
lower extremity perfusion. Endovascular therapies
have included percutaneous fenestrations of the dis-
section septum to equalize blood flow from one lu-
men to the other and more recently deployment of
a stent graft to cover the primary tear, redirect the
blood flow into the true lumen, and induce false
lumen thrombosis. There are no endovascular de-
vices currently approved in the Unted States for use
in thoracic aortic dissections.

Differences between endovascular
treatment of the thoracic and
abdominal aorta

There are substantive differences during the execu-
tion and mechanics of endovascular treatment of
the thoracic and abdominal aorta that belies the
apparent similarities of the two types of devices and
delivery methods. Everything in the thoracic aorta
is more remote from the entry point of guidewires,
catheters, and delivery systems. This means longer
catheters and wires with reduced torque control and
pushability. This physical distance is compounded
by serial iliac, abdominal, and thoracic aortic tor-
tuosity, most commonly present in the supradi-
aphragmatic segment and near the apex of the arch.
(Fig. 14.1). There can also be significant motion

Figure 14.1 Severe abdominal and thoracic aortic
tortuosity.

of the thoracic aorta that occurs during respiratory
and cardiac cycles. All of these factors make pre-
cise deployment of the devices near the delimiting
branch vessels (proximally: left subclavian or left
common carotid arteries, distally: celiac artery) sig-
nificantly more challenging than in the abdominal
aorta. And lastly, thoracic devices are larger than ab-
dominal devices and require proportionately larger
access vessels. This with a relatively higher inci-
dence of females with thoracic aortic aneurysms
and their smaller iliac arteries and occlusive disease
contribute to a higher incidence of local vascular
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Figure 14.2 Retroperitoneal iliac conduit using a 10-mm Dacron graft anastomosed to the distal common iliac artery.

complications and need for iliac conduits for de-
vice delivery (Fig. 14.2).

Advantages of endovascular
thoracic aortic repair

The advantages of endovascular thoracic aortic re-
pair over conventional surgery parallel those of the
abdominal aorta. Specifically, endovascular repair
avoids the morbidity of a thoracotomy and the pleu-
ral adhesions that can occur with prior chest surgery
or certain lung conditions [1-4]. The procedure
typically requires only a single groin cutdown and a
contralateral 5-Fr percutaneous femoral access. In
the cases of small or diseased iliac arteries, a limited
retroperitoneal pelvic exposure is required for an
iliac conduit. Unlike open repair, endovascular re-
pair can be performed under regional or even local
anesthesia. These aspects of the procedure obviously
have significant benefits in those who have compro-
mised pulmonary function and may become ven-

tilatory dependent with a thoracotomy and a pro-
longed period of general anesthesia.

Physiologically, endovascular repair offers even
greater potential benefits by avoidance of cardiopul-
monary bypass and need for aortic occlusion. The
deleterious effects of visceral and lower extremity
ischemia, reperfusion, and cytokine activation are
entirely avoided. These benefits have translated into
decreased early morbidity, shorter hospital length of
stay, and faster recovery to baseline function.

Zenith TX2 thoracic endovascular
graft

Currently, the only FDA-approved commercially
available thoracic endograft in the Unted States is
the TAG device (W.L. Gore, Flagstaff, AZ). At the
time of this writing, three other devices are undergo-
ing various stages of IDE (investigational device ex-
emption) clinical trials including Zenith TX2 (Cook
Endovascular, Bloomington, IN), Talent Thoracic
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(Medtronic Vascular, Santa Rosa, CA), and the Re-
lay Thoracic Stent Graft (Bolton Medical, Sunrise,
FL). This chapter will focus on the Zenith TX2
device.

The Zenith TX2 (“TX2”) is a tubular stent graft
constructed of a Dacron fabric that is supported
with stainless steel Z-stents [1, 2]. The device em-
ploys an active fixation mechanism with external
hooks oriented in the opposite directions and de-
signed to engage the aortic wall to decrease the risk
of proximal and distal migration. The placement of
the stents relative to the fabric is varied along the
length of the device. At the ends of the endograft
the stents are sewn inside the fabric, while in its
midportion it is outside the fabric. The intent of
this design was to optimize fabric apposition to the
aortic lumen and fabric—fabric interstent junctions.

The TX2 system is designed as a two-piece mod-
ular system, although for focal lesions single piece
repair is adequate (Fig. 14.3). The device can ac-
commodate normal aortic outer diameters of 24 to
38 mm and requires proximal and distal landing
zones with a minimum length of 30 mm. The de-
vices are delivered through an integral introducer
sheath that has an extremely lubricious outer coat-
ing that facilitates its passage through smaller and
diseased access vessels. The proximal cone has a pre-
shaped curve that is designed to accommodate the
curvature of the aortic arch during initial position-
ing and deployment. The smaller half of diameters
of the product matrix is housed in a 20-Fr intro-
ducer sheath and the larger half is in a 22-Fr intro-
ducer sheath.

The TX2 proximal component is a fully-covered
stent graft with fixation hooks protruding out-
side the graft material and staggered approximately
3-5 mm from the proximal edge of the device (Fig.
14.4). The weld points of the hooks and the thick-
ness of the Z-stent struts allow for easy visualization
of the device under fluoroscopy. The device diame-
ters range from 28 to 42 mm and lengths from 12.0
to 21.6 cm. Similar to the abdominal Zenith device,
the stent graft is deployed in a staged manner for
an extremely accurate and controlled deployment.
After partial deployment of the device, limited lon-
gitudinal movement of the delivery catheter is al-
lowed to fine-tune the position of the stent graft in
the proximal neck with interval adjustments of the
fluoroscopy gantry angle and control angiograms.

Figure 14.4 Close-up of the proximal end of the TX2
proximal component. Note the hooks protruding from the
fabric.
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Figure 14.5 The proximal end of the proximal component
is constrained in a clover-leaf pattern to allow continued
aortic blood flow.

During this time, the proximal end remains par-
tially constrained in a clover-leaf pattern to avoid a
windsock effect (Fig. 14.5). Once the proximal end
is positioned satisfactorily, the remainder of the de-
vice is unsheathed, and its position is secured with
release of trigger wires which allows the proximal
end to fully deploy and the hooks to engage the
aortic wall.

The TX2 distal component has a slightly different
construction from the proximal component. The
distal end of the device has an uncovered bare-metal
stent similar to the proximal end of the abdominal
Zenith device. The hooks are on this bare stent and
are oriented in a retrograde manner opposite the
direction of the proximal hooks (Fig. 14.6). This
bare stent configuration allows fixation of the de-
vice over the origins of the visceral vessels where it
may be relatively less diseased and the covered por-
tion to extend right to the origin of the celiac artery.
Similar to the proximal component, the device di-
ameters range from 28 to 42 mm and lengths from
12.7t020.7 cm. Although the minimum overlap be-
tween the proximal and distal device is two stents,
there is no upper limit and nearly the entire distal
component may be “tromboned” into the proximal
stent. The deployment method similarly involves
first unsheathing the stent graft and, after precisely
positioning the distal end, releasing trigger wires to
deploy the distal bare-metal stents. The productline
includes 8-cm long extensions to extend proximally

Figure 14.6 Close up of the distal end of the TX2 distal
component. Note the bare stent with the retrograde-
oriented hooks.

or distally or bridge interstent junctions, although
they are rarely necessary.

Endovascular repair of thoracic
aortic aneurysms

Case planning and patient selection
Almost the entire case planning may be performed
using thin-cut (<2 mm) CT angiogram with three-
dimensional multiplanar and centerline orthogonal
reconstructions. Due to the intrinsic tortuosity and
angulations of the thoracic aorta, anatomic sizing
and length determination using plain axial imaging
is nearly impossible. Conventional angiography is
unnecessary in most cases as it subjects the patient
to all the risks of an invasive procedure and a large
contrast load.

The main determinants of anatomic eligibility are
adequate proximal and distal landing zones. Prox-
imally, the absolute limit of endograft extension is
the origin of the left common carotid artery (or the
innominate artery in the cases of bovine anatomy).
The left subclavian artery may be covered to gain
additional landing zone but preoperative evaluation
of the left vertebral artery and completeness of the
circle of Willis must be performed. Indications for
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left subclavian revascularization include left-hand
dominance, a dominant left vertebral artery, and an
incomplete circle of Willis. Distally, the celiac artery
marks the lower limit of the landing zone. Beyond
mere length of the proximal and distal necks, its
quality in terms of the shape, angle, and presence
of thrombus all play a role in determining the suit-
ability for endovascular repair. For the TX2 device,
the neck diameters must fall in the range of 24-38
mm in diameter and at least 30 mm in length. Sec-
ondary considerations include the size and quality
of the access vessels, overall aortic tortuosity, and
underlying aortic pathology.

Once the basic anatomic criteria have been met,
device(s) of appropriate diameter(s) and length(s)
are selected to allow coverage of the entire length
of the involved thoracic aorta. The side of endo-
graft delivery, transfemoral vs. iliac conduit, need
for left subclavian coverage with or without revas-
cularization are all determined preoperatively and
are critical to the success of the procedure.

Preoperative preparation

The conduct of an endovascular thoracic aneurysm
repair involves the following key points. The pro-
cedure should be performed in a sterile surgical
environment with laminar airflow management.
Endograft infection is a lethal complication and
the meticulous sterile technique must be observed
throughout the entire procedure. Any anesthetic
technique can be used but because many of these
patients have coexisting pulmonary insufficiency, a
regional technique is favored. We have reserved gen-
eral anesthetic to those patients who cannot lie flat
due to back problems, are hard of hearing, or have
other cognitive or medical disabilities that would
impair their ability to fully cooperate by lying still
and holding one’s breath when asked. Use of ad-
junctive invasive monitoring such as Swan—Ganz
catheters and transesophageal echocardiography
arelargely unnecessary. No attempt is made to mod-
ulate the blood pressure during endograft deploy-
ment, include adenosine-induced cardiac arrest.
Spinal drainage is not routinely performed for
most cases. Consideration for prophylactic spinal
drainage can be given when extensive coverage of the
thoracic aorta is planned or the patient previously

had an abdominal aortic replacement. However, the
correlation between extent of thoracic aortic cov-
erage and postoperative paraplegia/paraparesis has
been poor. Published case reports seem to indicate
that one of the most important risk factors for pe-
rioperative spinal cord ischemia is intraoperative
hypotension. Therefore, maintenance of normoten-
sion or even mild hypertension with pharmaco-
logic adjuncts is recommended. When symptoms
of spinal cord ischemia are detected in the post-
operative period, blood pressure is elevated and a
spinal drainage catheter is expeditiously placed and
left in for 48-72 h. In an overwhelming majority of
cases, the paraplegia/paresis can be completely re-
versed if it is detected early enough. On the other
hand, late onset of spinal cord ischemia up to 2
weeks postoperatively has also been reported.

Invasive arterial monitoring is typically placed in
the right radial artery as coverage of the left subcla-
vian artery may be necessary in over 20% of cases.
Central venous access is unnecessary and two large
bore intravenous lines are sufficient for periopera-
tive fluid management. The prep is limited to the
abdomen and thighs. The risk of emergent intra-
operative conversion due to aortic rupture is less
than 1% and no specific provisions are made for an
emergent thoracotomy.

Excellent fluoroscopic imaging is essential to the
success of the procedure. While portable C-arm flu-
oroscopy units may be used with relative safety,
there is no substitute for a fixed unit in terms of
visualization of vital structures and avoidance of
overheating and system shutdown in the middle
of the procedure. The procedure table should be
circumferentially radiolucent to allow unimpeded
imaging and EKG-leads and other radiopaque
objects should be removed from the imaging

field.

Technique

On the basis of preoperative studies, the side with
the largest and the least diseased iliac and com-
mon femoral arteries is selected for endograft de-
livery. Although percutaneous access is possible us-
ing suture-mediated closure devices deployed prior
to insertion of the introducer sheaths, the most
common method is direct surgical exposure of the
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femoral arteries. In approximately 15-20% of cases,

a retroperitoneal iliac conduit is required to over-
come small or diseased iliac arteries. Next, the con-
tralateral femoral artery is percutaneously accessed
and a 5-Fr sheath is inserted.

Guidewire access into the ascending thoracic
aorta is obtained. Occasionally in situations of se-
vere angulation or aortic tortuosity, appropriate di-
rectional catheter support is necessary to navigate
through the aorta. The initial guidewire on the side
of endograft delivery is exchanged for a supers-
tiff guidewire such as the Lunderquist Extra-Stiff
(Cook Inc., Bloomington, IN), which has a pre-
formed curve at its proximal end to conform to the
curvature of the arch. A 5-Fr pigtail angiographic
catheter is advanced to the proximal arch over the
contralateral guidewire. The patient is systemically
anticoagulated with intravenous heparin to achieve
an activated clotting time of 250 s or greater.

The fluoroscope is angled approximately 30—45°
in the left anterior oblique projection to “open” the
aortic arch and optimally visualize the arch perpen-
dicular to the main axis of the origins of the great
vessels. An initial aortogram is performed using

Figure 14.7 Intraoperative image of the
proximal component partially deployed.

15-20 ml of contrast injected at 20 ml/s to con-
firm preoperative CT findings. The proximal TX2
component is delivered to the proximal neck
and deployed using the method described above
(Fig. 14.7). While maintaining guidewire access and
manual control of the femoral artery, the delivery
catheter is removed and the distal component is ad-
vanced into the proximal component. The pigtail
catheter is positioned in the distal thoracic aorta
and the origins of the celiac and superior mesen-
teric arteries identified using a lateral projection.
The distal end of the covered section of the distal
component is positioned above the celiac artery and
device is deployed as described above.

There is no obligatory ballooning required for
the TX2 device. A completion aortogram is per-
formed to confirm proper placement and exclu-
sion of the aneurysm. Attachment site and junc-
tional endoleaks may be treated with a compliant
aortic occlusion balloon such as the Coda (Cook
Inc., Bloomington, IN) to smooth any folds and
ensure full expansion of the devices. All sheaths
and guidewires are removed and the femoral ar-
teriotomy is surgically repaired.
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Endovascular repair of thoracic
aortic dissections

Endovascular repair of Stanford B dissections is an
evolving therapy whose early results hold promise
for this difficult problem [1-3]. There are no de-
vices that are currently available approved for this
indication. The Zenith TX2 line of thoracic endo-
grafts has recently introduced a novel extension of
the original product line to be used in conjunction
with the proximal TX2 component and specially de-
signed for the treatment of dissections. This is an
investigational device and only available under an
IDE in the United States.

TX2 distal bare stent component

The device is constructed of stacked Z-stents joined
by polypropylene sutures (Fig. 14.8). It is intro-
duced through a 16-Fr sheath which can be in-
serted through the existing TX2 proximal compo-
nent sheath. A single-stent diameter accommodates
aortic luminal diameters ranging from 24 to 46 mm
and is available in 82-, 123-, and 164-mm lengths.
Similar to the rest of the Zenith line, after unsheath-
ing, the device is fully deployed by releasing a trigger
wire. The Z-stents exert a low radial force to “gen-
tly” appose the dissection septum and reexpand the
true lumen. The large open strut architecture allows
maintenance of branch vessel perfusion, so that the
stent can be safely deployed across the origins of
intercostal, visceral, and renal arteries.

In principle, the goal of this combination con-
struction of a covered component proximally and
bare-metal component distally is to achieve true lu-
men reexpansion and false lumen exclusion. The
size of the TX2 proximal component is based on
the diameter of the most proximal uninvolved tho-
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racic aorta, usually the segment between the left
subclavian and common carotid arteries. Following
deployment of this device across the primary tear,
blood flow is redirected into the true lumen and
the false lumen is mostly depressurized with most
of the residual perfusion from distal reentry tears
that are frequently present in the perivisceral aortic
segment. The distal bare stent component is then
used to reappose the septum against the false lu-
men. In the cases of persistent malperfusion due to
a dissection flap into or a reentry tear near a vessel
origin, the Z-stent provides structural scaffolding
for placement of a bare or covered peripheral stent
from the true lumen into the branch vessel bridging
across the false lumen (Fig. 14.9).

Technique

The conduct of the endovascular repair of acute
thoracic dissections is similar to that of thoracic
aneurysms except for the following differences.
The procedures are typically performed urgently or
emergently due to complications from the acute dis-
section. Standing inventory should be available so
that repair is not delayed due to lack of devices. For
optimal airway control, general endotracheal anes-
thesia using cardiac induction techniques should
be used. Wide hemodynamic fluctuations should
be assiduously avoided to reduce the risk of acute
extension of the dissection or even rupture of the
false lumen during induction.

Right brachial arterial access is routinely ob-
tained to maintain ready access to the true lumen
for proximal thoracic angiography. The side of en-
dograft entry is selected on the basis of preopera-
tive CT angiography and involvement of the iliac
arteries. The side that allows the best true lumen
access from the femoral artery is selected. A floppy-
tipped guidewire is carefully advanced into the

=

e e s W
' =T 5 % —=

Figure 14.8 A fully-deployed TX2 distal
bare stent component for treatment of
aortic dissections.
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Figure 14.9 Combination repair utilizing the TX2 proximal
component with the distal bare stent component. Note
how the bare stent is deployed over the renal arteries in
this glass model.

ascending thoracic aorta. The entire course of the
guidewire is interrogated with an intravascular ul-
trasound (IVUS) to verify consistent true lumen
passage. Occasionally, the guidewire can “weave” in
and out of the dissection septum through the reen-
try tears. Failure to verify true lumen passage can
result in mal-expansion of the stent graft with disas-
trous complications. Using IVUS control, the point
of false lumen traversal can be visualized and the
guidewire redirected into the true lumen. Balloon-
ing is avoided unless absolutely necessary to avoid
potential proximal extension of the dissection.

Following deployment of the TX2 proximal com-
ponent, if the true lumen has reexpanded suffi-
ciently and malperfusion corrected, the procedure
may conclude at this point. However, if the true
lumen remains collapsed distally due to persistent
false lumen perfusion, the bare stent component of
appropriate length is deployed. Reapposition of the
septum may be sufficient to close the distal reentry
tears. Additional small diameter peripheral stents
may be required to tack down persistent flaps which
may obstruct the branch vessels. Reversal of malper-
fusion is assessed angiographically and with mea-
surements of hemodynamic gradients.

Clinical experience

The clinical experience with the Zenith TX2 stent-
graft system is limited due to the current inves-
tigational nature of the device. Nearly all of the
available data are from outside the United States
or from individual physician-sponsored IDE single-
center studies. These reports encompass a broader
range of thoracic pathologies than a typical spon-
sored multicenter IDE clinical trial [1-6]. In a re-
cent publication from Cleveland Clinic, Greenberg
et al. reported the midterm results of their first
100 consecutive thoracic aortic repairs using the
Zenith TX1 (1st generation) and TX2 stent-graft
systems [2]. The majority of the experience com-
prised aneurysms (81%) and dissections. All-cause
mortality in this cohort was 17% at 1 year. Spinal
cord ischemia occurred in 6% and strokes in 3%
of patients. Other pertinent outcomes at 1 year in-
cluded 6% rate of endoleak, 15% secondary inter-
ventions, and 6% migrations. Interestingly, as previ-
ously mentioned, 55% had a prior aortic aneurysm
repair and 19% required iliac conduits.

At the time of this writing, the Zenith TX2 pivotal
trial has completed enrollment of the test (endovas-
cular) arm [6]. This was a prospective, nonran-
domized, multinational, IDE clinical trial involving
47 centers studying the safety and efficacy of the
TX2 stent-graft system in the treatment of thoracic
aortic aneurysms. Anatomic inclusion criteria in-
cluded descending thoracic aortic aneurysms and
penetrating ulcers with at least 3 cm of healthy, un-
involved aorta proximal, and distal to the lesion.
The study design involved 135 endovascular repairs
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and 70 contemporary (repairs performed within
12 months of enrollment) and prospective open
surgical controls. The primary safety endpoint was
30-day all-cause mortality as compared to the surgi-
cal controls and the primary efficacy endpoint was
30-day rupture-free survival. Secondary endpoints
included procedural and treatment successes, ad-
verse events, mortality, clinical utility measures, and
quality of life assessment at 12 months. Detailed
description and rationale of the pivotal trial can
be found in the publication by Hassoun and col-
leagues [6].

Conclusion

Endovascular repair of thoracic aortic aneurysms
and dissections may provide a less invasive alterna-
tive in the treatment of these life-threatening condi-
tions. Although not yet FDA-approved, the Zenith
TX2 thoracic endograft system holds promise as an
important addition to the thoracic endovascular ar-
mamentarium. However, as in allnew and emerging
therapies, the long-term safety and efficacy of en-
dovascular repair are lacking and it should be not
be used with undue premature exuberance.
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Aortic dissection: evaluation
and management — choosing
the right intervention

David M. Williams

Contemporary treatment of aortic dissection still
depends on landmark articles by DeBakey in 1955
and Wheat in 1965, which laid the groundwork for
the surgical and medical treatment of acute aor-
tic dissection observed as standard-of-care until re-
cently [1, 2]. The approach to treatment pivoted
primarily on identification of anatomical features of
the dissection, namely involvement of the ascending
aorta (Fig. 15.1). Identification of ascending aortic
involvement depended initially on catheter-based
aortography, with injection of iodinated contrast in
the aortic root. The critical role of aortography was
gradually replaced by computed tomography (CT)
and transesophageal echocardiography (TEE).

Acute aortic dissection typically kills by tampon-
ade or exsanguination due to false lumen rupture
or by organ ischemia due to the malperfusion syn-
dromes [1-5]. These complications comprise the
targets of contemporary endovascular approaches
to treating acute dissection, which include percuta-
neous fenestration and endograftimplantation. The
classical treatment algorithm asked merely: Is the
ascending aorta involved? The new endovascular
techniques require a more detailed anatomical de-
scription of the dissection than the classical algo-
rithm, including on-the-spot identification of true
and false lumens, location of entry and reentry
tears, and sources of critical vessel perfusion. The
roles and requirements of angiography, TEE, and
CT have all evolved to accommodate the changing
paradigms of treatment.

This presentation will discuss the pathophysiol-
ogy of false lumen rupture and malperfusion, tech-

nical requirements of fenestration and endovascu-
lar treatment, and the relation of individual patient
anatomy to the critical treatment decisions of open
vs. endovascular treatment, endograft vs. fenestra-
tion. A detailed description of fenestration and bare
stents will be presented in the second talk.

Pathoanatomy of false
lumen rupture

In a model of aortic dissection with no flow and
equal pressures in the true and false lumens, the
true lumen immediately collapses and the false lu-
men immediately becomes ectatic, resulting in an
overall increase in aortic cross section [6]. Consider-
ation of the anatomy of the two lumens explains this
behavior. The normal aorta expands due to blood
pressure until wall tension generated by elastic re-
coil of the mural elastin and collagen balances blood
pressure. In aortic dissection, the dissection flap
typically contains the intima and 2/3 of the media,
and the outer wall of the false lumen contains the
remaining 1/3 of the media and the adventitia. Be-
ing thinner and less elastic than the outer wall of
the undissected aorta, the outer wall of the false lu-
men must expand to a larger diameter in order to
generate, at a given blood pressure, the same wall
tension. The dissection flap, which lies between iso-
baric lumens, has been released from transmural
pressure, and therefore undergoes radial elastic col-
lapse. Thus, false lumen dilation and true lumen
collapse are expected from purely structural con-
siderations of the aortic wall.
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Pre-fenestration and -endograft era

Dissection type?

£
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Figure 15.1 Treatment algorithm in prefenestration and
preendograft era.

The availability of endografts invites us to con-
sider the reversal of this process: What would hap-
pen if a covered endograft were deployed across the
communication between the lumens, covering the
tear and sequestering the false lumen? In this case,
transmural pressure would be restored to the dis-
section flap and reduced from the outer wall of the
false lumen. The dissection flap would expand, the
outer wall of the false lumen would contract, and,
assuming the false lumen could vent its contents, the
false lumen would disappear. To what extent clini-
cal dissections would follow this model remains to
be seen. In any event, achieving this hemodynamic
reversal of the dissection process requires accurate
identification of the location and extent of the en-
try and reentry tears and judicious placement of the
endograft.

Rupture of the false lumen is associated with tears
in the outer wall of the false lumen. Focal partial-
thickness tears in the outer wall of the false lumen
are often seen in specimens resected during surgi-
cal treatment of acute type 1 or 2 dissections. These
are flat, shallow, lenticulate defects in the ragged
surface of the outer wall, usually without associ-
ated adventitial hemorrhage. There is no imaging
correlate of these defects on CT, and so presently
there is no way of studying their natural history,
or of incriminating them in aortic rupture. How-
ever, because they represent areas of focal thinning,
and because dehiscence of the edges of these tears
suggests that local wall strain exceeds elasticity, it
is reasonable to assume they are sentinel tears as-
sociated with false lumen rupture. With respect to

preventing false lumen rupture in a given patient,
the inability to see these tears argues for continuing
the status quo and treating all acute type 1 and 2 dis-
sections and all acute type 3 dissections with large
baseline diameters or rapid growth as high risk for
rupture.

False lumen rupture at first appears to present a
technical quandary. How can one seal a tear in the
outer wall of the false lumen, assuming the exit tear
could be identified and that the stiff delivery device
could even be manipulated safely alongside it? But
necropsy studies suggest that in acute dissection
the location of false lumen rupture is near the entry
tear of the dissection [7, 8]. Furthermore, it appears
that the endograft deployed across the entry tear of
an acute dissection induces localized thrombosis of
the nearby false lumen [9]. Thus, there is a sound
anatomical and physiological basis for treating
symptomatic or leaking acute type B dissections
by covering the entry tear near it, without neces-
sarily eliminating all reentry tears throughout the
aorta.

Pathoanatomy of branch
artery obstruction

The Michigan classification of branch artery ob-
struction [10] is based on the anatomical relation-
ship of the dissection flap to the branch artery
in question (Fig. 15.2). It is an intuitively appeal-
ing classification because this anatomic distinction
forms the basis of distinct treatment strategies. The
causes of obstruction may be distinguished as fol-
lows:
— Static obstruction
— Dynamic obstruction
— Mixed static and dynamic
— Miscellaneous

* Related to dissection: thrombosis, embolism

e Unrelated to dissection: atherosclerosis, FMD

In static obstruction, the dissection flap inter-
sects the origin of a branch and encroaches on the
lumen. If the dissection enters the vessel origin but
does not reenter, the true lumen of the vessel is nar-
rowed, and a pressure gradient may be measured
across the stenosis between the aorta and the arte-
rial trunk. If the false lumen reenters through a large
enough tear, then it can completely compensate for
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Figure 15.2 Michigan classification of dissection-related branch artery obstruction.

a narrowed true lumen, and no pressure gradient
may be present. Treatment is aimed at relieving the
branch artery stenosis.

In dynamic obstruction, the dissection flap spares
the vessel origin, but prolapses across it like a cur-
tain. This obstruction is dynamic in two senses. It is
observed only during cross-sectional imaging with
the aorta pressurized and conducting flow; it dis-
appears when the aorta is observed at aortotomy or
at necropsy. Furthermore, it may disappear during
medical treatment with antihypertensives and beta-
blockers, and recur when medications are discon-
tinued. Treatment must be directed at the dissection
flap in the aorta. Two approaches are feasible: cover-
ing the entry tear by means of an endograft thereby
restoring true lumen flow and partially collapsing

the false lumen, and fenestrating the dissection flap
thereby establishing flow across the flap into the
compromised true lumen.

Identification of the true
and false lumens

Identification of the true and false lumens is crucial
in the endovascular treatment of aortic dissection.
The true and false lumens behave differently. As
noted above, the false lumen is prone to ectasia and
is at risk of rupture, and the true lumen is prone to
collapse and is at risk of compromise of its branch
arteries. Numerous steps in the endovascular treat-
ment of dissection require real-time knowledge of
which lumen the guidewire, the diagnostic catheter,
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and of course treatment devices lie within. These
steps include

— Deploying an endograft across the entry tear
within the true lumen

— Stenting a branch artery to the aortic true lumen

— Stenting the aortic true lumen after fenestration,
to reduce a prolapsing flap

— Aligning both iliac arteries with the aortic true
lumen during aortoiliac stenting

— Avoid complicating future transfemoral catheter
procedures, retrograde aortic perfusion, or endo-
graft treatment because of injudicious placement
of aortic or branch artery stents

In chronic dissections, the distinction between
the true and false lumens is usually straightforward.
For most of these patients, the interventionalist will
have the benefit of a chest, abdomen, and pelvis CT.
With the anatomical information garnered from the
CT, and with the real-time help of intravascular ul-
trasound, it is easy to stay oriented with respect to
true and false lumens. In acute dissections, a com-
plete CT exam may not be available. Features iden-
tifying the false lumen include aortic cobwebs and
the “beak” sign [11-13]. Aortic cobwebs are rem-
nants of media stretching (like cobwebs) between
the dissection flap and the outer wall of the false
lumen. The beak sign is the acute angle (the beak)
which the dissection flap meets the outer wall of
the aorta. As such, it is the imaging correlate of the
cleaving wedge of hematoma as it splits the me-
dial layers to form the false lumen. These signs
are highly reliable identifiers of the false lumen.
Generally reliable characteristics of the true lumen
are continuity with the aortic root, which remains
the source of the majority of the large-diameter
aortic branches, and continuity with the femoral
arteries.

Once the lumens are identified, they should be
traced from root to groin. A reliable anatomical rule
to use while drawing a mental path within the aorta
from slice to slice on a CT exam is that every time
the path crosses the flap it changes the lumen. A
second reliable anatomical rule is that, in acute dis-
sections, the lumens are continuous. If two lumens
are observed in the chest and two are observed in
the pelvis, then two are present in the abdomen,
although one of them may be difficult to identify.
Sources of branch artery perfusion are identified as

exclusively true lumen, exclusively false lumen, or
shared true and false lumens. Branches with shared
perfusion are further characterized as with or with-
out reentry tears.

Diagnosis of branch artery
obstruction

It would be useful at this point to summarize the

anatomic details required to direct endovascular

treatment. These must be established by cross-

sectional imaging, such as by preoperative CT or

by intraoperative IVUS, and include:

Dissection type

Location of entry tear

Location of reentry tears

Identification of true and false lumens throughout
the aorta

Identification of arteries at risk in malperfusion

Identification of mechanism of obstruction

Cross-sectional imaging is useful to ruling out
“ischemic anatomy.” If the true lumen is of reason-
able caliber from entry tear to termination, and if
the dissection flap spares every major branch artery,
then branch artery obstruction is unlikely. How-
ever, if the flap crosses a vessel origin, or the true lu-
men s collapsed, then malperfusion may be present,
and should be evaluated by angiography. Evalua-
tion begins with inspection of the flap in relation to
branch artery origins. This can be done most expe-
ditiously using intravascular ultrasound. Pressure
measurements are made simultaneously in the aor-
ticroot and abdominal aortic true and false lumens.
If these are equal, subsequent pressurements can be
made using the abdominal aortic pressure as a sur-
rogate for root pressure. If they are unequal, then
a search for a pressure drop across a coarctation-
like obstruction within the aorta should be
made.

Aortic pressures should be compared to arte-
rial trunk pressures in the organ of interest clini-
cally as well as in those branches suspected of be-
ing compromised on the basis of imaging. Equal
pressures in a false lumen and a collapsed true
lumen do not mean that the branch artery pres-
sures are also equal. Pressure measurements within
a branch artery should be followed by selective ar-
teriography, to make sure that the measurement is
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representative of the perfusion pressure at the or-
gan level. This precaution is necessary in instances
of static obstruction, wherein the reentry tear may
be several centimeters deep in the trunk; unless the
measurement is distal to the reentry tear, it may un-
derestimate the branch artery deficit in perfusion
pressure.

Dynamic obstruction may be demonstrably
pressure-dependent. In cases where this is sus-
pected, especially when the clinical history suggests
the patient is noncompliant with medications or
clinical follow-up, a negative work-up for malper-
fusion is followed by reassessment after tapering
down the dose of the beta-blocker. For this reason,
we request patients with subacute dissection and
a history suggesting sporadic episodes of malper-
fusion be converted to short-acting beta-blockers,
antihypertensives, and sedation. Patients with acute
dissection are, ordinarily, already being treated with
short-acting drugs.

Management

The DeBakey and Stanford classifications provide
straightforward anatomical criteria for stratifying
patients into immediate surgical or medical man-
agement. Treatment of the leaking type A false lu-
men (impending rupture or tamponade) and florid
aortic insufficiency take precedence over malperfu-
sion, and should proceed immediately in patients
with reasonable operative risk. Patients with pro-
longed malperfusion of gut or lower extremity may
be unsuitable for immediate repair even with type
A dissection, and in such cases immediate therapy
is directed at restoring flow to critical vessels. The
mechanism of arterial obstruction determines the
appropriate treatmentin a given case, and so the first
principle of treatment is to define arterial anatomy
and assess visceral perfusion. In particular, assur-
ing the integrity of the superior mesenteric artery,
or restoring perfusion to the compromised SMA,
has the highest priority of any endovascular goal
in this group of patients. Even when resection of
dead bowel is necessary, preoperative endovascular
restoration of SMA perfusion will give the general
surgeon reliable margins between uncompromised
and unsalvageable bowel.

While correcting life-threatening malperfusion
is the goal of these procedures, nevertheless the
endovascular physician should bear in mind
that additional endovascular procedures may be
necessary in the future. This is especially important
when treating patients with type A dissections
complicated by malperfusion, in whom aortic
root reconstruction may be delayed. For example,
deploying a Wallstent through a fenestration tear,
from the false lumen above to the true lumen below,
may effectively treat the malperfusion. However,
by compressing the true lumen adjacent to the false
lumen component of the Wallstent, this procedure
greatly complicates future transfemoral access to
the brachiocephalic vessels and precludes future
cardiac bypass using retrograde transfemoral
perfusion. Instead, the stent should be deployed
entirely within the aortic true lumen.

In summary, four treatment algorithms or deci-
sion trees can be envisioned. The first is the con-
ventional stratification between type A vs. type B
dissections (Fig. 15.1). In the pre-endograft era,
which is the current Michigan algorithm, the pri-
mary question is, “Is prolonged malperfusion sus-
pected?” Here, patients are stratified between im-
mediate angiography to correct malperfusion, and
treatment determined by the conventional algo-
rithm (Fig. 15.3). In the era of endografts restricted
to conventional indications for surgical interven-
tion, the first question is, “Is an endograft indi-
cated?” followed by “Is an endograft anatomically
feasible?” (Fig. 15.4). In the era of unlimited use

Pre-endograft era

Prolonged
malperfusion?
Yes No

/N

Fenestration —— Dissection type?
A B

Surgical Medical

Figure 15.3 Treatment algorithm in pre-endograft era.
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Restricted endograft era
Surgical indications for treatment

Malperfusion?
Baseline aneurysm?
Rapid growth?
Yes No

Suitable entry tear?

<N

Yes
v

Endograft

Dlssectlon type?

//\

Fenestratlon Surgical Medlcal

Figure 15.4 Treatment algorithm with restricted use of
endografts.

of endografts, the first question is “Is an endograft
anatomically feasible?” (Fig. 15.5).

Conclusion

New endovascular treatments of acute aortic dis-
section impose new challenges on diagnostic cross-
sectional imaging to define the individual patient’s
vascular pathoanatomy. The integration of clinical
assessment, contemporary high-resolution imag-
ing, and new endovascular treatments suggest new

Unrestricted endograft era:
Goal of false lumen thrombosis

Suitable entry tear?

Yes No
Endograft Prolonged
malperfusion?
Yes No

/ N\

Fenestration —— Dissection type?

/ \
A B
7 N
Surgical Medical

Figure 15.5 Treatment algorithm with unrestricted use of
endografts.
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algorithms or decision trees to guide treatment of
dissection.
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CHAPTER 16

Aortic dissection: role of
fenestration and stents in
the endograft era

David M. Williams

Aortic dissections are the tornadoes of the vas-
cular system. They are impetuous, catastrophic,
and capricious. Despite their unpredictability, the
complications of dissections fall into two classes:
branch artery obstructions, which depend on the
final anatomy of the true lumen, and aortic rup-
ture, which depends on the final integrity of the
false lumen.

Fenestration and deploying bare stents have
proven to be reliable methods for treating ischemic
complications of aortic dissection [1-3]. Recent
articles have shown widespread acceptance of en-
dografts for treatment of complicated as well as
uncomplicated dissections [4—6]. Endografts show
promise of correcting some of the ischemic com-
plications of dissections, as well as of stabilizing the
false lumen. This presentation reviews the pertinent
pathoanatomy of acute and chronic dissections as
related to these percutaneous treatment techniques,
reviews the technical details of endografts and fen-
estration, and describes the complementary roles of
these techniques in clinical practice.

Anatomic and hemodynamic
changes in the aorta following
dissection

As noted elsewhere, immediately after aortic dissec-
tion, there is variable collapse of the true lumen and
growth in total aortic diameter due to the bulging
false lumen [7]. The degree of true lumen col-
lapse and false lumen expansion is related to blood
pressure, circumferential extent of the dissection,

and magnitude of longitudinal blood flow in the
false lumen. A condition of significant longitudinal
blood flow in the false lumen is the presence of siz-
able entry and reentry tears in the dissection flap.
In such a case, false and true lumen pressures are
often equal, in which case the dissection flap is in
a state of elastic collapse, because there is no trans-
mural pressure to expand it. Collapse of the true
lumen is further exacerbated by the Bernoulli effect
of rapid flow in the true lumen parallel to a col-
lapsible membrane [8]. Pressures in the false and
true lumens may be equal despite profound pres-
sure deficits in branch arteries arising from the true
lumen. When pressures in the lumens are unequal,
false lumen pressure is usually the higher [9]. De-
pending on the configuration of the dissection flap,
perfusion of branch arteries may be affected signif-
icantly, as discussed below.

Stability of the false lumen

The pathoanatomy of the false lumen was discussed
in the previous presentation. This material will be
summarized here for the sake of completeness. Au-
topsy data suggest that aortic ruptures associated
with acute dissection occur from the false lumen
near the entry tear of the dissection [10, 11]. Fur-
thermore, preliminary observations from disparate
groups of interventionalists establish that covering
the entry tear of a dissection frequently induces lo-
cal thrombosis in the false lumen for at least the
length of the endograft.

123
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Table 16.1 Mechanisms of branch artery obstruction.

1. Related to the dissection flap
a. Dynamic obstruction: flap prolapses across vessel
origin
b. Static obstruction:
i Aortic flap enters and, to a variable degree,
narrows a branch artery origin
ii Aortic occlusion due to thrombosis of large
nonreentering false lumen
¢. Mixed static and dynamic
d. Thrombosis
i True lumen thrombosis distal to a totally
obstructing flap, seen (with declining frequency) in
the common iliac, renal, superior mesenteric artery,
and infrarenal aortic grafts.
ii False lumen thrombosis, seen cases of static
obstruction with nonreentering false lumen.
2. Unrelated to the dissection flap
a. Preexisting stenosis (atherosclerosis, fibromuscular
dysplasia)
b. Embolism

Mechanisms of branch
artery obstruction

A Dbrief review of the principal mechanisms of
branch artery obstruction will be provided here for
the sake of completeness, even though it is presented
elsewhere and summarized below (Table 16.1). As
noted earlier, branch artery obstructions are classi-
fied as dynamic or static. In dynamic obstruction,
the dissection flap does not enter a vessel origin, but
instead prolapses across the origin like a floating
washcloth over a bathtub drain. Inspection of the
aorta after aortotomy would fail to show obstruc-
tion. In static obstruction, the dissection crosses a
vessel origin and directly narrows the true lumen.
Whether, in a given patient, a dissection flap enter-
ing an aortic branch causes obstruction depends on
the presence and size of a reentry tear within that
branch. Furthermore, a dissection flap extending
down the superior mesenteric artery, for example,
can cause dynamic or static obstruction to jejunal
or ileal branches.

Fenestration: Anatomic and
hemodynamic changes

Fenestration creates a communication between the
false and true lumens by tearing a hole in the dis-

Table 16.2 Fenestration and stents in the era of
endografts.

Indications

1. Dynamic obstruction in type A dissections with pro-
longed malperfusion

2. Dynamic obstruction in type A dissections persisting or
developing after proximal aortic reconstruction.

3. Dynamic obstruction in type B dissections untreatable by
endografts, or persisting or developing after endograft
placement.

4. Arresting retrograde thrombosis in a dead-end false lu-
men causing aortic occlusion or spinal cord ischemia.

5. Bare stents for static obstruction

6. Covered stents for reentry tears in proximal branch ar-
teries.

Contraindications

1. Leaking false lumen

2. Significant aortic valvular insufficiency

3. Coronary artery dissection with myocardial ischemia or
heart failure

section flap. This communication allows blood flow
and pressure equilibration between the lumens. Be-
cause, at baseline, false lumen pressure either ex-
ceeds or equals true lumen pressure, fenestration
does not directly reduce false lumen pressure and
would, therefore, not be expected to reduce the risk
of eventual aneurysmal degeneration of the false
lumen. By creating a large tear in the dissection
flap, fenestration may prevent adjacent false lumen
thrombosis. However, it may be possible to choose
the level of the fenestration at a level which allows
reperfusion of compromised true lumen branches,
but which can be covered by an endograft at a later
time. The indications and contraindications for fen-
estration and stents are summarized in Table 16.2.

Endografts: Anatomic and
hemodynamic changes

An endograft deployed across the entry tear of
a dissection restores transmural pressure on the
dissection flap, locally expands the true lumen, and
locally excludes flow into the false lumen. The global
effect on the true and false lumens depends on the
size and number of distal reentry tears. Some ret-
rograde flow to the false lumen may continue due
to reentry tears distal in the aorta or in its branch
arteries. Thus, endograft treatment can be expected
to reverse dynamic obstruction in many instances,
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but cannot be assumed to reverse static obstruction  Table 16.4 Comparison of procedures: endograft vs.
due to dissection extending into branch arterjes. ~ fenestration and stents.
Following placement of an endograft, at-risk arter- )
. . . Fenestration
ies should be examined for malperfusion, such as
X Endograft and stents
by intravascular ultrasound and manometry.
Technique Simple Complex
- - - - Time to completion Short (2-4 h) Long (3-6 h)
Treating complications of aortic compreton 9
di ti . linical ti Anatomical applicability <40% Nearly 100%
Issection In clinical practice Fate of false lumen Variable Persists

In estimating the relative role of endografts and fen-
estration in clinical practice of treating complicated
aortic dissections, two issues are particularly im-
portant: location of the entry tear and the type of
malperfusion.

The primary anatomical requirement for placing
an endograft to treat aortic dissection is that the
entry tear be amenable to endograft treatment. In
the landmark necropsy series of aortic dissection
by Hirst et al., entry tears were located in the de-
scending aorta in approximately 30% of cases [12].
Twenty years later, a notable surgical series of 125
acute and chronic type A and B dissections reported
by Miller et al., had virtually the same incidence of
entry tears in the descending aorta [13]. It is appar-
ent then that a significant fraction of entry tears are
proximal to the descending aorta and are untreat-
able by current endograft technology.

Published data of the patterns of malperfusion
encountered in aortic dissection are scant. In the
early Michigan series reporting on 77 obstructed ar-
teries in 24 patients, 29 vessels (38%) involved static
obstruction either alone or in combination with dy-
namic obstruction [3]. In our subsequent (unpub-
lished) experience with 370 obstructed arteries in
144 additional patients, nearly 50% of obstructed
vessels are not expected to benefit from endografts
(Table 16.3).

Table 16.3 Expectations for treating malperfusion with
endografts.

Outcome RRA LRA SMA RCIA LCIA

(%) (N=78) (N=87) (N=83) (N=67) (N=55)

Cured 45 15 48 25 9

Might 14 30 17 31 29
benefit

Not helped 41 57 35 45 62

Cured = dynamic obstruction only; might benefit = some
dynamic obstruction; not helped = no dynamic obstruction.
N = number of obstructed vessels in 144 patient cohort.

As these considerations indicate, malperfusion in
asignificant fraction of patients cannot be corrected
by endografts: either because the entry tear is cur-
rently not treatable, or because of static obstruction.
Fenestration and stent placement should be con-
sidered solely a treatment of malperfusion. There
is no evidence that such a treatment either exacer-
bates or diminishes the risk of false lumen degenera-
tion. Endograft treatment can correct malperfusion
due to dynamic obstruction, and simultaneously in-
duce some degree of thrombosis in the false lumen,
thereby diminishing the risk of late aneurysmal de-
generation. A comparison of endografts and fenes-
tration for treatment of complicated dissection is
presented in Table 16.4.

Conclusion: Endografts are a promising device
with wide application in treating complicated aor-
tic dissection. In centers which have large referral
practices for patients with dissection, however, fen-
estration and stents are complementary to endo-
grafts, and will continue to offer important options
for treating malperfusion.
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CHAPTER 17

Blunt trauma to the thoracic aorta:
current challenges

Kenneth L. Mattox, Cliff Whigham, Richard G. Fisher, &

Matthew J. Wall, Jr.

Introduction

Blunt injuries to the thoracic aorta and its branches
are among the greatest challenges in surgery. Most
advances in the pathophysiology, prehospital care,
screening, diagnosis, and treatment of this injury
have been made in the past 50 years. Nevertheless,
complications and strategies of therapy continue to
challenge clinicians and contribute to both debate
and evolution in evaluation and therapy.

Historically, between 75% and 90% of patients
with blunt thoracic injury die prior to arriving at
a trauma center or being seen by a surgeon, most
from exsanguination, multisystem injury, and/or
airway compromise [1]. Deaths during the first
24 h, again, are secondary to multisystem injury
and hemorrhage. These figures clearly demon-
strate why most trauma centers will see fewer than
7-10 patients per year with an injury to the thoracic
aorta [2].

While blunt injury may occur to any area of the
thoracic aorta, about 80% of these injuries occur
in the proximal descending thoracic aorta, proba-
bly the result of osseous pinch mechanism. Despite
advances in vascular, trauma and thoracic surgery,
as well as huge strides in imaging and surgical crit-
ical care, mortality rates as high as 11-40% persist
[3-5]. Some selected, nonpopulation based series of
treated cases report no mortality. The most dreaded
complication associated with this injury, paraple-
gia, has been reported to occur in 13% (average)
of open operated cases, although selected series re-
port paraplegia rates ranging from 0% to over 20%.
Even in the same institution, different surgeons have

different approaches, techniques, preferences, and
results.

Historic debates on diagnosis and
treatment of thoracic aortic injury

In these complex patients with multisystem injury,
it is not surprising that debates persist relating to
transportation, resuscitation, timing, specific organ
injury classification, and repair [6-14]. (Table 17.1)

In autopsy studies, injury location was reported
at the proximal descending thoracic aorta in only
36-54%; however, in surgical cases this location is
reportedly injured in 84—-100% of cases. In autopsy
series, 8-27% involve the ascending aorta, 8—18%
involve the arch, and 11-21% involve the distal
descending aorta [1, 2, 5]. In surgical series 3-10%
are reported to occur in the ascending aorta, arch,
or distal descending thoracic aorta. The historic
autopsy and operative reported injury location
distribution is important, as many radiographic
and endografting series report only on injuries in
the proximal descending thoracic aorta. This raises
the obvious questions of selection and exclusivity
of reporting.

Multisystem injury occurred in 42% of the cases
presented in the classic paper by Parmley [15]. In the
AAST multicenter report, 51% of patients with aor-
ticinjury had concomitant head injury, 46% had rib
fractures, and 38% had lung contusions [2]. Twenty
to 35% of the patients had orthopedic injury, and
abdominal injury was common. Multisystem in-
juries sometimes make urgent aortic surgery dif-
ficult, and the use of heparin carries the potential
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Table 17.1 Current debates and challenges regarding
blunt injury to the thoracic aorta.

1 Patients have multisystem Injury
2 Thoracic aorta is injured at multiple locations
3 Screening strategies
4 Diagnostic strategies
5 Nonselectivity of reports in the literature
6 Delay in treatment
7 Endovascular repair
8 Complications
a Of endograft and thoracic aorta
b Of endograft portal entry site

for increased neurologic and hemorrhaging com-
plications [16].

Although this injury is relatively uncommon,
its potential lethality mandates the emergency
medicine physician, general surgeon, vascular sur-
geon, and thoracic surgeon to have a mechanism to
SCREEN for this injury, but this screen should not
be so sensitive that surgery is performed on patients
who have no aortic injury. Screening algorithms
based on mechanism of injury, physical findings,
plain chest X-ray, and various CT scanning modali-
ties, including 3D reconstructions, have been devel-
oped [17-19]. At this time, CT and CTA scanning
must be considered only a screening modality, sub-
stantiating a mediastinal hematoma, as an indirect
indicator of injury to the proximal descending tho-
racic aorta [17]. Reports using CT as a screening
modality for injury to the other areas of the tho-
racic aorta do not exist.

Specific diagnosis of aortic injury may be made
at aortography, operation, or autopsy [17-19]. For
the stable patient who has a screening test suggestive
of a mediastinal hematoma or other indirect signs
of aortic injury, aortogram is indicated for defini-
tive diagnosis, to determine associated branch ves-
sel injury, and to discern the presence of aortic arch
anomalies.

Once aortic injury is diagnosed, a number of
treatment options exist. For the unstable patient,
immediate control of any ongoing hemorrhage re-
quires surgical intervention. For “stable” patients
or patients with multisystem injury, operative treat-
ment may be immediate or delayed. During the op-
eration, at least six operative strategies exist, each of
which has been championed at one time or another.

During the last 10 years, the technical feasibility of
catheter-based endografts has been reported.

Reports on thoracic aortic injury have been based
on either autopsy series or individual hospital non-
randomized results. Population-based randomized
series simply do not exist. During the past 8 years,
the reports on imaging have cited imaging techni-
cal preferences and catheter-based endografts usage
primarily based on nonhyper acute patients with
injury to the proximal descending thoracic aorta.
Even the category of “acute” repair has been ex-
tended to include patients several weeks postinjury.
Expanding the “acute” injury “definition” to many
days or even weeks not only eliminates many of
the immediate deaths and complications, but also
allows time for construction of “custom” devices.
Critically ill patients who in earlier studies would
have undergone operation on the night of injury or
very shortly thereafter, regardless of associated in-
jury or illness and/or the anatomic location of the
aorticinjury, are notincluded in many of the reports
of thoracic endografts. This exclusivity of reporting
raises questions of selection bias and whether or not
the current wave of enthusiasm for CT, CTA, and
even MRA imaging, as well as endografting applies
to all patients with thoracic aortic injury.

In that most patients with thoracic aortic injury
are seen by surgeons several hours after injury and
the mean time from injury to diagnosis in major
trauma centers is 8 h, such patients transferred to
secondary centers are in the small group of “stable”
patients from the standpoint of the aortic injury
[2]. In these patients, it is no longer considered
necessary to operate immediately, but rather to ad-
dress the associated injuries while making specific
timing plans for addressing the aortic injury. The
use of afterload reduction agents to alter the dP/dT
is indicated as soon as an aortic injury is suspected.
Blood pressure control is aimed at keeping the
systolic blood pressure lower than preinjury levels.
Delay may be days, weeks, or even months in some
instances. For these patients, aortic-related deaths
or complications are extremely rare to nonexistent
in the literature [20-25].

Since the introduction of catheter-based
endograft technology in the 1990s, a small series
of endografts for aortic injury have appeared in
the literature, often included in a larger series of
endografts used in general. Initially, such grafts
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were used in chronic transections, but for the last
10 years, small series reporting use in acute aortic
injury have been reported [26—30]. At least 24
different custom and manufactured endografts
and off-label use of components of abdominal
aortic endografts have been used for thoracic aortic
pathology [31]. Some radiologists and surgeons
consider thoracic endografting to be as much a
standard of care as open aortic reconstruction
following trauma. While the average mortality
for posttraumatic open thoracic aortic repair is
13% (range from 0 to 55%), and the paraplegia
rates average 10% (range 0-20%), the mortality
and paraplegia rate for selected blunt aortic injury
treated with endografts is 3.8%, and only 1 out
of 239 such cases had paraplegia (Table 17.2).
Although many of the even “acute” endograft cases
were treated several weeks postinjury and selectivity
bias must be considered, these results mandate
the risk/benefit of endografting be objectively and
carefully addressed in light of current technology.

Table 17.2 Recently reported cases of injury to the
proximal descending thoracic aorta treated with an
endograft.

Author Ref. No. Cases Deaths Paraplegia
Amabile [41] 9 0 0
Demers [43] 15 1 0
Doss [44] 16 1 0
Durham [45] 16 1 0
Fattori [46] 19 0 0
Kasirajan [47] 5 1 0
Kato [48] 6 0 0
Kuhne [49] 5 0 0
Kwok [50] 4 0 0
Lachat [51] 12 1 0
Marty-Ane [52] 9 0 0
Meites [53] 18 0 0
Melissono [54] 2 0 0
Neuhauser [55] 13 0 0
Orend [56] 11 1 0
Orford [57] 9 1 0
Oott [58] 6 0 0
Raupach [59] 7 1 1
Richeux [60] 16 0 0
Rousseau [61] 29 0 0
Uzieblo [62] 3 0 0
Wellons [63] 9 1 0
Total 239 9 1

Logic for use of endovascular
catheter-based therapy for
thoracic aorta injury

Most of the literature relating to thoracic aortic in-
jury and use of endografts focuses on the proxi-
mal descending thoracic aorta. For this location,
there is ample potential logic to support endo-
grafts as a standard of practice. Many such patients
have multiple other life-threatening injuries, par-
ticularly head, lung, abdomen, and orthopedic in-
jury, which makes prolonged anesthesia and total
body heparinization an added risk [32, 33]. Ad-
ditionally, such patients often cannot tolerate one
lung anesthesia. Endografting eliminates the pain
from a lateral thoracotomy and the potential for re-
current laryngeal and phrenic nerve damage. The
lower incidence of death and paraplegia makes fur-
ther evaluation and research development essen-
tial. Especially for chronic posttraumatic thoracic
aortic false aneurysms, a short endograft anchored
in a relatively normal tissue has long been specu-
lated to be the most logical indication for aortic
endografting.

Concerns relating to common
use of endografts in thoracic
aortic injury

Thoracic aortic endografting is in its infancy, and
careful, controlled, prospective and even random-
ized studies must be conducted. In that many
trauma victims are young, long-term durability of
current endografts becomes a concern. Thoracic
aortic endografts have been designed for degener-
ative or dissecting pathology of the thoracic aorta,
resulting in creation of relatively large diameter ap-
proved commercial endografts. Custom devices and
off-label use of iliac artery endograft limbs or cuff
extendersand abdominal aortic endografts are often
notapproved by IRBs and endograft manufacturers.
The current CT, CTA, echocardiographic, and MRA
imaging technology hasresulted in use of endografts
and even open surgery on aortas ultimately found
to be withoutinjury (and in most such cases, an aor-
togram was not obtained). The fate of endografts in
the thoracic aorta has been studied only in the prox-
imal descending thoracic aorta. During the hypera-
cute time period (0-3 days), the young hypotensive
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Table 17.3 Gore, TAG case planning form data.

Intended aortic Recommended prosthesis  Prosthesis
diameter (mm)  diameter (mm lengths (cm)
23-24 26 10

24-26 28 10, 15
26-29 31 10, 15
29-32 34 10, 15, 20
32-34 37 10, 15, 20
34-37 40 10, 15, 20

postinjury patient often has a contracted, smaller-
than-normal aorta that dilates up when the patient
is normovolemic.

In the young trauma patient, the average size
of the thoracic aorta at the isthmus is 19.3 mm
[34-37]. However, the smallest approved, commer-
cially available thoracic endograft (in the United
States) is 26 mm (Table 17.3). Physicians inserting
thoracic endografts usually oversize the graft by 10—
20%, although a target of 17% oversizing or less is
a common practice to assure a good proximal pur-
chase on the native uninjured aorta. With excessive
oversizing, the potential for enfolding of an endo-
graft is increased [38, 39]. For acute thoracic aor-
tic injury treated by endografts, infolding rates up
to 4% have been reported. (Formal Presentation at
the Northwestern Vascular Symposium, December
2005, Dr. Brian G. Peterson). In a review of consec-
utive CT measurements of the aortic isthmus at the
Ben Taub General Hospital, diameters of 14.9 mm to
24.0 mm in patients were found (Table 17.4). Over
the past 15 years, the thoracic surgeons perform-
ing open repair have used 18 mm Dacron grafts in
more than 95% of patients. Even patients ranging
in age from 19 to 58 years had aortic isthmus di-
ameters of 21.3 mm to 28.7 mm. The approved or
current “under-evaluation” commercially available
thoracic endografts are too large for most patients
with acute thoracic aortic injury.

Angulation problems at the proximal target site
add to enfolding (or windsock) deformity of the
thoracic endograft, increasing the danger of en-
doleak and pressurization of the residual false
aneurysm, resulting in expansion and possible rup-
ture [38—40]. Any angulation of greater than 60 de-
grees of curvature at the aortic arch is unacceptable.
Although the mean degree of curvature from the

Table 17.4 Ben Taub General Hospital recent unselected
cases, citing diameter of the descending thoracic aorta at
the isthmus (diameters are in millimeters).

Case # Age Aortic diameter Diagnosis

1 19 21.3 Lymphoma

2 32 24.6 PE

3 47 22.0 Tumor

4 34 22.7 Trauma

5 58 28.0 Tumor

6 36 25.6 Tumor

7 53 26.9 Tumor

8 56 28.7 PE

9 57 26.8 Pneumonia
10 48 22.7 Tumor
11 47 20.7 Aortic lac
12 24 21.7 Subclavian lac
13 44 20.0 Subclavian lac
14 40 24.0 Aortic lac
15 19 23.9 Aortic lac
16 23 14.9 Aortic lac

orifice of the left Subclavian artery to the descending
aorta averaged 54°, the range was from —12° to
90°. To overcome the problems of angulation at
the aortic arch/descending aorta interface, an en-
dograft might need to be placed higher in the arch
or lower in the descending aorta, both of which can
create either occlusion of branch arteries, or have a
proximal target too close to the acute aortic tear. To
compensate for this angulation, cuff extenders are
sometimes employed, adding complexity and cost
to the procedure [31].

Even with the most detailed of current imaging,
the proximal extent of an acute descending aortic
tear is not always appreciated — possibly not un-
til the aorta is opened and the tear can be directly
visualized. Manufacturers currently recommend a
proximal neck of 10-20 mm from the site of the
subclavian artery orifice to the site of an aortic tear.
In one study, only 14% of patients had a 10 mm
superior neck, only 6% had a 20 mm superior neck,
and 60% had a superior neck equal to or less than
5 mm [35, 41].

Aberrant anatomy reportedly occurred in 38% of
patients studied [35]. At least 13 anomalies of the
aorta have been reported (Table 17.5). The presence
of many of these anomalies makes endografting
even more challenging. Occlusion of origin of some
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Table 17.5 Anomalies of the thoracic aorta.

Table 17.6 Gore, TAG case planning form sheath sizes.

® Common origin of innominate and left carotid arteries
("bovine arch”)
® Ductus diverticulum

Persistent left ductus arterioisus
® Aorto-pulmonary window

Takeoff of the right subclavian artery from the
descending thoracic aorta
® Dextroposition of the thoracic aorta

Coarctation of thoracic aorta

Origin of left vertebral artery off the aortic arch
® pPseudocoarctation of the thoracic aorta (“kinked aorta”)
® Double aortic arch

Right ductus arteriosus

Persistent truncus arteriosus

Cervical aortic arch (persistent complete third aortic
arch)

Absence of the internal carotid artery
® Cardio-aortic fistula

of these anomalies can create new problems.
While such anomalies are occasionally cited in
aortic trauma and endograft literature, specific
cases where endografting was used in the pres-
ence of one of the major anomalies have not been
reported.

Thoracic endograft and insertion
site complications

Thoracic aortic endografting has not been without
its complications [38-40, 42, 48-51, 54]. Issues of
angulation, length of normal aorta proximal to the
tear, extent of tear, coverage of the subclavian artery
ostium, and other anatomic considerations are real
but not insurmountable challenges from an en-
gineering standpoint. Unless optimally addressed,
they will contribute to endoleaks, enfolding of an
endograft, migration, angulation, and even strut
breakage. Thus, there are two different issues relat-
ing to the size of the graft and the length of the prox-
imal purchase site. The first issue is that if the graft
is too large, and/or the insertion area is too small,
enfolding or parachute deformity can occur. The
second issue has to do with the landing zone which
is often angulated creating a proximal lip of endo-
graftat the inner angle of the aorticarch/descending

20 Fr (7.6 mm) for use with 26-28 size prosthesis
22 Fr (8.3 mm) for use with 31-34 size prosthesis
24 Fr (9.2 mm) for use with 37-40 size prosthesis

aortic junction. The aortic arch/proximal descend-
ing thoracic aorta/left subclavian artery complex
makes a secure proximal landing point for an en-
dograft difficult. Coverage of the orifice of the left
subclavian artery with consideration of carotid to
subclavian bypass occurs in up to 30% of cases. At
times the source of a pressurized endoleaks is from
the subclavian artery.

Complications at the insertion site of a thoracic
endograft have also been reported [56-60, 62]. The
insertion site is either in the femoral or in the iliac
artery, sometimes with a synthetic graft sutured to
the iliac artery and used as a portal location. One
complication relates to the size of these arteries and
their ability to accommodate the introducer sheath
(Table 17.6) and catheter carrying the endograft.
Because of the size of the artery through which the
endograft and catheter are inserted, injury to this
site is not uncommon. Such injury is manifest by
extravasation, false aneurysm, occlusion, stenosis,
and leakage. The majority of the vascular related
morbidity from thoracic endografts is from the ac-
cess site.

Summary

A relatively rare, but potentially devastating in-
jury to the thoracic aorta has been the subject
of advances in prehospital treatment, screening,
diagnosis, timing of intervention, and types of
specific intervention. Catheter based endografting
is an attractive alternative to the traditional open
surgery, but concerns of enfolding, structure frac-
ture, size disparities, coverage of the subclavian
artery, and complications at the insertion sites ex-
ist. The average proximal thoracic aortic diam-
eter of 19.3 mm in patients with aortic injury,
with most open interposition grafts being 18 mm,
is considerably smaller than the smallest size (26
mm) of approved commercially available thoracic
endografts.
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CHAPTER 18

Traumatic disruption of the aorta

Ross Milner, Karthik Kasirajan, & Elliot Chaikof

Introduction

Trauma is the leading cause of death in the ado-
lescent and young adult population in the United
States. A common cause of trauma is a motor vehicle
collision (MVC). The severity of injuries sustained
during the traumatic event dictates the extent of the
morbidity and mortality for the victims involved in
the MVC. A leading cause of mortality in MVC is
traumatic disruption of the aorta otherwise known
as blunt thoracic injury (BTI) [1]. BT is usually
associated with a spectrum of injuries that makes
management of these patients very complex. The
associated head, thoracic, and abdominal injuries
increase the difficulty in determining appropriate
timingand as well as assessing the necessity for many
operative interventions.

The traditional management of BTI has been
open operative repair involving a left thoracotomy
and replacement of the injured portion of the aorta
[2]. Some centers use adjunctive cardio-pulmonary
bypassin order to decrease the risk of paraplegia [3].
The complexity of these maneuvers in the setting of
a multiply-injured patient has led some to manage
these patients nonoperatively [4]. The risk of this
approach is potential rupture of the thoracic aorta.
Antihypertensive control is the important factor in
the intensive care unit care for these patients. The
long-term riskis the development ofa thoracicaorta
pseudoaneurysm.

An evolving management paradigm is the use of
endovascular techniques to treat injured patients.
Aortic extension cuffs from FDA-approved abdom-
inal aortic endografts as well as thoracic endografts
have been used to treat disrupted aortas [5]. There
is great promise with the minimally-invasive nature
of the endovascular repair. But, as with all new man-

agement paradigms, some complications have oc-
curred with this technique [6]. Further investigation
and follow-up of the patients treated with aortic en-
dografts will allow the true assessment of the benefit
of endovascular repair in this severely injured pa-
tient population.

Background

Anatomy is the key to understanding the mecha-
nism of injury when traumatic disruption of the
aorta occurs. The underlying deceleration injury
commonly occurs with ejection or crush injuries
duringan MVC. Thisleadstoanaortic tear at the lig-
amentum arteriosum, otherwise known as the aor-
ticisthmus. The ligamentum arteriosum is the adult
structure of the embryonic connection between the
pulmonary artery and the aorta, which is impor-
tant in maintaining the appropriate fetal circula-
tion. After birth and the conversion to postnatal
circulation physiology, this connection fibroses and
becomes theligamentum arteriosum. Thisligament
is a fixation point for the thoracic aorta and causes
the tear to occur at this location when the decel-
eration injury occurs. The tear can occur with dif-
fering complexity and can lead to complete or par-
tial aortic disruption. A completely disrupted aorta
is usually a lethal, exsanguinating event and leads
to death at the scene of the trauma [7]. The sur-
vivors who make it to the hospital usually have
a partial disruption of the aorta. The traditional
management for these patients has been the appro-
priate diagnostic maneuvers to confirm the injury
with urgent/emergent open repair of the aorta. As
mentioned above, the traditional paradigm is being
challenged with nonoperative management as well
as endovascular repair.
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Diagnosis and imaging

The key to appropriate diagnosis of BTI is to main-
tain a high level of suspicion [8]. Many of the lethal
events that occur during a hospital course are from
a missed diagnosis [9]. The circumstances of the
traumatic event are the first clue to the possibil-
ity of a disrupted aorta. The next indicator is usu-
ally a plain chest radiograph that demonstrates a
widened mediastinum. A repeat chest radiograph
is likely needed as the initial trauma film is usually
performed in the supine position. If the upright
imaging confirms the widened mediastinum then
additional imaging is required.

The additional imaging can be either a com-
puted tomographic angiogram (CTA) of the tho-
rax, conventional aortography, or echocardiogra-
phy. A CTA is readily available and is the usual
first line additional study that is obtained. The CTA
can confirm the diagnosis of a disrupted aorta and
identify additional injuries within the chest [10].
Three-dimensional reconstructions can be rapidly
obtained and assist with the operative planning. In
our experience, there is variability in which the in-
jury to the aorta occurs in relation to the left sub-
clavian artery. The CTA is helpful in planning the
operative approach, especially from an endovas-
cular standpoint. We usually do not perform an
aortogram if the CTA confirms the diagnosis. The
aortogram is reserved for the situation when the
diagnosis is not clear from the CTA. This test is in-
vasive, but does not have a high complication rate.
An aortogram is always performed in the operating
room during an endovascular repair.

Transesophageal echocardiography is also useful
in confirming the diagnosis. Itis as accurate as CTA,
but availability is an issue [11]. The trained user is
notalways available when a patient presents with the
injury. For this reason, CTA is more widely utilized.

Open operative repair

The gold standard for management of traumatic
disruption of the aorta has been open repair at many
centers. The open approach is performed in several
different ways.

All approaches require a left thoracotomy for
repair of the injured aorta. A prosthetic graft
(polyester vs. PTFE) is selected for replacement

oftheaortaiftheaorta cannotbe primarily repaired.
The variability in surgical management arises with
the description of adjunctive maneuvers for distal
aortic perfusion or repair without distal aortic per-
fusion.

“Clamp and sew"” technique

The “clamp and sew” technique involves repair of
the injured thoracic aorta without distal aortic per-
fusion. Exposure of the injured aorta is gained and
the repair is performed as rapidly as possible. The
advocates of this approach report a simplified op-
erative management with no additional paraplegia
complications or mortality [2, 12]. The detractors
of this approach state that the incidence of para-
plegia is higher without adjuncts for distal aortic
perfusion [3].

Distal aortic perfusion

Distal aortic perfusion is an adjunct to standard
thoracic aortic repair that allows perfusion while
the aorta is clamped for vascular control and repair.
A Gott shunt or partial left heart bypass can be used.
The potential advantage is a decreased incidence
of paraplegia as mentioned above [3]. The risk of
repair is increased in some accounts due to the high-
level of anticoagulation that is required with these
adjunctive techniques. In fact, some authors have
delayed operative repair in the setting of associated
injuries due to the potential risk of complications
[13].

Complications of open repair

The major complications of open repair are listed
above in terms of mortality, paraplegia, and
bleeding complications. Other reported compli-
cations include neurologic complications and in-
traabdominal complications including intestinal is-
chemia. Patients that survive the initial injury and
operative repair have an excellent long-term dura-
bility of the aortic repair.

Nonoperative management

The complexity of managing the spectrum of in-
juries in trauma patients with BTI has prompted
some authors to delay operative intervention [4].
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The proponents of this philosophy believe that an
operative repair that includes a left thoracotomy is
too severe a physiologic stress on the multitrauma
patient. The authors report improved outcomes
with decreased mortality rates with nonoperative
management. The gold standard of this therapy is
appropriate blood pressure control. Mean arterial
pressure is maintained below 70 mmHg during the
acute presentation. The significant decision algo-
rithm in this paradigm is selecting patients who are
too severely injured to tolerate acute repair.

There is a spectrum of delay in this management
paradigm. Nonoperative management can also be
described in another way as delayed operative man-
agement [14]. These authors report the timing of
repair in a selected group of patients at a mean time
from injury of 8.6 months. The operative outcome
was improved with decreased complication rates in
the patients who were repaired in a delayed fashion
as compared to early repair.

The impetus for delayed or nonoperative repair is
clear. This patient population is difficult to manage
due to the complexity of their spectrum of injuries
and the need for a significant operation to correct
the aortic injury. The advent of endovascular repair
may be the solution to these issues.

Endovascular repair

The successful introduction of endovascular repair
of infrarenal abdominal aortic aneurysms in 1991
by Dr Juan Parodi has led to an explosion in the
field of vascular surgery. Endovascular techniques
are rapidly changing the standard of care in many
regions of the vascular bed. This change includes
thoracic and aortic aneurysmal disease, acute and
chronic aortic dissection, critical lower extremity
ischemia, and carotid artery disease. The endovas-
cular management of these disease processes has
proven to be at least equivalent if not superior to
several of the problems mentioned above. The limit
of the success of endovascular techniques as well
as the scope of its applications has not been ap-
proached as of yet. This includes the management
of traumatic disruption of the aorta.

This problem is clearly complex. As written
above, the optimal management of traumatic in-
juries of the aorta is not clearly defined. Depending
on the trauma center, patients may be managed

nonoperatively, operated on emergently with or
without distal aortic perfusion, or repaired with
an open operation in a delayed fashion. This spec-
trum of care allows for the possibility of innova-
tive techniques. The advance in management of the
multiply-injured trauma patient that is likely to be
accepted is a less-invasive technique. This is true
even in institutions where one of the management
techniques listed above has been routinely utilized.

Endovascular repair of a traumatic aortic disrup-
tion is able to be performed through a small incision
for femoral artery exposure and a minimal dose of
systemic heparin. These two points are key advan-
tages to the technique. Patients are able to recover
in a rapid fashion with less risk of bleeding and
serious wound complications. Also, there appears
to be less risk of paraplegia with endovascular re-
pair [15]. There are reports of repair of traumatic
disruptions using aortic extension cuffs from FDA-
approved abdominal aortic endografts [16]. In fact,
it is possible to perform this repair using aortic ex-
tension cuffs without an incision [17]. In addition,
thoracic endografts can be used to perform the re-
pair. As use of thoracic endografts in the United
States for traumatic injuries is considered off-label
use, the experience and acceptance of this approach
is more rapid in European endovascular centers of
excellence [18].

Anatomic considerations
There are two key anatomic issues in the young
trauma patient with a traumatic aortic disruption
who is being evaluated for endovascular repair. The
first is the size of the thoracic aorta. Many of these
patients have a small diameter aorta that is not
amenable to endovascular therapy with the cur-
rent available devices. One patient referred to our
institution was found on intravascular ultrasound
(IVUS) to have an aortic diameter of 14 mm. Due
to the concerns of significant oversizing of an en-
dovascular device and the possibility of a poor long-
term outcome, a standard operative repair was per-
formed. The patient did well with this approach.
The second issue is the acute angulation seen in a
young, healthy aortic arch. The angulation can com-
plicate the appropriate apposition of an endograft
to the aortic wall. This flared appearance of a device
on imaging studies is a nidus for distal migration.
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These two issues are being closely evaluated as en-
dovascular devices are being designed to deal with
traumatic aortic injuries.

Other considerations

There are several unresolved issues with the intra-
operative decision-making process. One of the key
issues is the coverage of the left subclavian artery.
Some physicians routinely cover the left subclavian
artery to treat traumatic injuries. Others intention-
ally attempt not to involve the artery with the en-
dovascular repair. In our experience, the location
of the injury has a 1- to 2-cm zone of variability in
the location of the injury in comparison to the left
subclavian artery. Therefore, we will cover the left
subclavian artery when the injury approximates the
artery in order to appropriately exclude the injured
aorta with the endograft. The second important
decision is the length of coverage of the descend-
ing thoracic aorta and the necessary seal zones for
proximal and distal fixation. Once again, there is
debate in this topic. Some feel that the same recom-
mendations for treatment of thoracic aneurysmal
disease apply to traumatic injuries. Others feel that
the aorta is otherwise normal outside of the injured
area and an endograft will have good fixation to the
aorta with the use of shorter seal zones, especially
when trying to avoid coverage of the left subclavian
artery. The downside of this approach is the risk of
migration.

The issue of migration leads to another potential
problem with endovascular techniques. The follow-
up of trauma patients can be a significant challenge.
Although long-term complications of open repair
can occur, they are small in overall number for this
problem. The long-term durability of endovascu-
lar techniques is still being evaluated for traumatic
injuries. Cross-sectional imaging is required to as-
sess these patients, but they must return to clinic to
be evaluated. The issue of follow-up plagues many
centers that accept trauma patients from a large sur-
rounding area. Cross-sectional imaging has already
demonstrated a collapsed thoracic endograft in a
patient treated for traumatic disruption [6].

Overall, the initial impression is that endovas-
cular repair has improved the care of the multiply-
injured trauma patient. The periprocedural compli-
cation rates appear to be lower and patients recover

more rapidly. The long-term durability needs to be
addressed.

Endovascular repair - The Emory
experience

Over the past 2 years, we have begun to change
the management paradigm of blunt thoracic aor-
tic injury at our institution. The impression of
our trauma surgeons and cardiothoracic surgeons
is that there is a marked reduction in morbidity
and mortality for patients treated with an endovas-
cular approach. The experience listed here does
not involve every patient who presented to our
trauma center with a traumatic aortic disruption.
Therefore, an accurate comparison of open versus
endovascular repair can not be accomplished yet at
our institution. The data given here are for the sub-
set of patients that were referred for endovascular
therapy.

We have treated 11 patients with acute injuries
to the thoracic aorta over the past 2 years. Their
mean age is 33 years old (range: 16—74 years old).
Nine patients were male and two were female. A
thoracic endograft (TAG device, W.L. Gore and As-
sociates, Flagstaff, AZ) was used in three patients.
One patient required two endografts and the other
two patients only required one piece. The remain-
ing eight patients were treated with aortic extension
cuffs (see Figs. 18.1 & 18.2). Two patients had aor-
tic cuffs from the AneuRx device (Medtronic AVE,
Santa Rosa, CA) placed. The remaining six patients
were treated with aortic extension cuffs from the
Gore Excluder device (W.L. Gore and Associated,
Flagstaff, AZ). The mean number of aortic cuffs in-
serted per patient was 2.9 (range: 2-5 cuffs). One
patient required a laparotomy for aortic exposure in
order to place aortic cuffs due to diminutive femoral
and iliac vessels. One patient required a retroperi-
toneal incision for iliac artery exposure to place aor-
tic cuffs due to the patient’s height and the inabil-
ity to reach the injured portion of the aorta from
the left femoral artery. All three thoracic endografts
were placed through femoral arterial access. There
were no mortalities in this group.

The downside of our experience is limited follow-
up. Four of the patients were treated in the last
3 months. Of the remaining seven, only five have
had cross-sectional imaging performed. There are
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Figure 18.1 Intraoperative
aortogram of a patient with a
traumatic disruption of the
aorta. Imaging is performed in a
left anterior oblique projection
with a marker pigtail catheter.
The injury is approximately 1 cm
from the origin of the left
subclavian artery. The length of
the aortic injury is
approximately 4 cm.

Figure 18.2 The completion
arteriogram from the patient
shown in Fig. 18.1. The left
subclavian artery remains patent
with an excellent result. The
repair was performed using five
aortic extension cuffs from the
Gore excluder device.
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no device complications noted to date in any of
the patients treated. This includes device migrations
or a recurrent aortic problem. The longest follow-
up to date is 1 year as patients have been lost to
follow-up.

Overall, we have been successful with endovas-
cular exclusion of the acutely injured aorta in ev-
ery patient treated in this manner. The recovery in
this patient group has been outstanding with dis-
charge to home or a rehabilitation facility in every
patient. The downside of our experience thus far is
the lack of long-term follow-up in order to ascertain
the durability of this approach.

Conclusions

Traumatic disruption of the aorta is an injury with
a high risk of mortality. The standard urgent surgi-
cal management has been challenged by the safety
of nonoperative or delayed management in several
trauma centers. The advent of endovascular therapy
has questioned the need for any of these approaches
with excellent initial results with endovascular de-
vices. In addition, a decreased morbidity and mor-
tality is seen with the endovascular approach. We
have also found this to be true in our series of acutely
injured patients managed with endovascular repair.
The long-term durability of endovascular repair of
traumatic aortic disruption needs to be fully as-
sessed.
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CHAPTER 19

Should endovascular repair
be considered the standard
treatment in traumatic thoracic

aortic injury?

Peter H. Lin, Tam T. Huynh, & Eric K. Peden

Introduction

Traumatic blunt injury to the thoracic aorta is a
devastating condition which can lead to immediate
death at the time of injury in the majority of cases,
due in part to either aortic transection or acute rup-
ture [1]. Although blunt aortic injury accounts for
less than 1% of all adult level I trauma center ad-
missions, this condition represents the second most
common cause of death due to blunt injury, second
only to head trauma [2]. With an incidence of 7500
to 8000 cases of blunt aortic trauma occurring an-
nually in North America, it is estimated that only
25% of patients who sustained aortic injuries due
to blunt thoracic trauma remain alive upon arrival
to the hospital [3]. Among these patients who sur-
vive the initial injury, their prognosis remains poor.
Nearly 30% of them will die within the first 6 h, and
50% of these patients will not live beyond the first
24 h following the injury [4]. This high mortality
rate has previously prompted traditional manage-
ment of blunt aortic injury to establish early di-
agnosis and rapid surgical intervention in order to
prevent a catastrophic rupture. This belief has been
modified to allow delay of the operative interven-
tion in order to first manage other serious concomi-
tant injuries and lessen the high surgical mortality
rate associated with emergent aortic repair [5]. De-
spite advances in modern trauma care, emergent
operative intervention for blunt aortic injury is as-
sociated with significant cardiac, pulmonary, neu-
rologic, and hemodynamic complications [5, 6].

The classic injury mechanism of blunt thoracic
aorta is related to the combination of sudden decel-
eration and traction at the relatively immobile aor-
tic isthmus, which represents the junction between
the relatively mobile aortic arch and the fixed de-
scending aorta (Fig. 19.1). The isthmus is the most
common location for rupture (50-70%) followed
by the ascending aorta or aortic arch (18%) and
the distal thoracic aorta (14%) [4]. The objectives
of this chapter are to (1) examine the role of en-
dovascular repair of traumatic blunt aortic injury,
(2) review current literatures of endovascular aortic
repair of blunt injury, and (3) analyze the potential
challenges of this treatment modality in blunt aortic
injury.

Endovascular repair of traumatic
aortic injury

Endovascular treatment of blunt thoracic aortic dis-
ruptions offers many practical benefits and tech-
nical advantages compared to conventional open
repair in patients with thoracic aortic injuries. De-
ployment of a stent graft in the descending aorta
with a focal traumaticlesion, particularly in patients
with adequate proximal and distal aortic neck, can
be performed in a straightforward manner. In pa-
tients with adequate femoral artery access, this pro-
cedure can even be performed under local anesthe-
sia without incurring significant cardiopulmonary
stress. Commonly encountered physiologic insults
associated with an open repair, such as thoracotomy,
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Figure 19.1 (a) Blunt aortic injury typically occurs in the proximal segment of the descending thoracic aorta, due in part
to the sudden disruption of the aortic isthmus. (b) Successful repair of a blunt aortic injury can be accomplished using
endoluminal treatment approach.

aortic crossclamping, extracorporeal bypass, and
single lung ventilation can all be avoided in a set-
ting of endovascular thoracic aortic endografting
procedure. Exclusion of a descending aortic disrup-
tion with an endograft does not necessitate cross-
clamping the thoracic aorta. As a result, the avoid-
ance of aortic crossclamping minimizes significant
blood pressure shifts and coagulopathy. This also re-
duces operative blood loss as well as ischemic events
involving the spinal cord, viscera, and kidneys.
Moreover, avoidance of a thoracotomy has obvious
convalescent advantages in patients who might be
disabled from other multiple organ injuries.

Since the traumatic force responsible for blunt
aortic disruptions frequently results in concomi-
tant injuries involving other bodily organs, prompt
endovascular exclusion of a traumatic aortic pseu-
doaneurysm or aortic transection can be performed
without undue delay in surgical interventions of
other concomitant injuries. This advantage is in

sharp contrast to an open aortic repair, which would
require a patient to initially recover from any major
operative intervention or intensive therapy of life-
threatening complication of blunt trauma. Lastly,
the use of systemic anticoagulation with heparin
during an endovascular aortic procedure can be re-
duced to a minimum, which is particularly bene-
ficial in patients with concomitant intracranial or
abdominal injuries.

While endovascular repair has many obvious ad-
vantages compared to conventional open repair,
one might keep in mind potential shortcomings
of this treatment strategy. The possibility of per-
sistent endoleak following endovascular exclusion
of traumatic aortic pseudoaneurysm has been re-
ported [7-9]. There are still concerns of late com-
plications such as endograft migration or device in-
fection due to fistula formation [10]. Furthermore,
given the limited commercially available endovas-
cular devices, not all patients with traumatic aortic
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disruptions have adequate aortic morphology to
undergo this repair. Lastly, critics of this treatment
strategy often cite the lack of long-term durability
studies to justify the use of an aortic endograft in
young trauma victims who may well tolerate the
physiologic stress associated with an open repair.

Anatomical consideration in
endovascular repair of traumatic
aortic injury

There are several fundamental differences in the
anatomical morphology between patients with
atherosclerotic thoracic aortic aneurysm and trau-
matic aortic injuries which may impact on the
choice of endograft devices and deployment tech-
niques. In patients with descending thoracic
aneurysms, adequate proximal and distal aortic
neck length is critical to ensure proper device fixa-
tion and aneurysm exclusion. The diameter of aor-
tic neck is similarly important for device selection.
Because the diameter of an aortic neck may be sub-
ject to continual expansion due in part to aneurysm
progression, many stent-graft devices have incor-
porated components such as hooks and proximal
bare metal to reinforce device fixation and mini-
mize stent-graft migration. Other pertinent factors
in treating patients with thoracic aortic aneurysms
include proximity to celiac artery, thrombus in the
aneurysm sac, length of aneurysm involving inter-
costal arteries, and preexisting thrombus in the aor-
tic landing zones. These considerations may play
critical roles in subsequent aneurysm remodeling
following endovascular repair, which may result in
aneurysm size regression and alter stent-graft fix-
ation. Access vessels are also an important consid-
eration. Since a majority of patients with thoracic
aneurysms are elderly male populations with un-
derlying atherosclerotic disease, the insertion of a
large thoracic endovascular device using a 21-Fr in-
troducer may require a retroperitoneal access with
the creation of an iliac artery conduit.

In treating patients with traumatic aortic disrup-
tion, many of these considerations are different. Be-
cause the majority of aortic disruptions are located
in the proximal descending thoracic aorta, the prox-
imal landing zone is generally in the proximity of
the left subclavian artery. The distal landing zone,
on the other hand, is usually not a critical factor due

to the fact that the long segment of normal descend-
ing thoracic aorta is more than sufficient to permit
proper device fixation. To ensure proper proximal
device fixation in traumatic aortic injury, many have
raised the concern that the left subclavian artery
will be intentionally covered by the endograft in a
significant number of patients. Clinical experiences
have shown that critical limb-threatening ischemia
of the left arm rarely occur and, if necessary, can
be reversed by an elective left carotid-to-subclavian
artery bypass grafting procedure [11-13]. Because
the endograft device is anchored in relatively nor-
mal proximal and distal aortic segment, there is
very little concern regarding the possibility of sub-
sequent aortic neck enlargement which is the case
in the aneurysm population. The possibility of de-
vice migration or late endoleak in the trauma pop-
ulation, while possible, is less likely and worrisome
as opposed to the aneurysm cohorts. Important
considerations of these anatomical features when
performing endovascular thoracic repair in young
trauma patients are summarized in Table 19.1.
The main anatomical challenge of endovascular
treatment of traumatic aortic injury is related to
the relatively small aortic diameter in these young
victims, as opposed to elderly patients with tho-
racic aortic aneurysm. Although the GORE TAG
Thoracic Endoprosthesis (W.L. Gore, Flagstaff, AZ)
is currently the only device that has received the
Food and Drug Administration (FDA) approval for
clinical application, this device is designed for pa-
tients with thoracic aortic aneurysms who typically
have larger aortic diameters. In a recent study by
Borsa and associates who analyzed the angiographic

Table 19.1 Anatomical consideration of blunt aortic injury
in young trauma patients.

® Smaller radius of aortic curvature, in contrast to older
patients with aortic aneurysm who have wider aortic
curvature

® Smaller aortic diameter, in contrast to older patients
with aortic aneurysm who tend to have a larger aortic
diameter

Small iliac or femoral access vessel diameter

® Aortic disruption typically located immediately distal to
the left subclavian artery, in contrast to patients with
thoracic aneurysm which can occur in any segment of
the thoracic aorta
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morphology of 50 traumatic victims with thoracic
aortic disruptions, the mean aortic diameter ad-
jacent to the aortic injury was 19.3 mm [14]. The
available Gore TAG thoracic endoprosthesis has de-
vices ranging from 26 mm to 40 mm in diameter.
Since this device was not designed in the treatment
of traumatic aortic injuries, placement of even the
smallest available Gore TAG device in trauma pa-
tients will likely represent a significant and inappro-
priate device oversize, which might lead to inade-
quate device fixation. This scenario was highlighted
by a recent case report in which a GORE TAG de-
vice was used in a 20-year old trauma victim [15].
Because of the severe device oversize, the GORE
TAG device became collapsed within the aortic lu-
men, and this was subsequently treated by another
stent-graft insertion which unfolds the collapsed
endograft [15]. Appropriately sized thoracic endo-
grafts with smaller diameters must be made avail-
able in order for endovascular therapy to be a viable
treatment strategy in patients with traumatic aortic
injuries.

Challenges of endovascular repair
of traumatic aortic injury in young
patients

Potential aortic growth in young
trauma victims

Endovascular treatment of traumatic aortic injuries
comes with certain challenges. Traumatic aortic in-
juries tend to affect younger populations, in contrast
to the aneurysm population. It is not uncommon
that adolescent or pediatric patients may present
with this injury. Because of potential vessel expan-
sion as a result of normal aortic growth, placement
of a stent graft in young patients must be viewed
with extreme caution. The possibility of stent-graft
migration may occur as the aorta enlarges because
of expected growth in young patients. Endovascular
repair in selected pediatric patients may be consid-
ered asa temporary bridge to a more definitive oper-
ative repair at a later stage. In pediatric patients with
life-threatening aortic disruption who have other
concomitant injuries, it may be appropriate to per-
form endovascular repair to exclude the aortic in-
jury until the patients fully recover from other in-
juries and can undergo an elective definitive open
repair with proven long-term durability.

Challenges related to femoral artery
access in young trauma patients

Femoral arterial access represents a potential chal-
lenge when considering endovascular thoracic aor-
tic repair, particularly young trauma patients. Cur-
rently available thoracic endograft devices require
a minimum 20-Fr introducer sheath. Placement of
such alarge introducer sheath in a diseased artery or
small ileofemoral vessels less than 8 mm in diame-
ter can result in severe iatrogenic injuries, including
arterial dissection and rupture [16]. If significant re-
sistanceis encountered during the insertion ofanin-
troducer sheath, one should stop the insertion pro-
cess and carefully withdraw the introducer sheath. A
retroperitoneal access with the creation of an iliac or
aortic conduit should be considered to limit the risk
of iatrogenic rupture associated with small femoral
artery access. These conduits can be converted to an
ileofemoral or aortofemoral bypass graft to improve
the inflow of an ischemic extremity if necessary. The
potential of iatrogenic femoral artery injury in en-
dovascular thoracic repair is highlighted in a study
by White and associates who noted a 27% of ac-
cess complication [16]. However, as endovascular
devices undergo continual refinement and minia-
turization with smaller introducer sheaths, the in-
cidence of iatrogenic access complication will likely
be decreased or possibly avoided.

Limitation in utilizing aortic endograft
cuffs for treatment in descending
aortic injury

Another important challenge in endovascular re-
pair of traumatic aortic injuries is the limited avail-
ability of stent-graft devices. While several authors
have reported successful usage of infrarenal aor-
tic endograft cuffs in excluding thoracic aortic in-
juries, this remains a less than ideal endovascular
solution [8, 17]. Current FDA-approved endovas-
cular devices for infrarenal aortic aneurysm such
as AneuRx (Medtronic, Santa Rosa, CA), Zenith
(Cook, Indianapolis, IN), Endologix (Irvine, CA),
and Gore Excluder endograft all have aortic exten-
sion cuffs which are designed for delivery to the in-
frarenal aorta. The lengths of these delivery devices
ranged from 55 cm to 65 cm which may not be
sufficient for juxta-subclavian artery deployment,
which may be a particular concern in tall patients
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Table 19.2 Delivery system lengths and diameters of aortic extender cuffs currently approved for infrarenal aneurysm

repair.

Device Delivery system shaft length (cm) Maximum stent-graft diameter (mm) Stent-graft length (cm)
Medtronic AneuRx 55 28 3.75

GORE Excluder 61 28.5 33

Cook Zenith 55 32 3.6

Endologix PowerLink 63 28 5.5-7.5

(Table 19.2). Although a retroperitoneal iliac artery
conduit may provide an added advantage of deliv-
ering an endograft device to a more proximal lo-
cation, these cuffs are generally short in length and
will likely require multiple aortic cuff placement in
order to adequately exclude an aortic disruption.
Without clear evidence to demonstrate the efficacy
of placing multiple aortic cuffs as an effective treat-
mentin traumatic aortic disruptions, this treatment
strategy represents an off-labeled device application
and should not be widely encouraged.

Procedural-related complications due
to device deployment

Delivering and deploying thoracic endovascular
devices may pose certain technical challenges in
young trauma victims with aortic injuries. Because
younger patients with relatively normal aorta fre-
quently have a sharp aortic angulation just distal to
the left subclavian artery, it may be difficult to accu-
rately position and deploy a thoracic stent graftin a
juxta-subclavian artery location, particularly if the
endograft has a rigid or relatively nonflexible de-
vice shaft. In some thoracic endovascular devices,
such as the Talent endografts, the proximal bare
stents need to be deployed higher in the aortic arch.
The stent-graft portion of the device is then slowly
pulled backin the descending thoracicaorta to allow
accurate deployment. Manipulation of endograft in
the vicinity of the ascending aorta not only is tech-
nically difficult, but also carries higher risk of stroke
complications. Numerous complications related to
manipulation of bulky devices in the aortic arch
have been reported, which included cardiac perfo-
ration, aortic valve injury, arch perforation, branch
vessel rupture, and cerebral embolization [18-28].
Significant device refinement, such as more flex-
ible shaft to accommodate aortic curvature, will

undoubtedly be necessary before this technology
can be widely adapted in young patients with trau-
matic aortic injuries.

Hemodynamic and anatomical features
related to aorta in young trauma
patients

An important anatomical consideration in en-
dovascular treatment of traumatic aortic injuries
in young patients relates to their tapering luminal
diameter of the descending thoracic aorta. More-
over, younger patients typically have higher aortic
pulsatile compliance and flow velocity when com-
pared to elderly patients, which represents a hemo-
dynamic factor that may destabilize aortic endo-
graft fixation [29, 30]. Implantation of currently
available nontapered thoracic endografts in young
trauma victims who have relatively narrow aorticlu-
mens will likely lead to diameter mismatch as well as
endograft oversize. Gross oversizing in a relatively
small diameter aorta in combination with a short
radius of aortic arch curvature can result in a sub-
optimal conformability along the inner curve of the
aortic arch, which can lead to problems including
device fracture, endoleak, migration, and infolding
(Fig. 19.2). It is estimated that these types of device-
related complications, such as stent fracture, stent-
graft compression, rate of reintervention, device ex-
planation, or endoleak, occurred in approximately
3% when used in traumatic aortic disruptions [12,
18,21, 31-37]. Moreover, a semirigid stent graftina
tightly curved arch may tend to lift the inferior wall
of the lesser curve (Fig. 19.2). Force of cardiac pul-
sations pushing the stent graft against the outer cur-
vature could further tend to push the inferior wall
off the inner curvature. Some stent grafts may also
adopta fishmouth configuration with the superior—
inferior diameter of the proximal graft shortening
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Lack of apposition to
inner curve of arch

Figure 19.2 In the clinical situation of an oversized endograft placed in a small aorta with a tight aortic curvature, the
device fails to appose the inner curvature. Infolding of the lower lip of the graft can occur with catastrophic
consequences. This has not occurred when the device is sized according to the directions for use.

and the lateral diameter widening, thus decreasing
graft-wall apposition superiorly and inferiorly.

Endograft collapse due to
significant endograft oversize in
young trauma patients

Since the GORE TAG device remains the only FDA-
approved thoracic endograft at the present time,
available literatures demonstrated that approxi-
mately 9% of its reported applications occur in
trauma patients [12, 18, 21, 31-37]. This is the sce-
nario when significant device oversize is most likely
to occur due in part to the lack of small diametered
endografts to be placed in young trauma patients
with relatively narrow thoracic aortic lumen. It is
noteworthy that the reccommended Instruction for
Use (IFU) of the GORE TAG device as approved
by the FDA indicates that this device should be
oversized in the range of 7% to 18% in reference
to patient’s aortic diameter. Because the smallest
diameter of the GORE TAG device is 26 mm, this
device should be used in treating aortic size equal
or larger than 23 mm in diameter. Deployment of
a 26-mm diameter GORE TAG device in patients
whose aortic diameter is less than 23 mm in
diameter represents a device oversize beyond the
manufacturer’s recommendation, which may result
in to suboptimal device performance (Fig. 19.3).
All adverse events reported to date with the use of
GORE TAG device were largely due to device over-
size beyond the recommended IFU as approved by

the FDA (Table 19.3). Idu and colleagues recently
reported a case of GORE TAG device collapse 3
months following the endovascular repair [15].
In their reported case, a 26-mm diameter GORE
TAG device was implanted in a young trauma
patient whose aortic diameter was only 19 mm,
which represented a 37% device oversize. This
significant degree of device oversize resulted in the
wrinkling of the proximal segment of the thoracic
endograft. While the initial aortogram revealed
no gross radiograph abnormality following device
deployment, the wrinkling of the proximal GORE
TAG device eventually lead to device collapse,
due in part to the high aortic pulsatile force.
This condition was ultimately remedied by the
placement of another Talent thoracic endograft to
expand the collapsed GORE TAG device [15].

Results from clinical series in
acute traumatic aortic injuries

The available literature on endovascular treat-
ment of traumatic aortic injuries remains relatively
scarce, in contrast to the vast body of the literature
on endovascular abdominal aortic aneurysm repair.
Nonetheless, nearly all reported series underscored
significant advantages of endovascular treatment of
blunt aortic trauma which include excellent tech-
nical success and low mortality rates (Table 19.4)
[7-9, 17, 21, 26, 33, 36, 38—48].

Taylor and associates were the first to report
the clinical benefit of using commercially available
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Figure 19.3 (a) Successful deployment of a GORE TAG thoracic device can be achieved when appropriate device selection
was made on the basis of the recommended IFU, as evidenced by the full apposition of the stent graft in the aortic lumen.
(b) When the device is inappropriately oversized relative to the aortic diameter, it can lead to device collapse in its leading
segment (arrow, image courtesy of Dr Michael Dake and WL Gore Associates).

thoracic endografts in the management of blunt
aortic injury in 2001 [38]. Thompson and col-
leagues reported on encouraging outcome follow-
ing endovascular thoracic aortic repair for acute
traumatic rupture in five patients. The technical
success rate was 100%; no procedure-related com-
plication or death was observed during an average

Table 19.3 Gore TAG thoracic endoprosthesis Instructions
for Use (IFU) as approved by the FDA.

® Healthy neck length minimum 2 cm - may cover left

subclavian artery if necessary

The GORE TAG device has been designed to be

oversized from 7-18% which has been incorporated

into the sizing guide (do not oversize and follow sizing

chart)

® Measure flow lumen, do not include adventitia or
calcium but include thrombus if present

® Use case planning forms

® Neck taper must be within device sizing range —

especially important around the arch transition

Neck angles <60° recommend more than 2 cm of neck

engagement

follow-up of 20 months [49]. Fattori and associates
described 11 patients with acute and 8 with chronic
thoracic traumatic injury located at the aortic isth-
mus treated by endovascular stent grafting [36]. All
procedures resulted in successful outcome without
signs of endoleaks. No death, paraplegia, or other
complications were observed. The study group de-
tected one type III endoleak during a mean follow-
up period of 20 months, which showed sponta-
neous thrombosis within 2 months [36]. Lachat and
associates reported 12 patients with acute traumatic
aortic rupture treated by self-expanding stent grafts
and reported a complete technical success [44]. The
in-hospital mortality was 8% due to an undetected
residual type I endoleak. During the mean follow-
up time of 17 months, one patient experienced a
perigraft leakage that was treated by an additional
stent graft 12 months postoperatively [44]. Wellons
and colleagues reported nine patients with trau-
matic aortic injuries who all underwent endovas-
cular repair using infrarenal aortic cuff extenders
[17]. There was no procedure-related mortality and
technical success was achieved in all patients. Two
recent studies compared the treatment outcome of
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Table 19.4 Clinical series of endovascular treatment of acute traumatic aortic injuries.

Technical Follow-up
Author Year Patient no. success (%) Endograft type Paraplegia (months)
Fujikawa [39] 2001 6 100 Home-made None 8
Taylor [38] 2001 5 100 Gore, Talent None 6
Bortone [50] 2002 10 100 Gore None 14
Orend [47] 2002 1 92 Gore, Talent None 14
Thompson [37] 2002 5 100 Gore, home-made None 20
Fattori [36] 2002 11 100 Gore, Talent None 20
Lachat [44] 2002 12 100 Gore, Talent None 9
Kasirajan [42] 2003 5 100 Gore, Talent, home-made None 10
Karmy-Jones [8] 2003 11 100 AneuRx cuff, Ancure, Talent, None 16
home-made
lannelli [21] 2004 3 100 Gore None 13
Wellons [17] 2004 9 100 AneuRx cuff, Excluder cuff None 6
Kato [43] 2004 6 100 Home-made None 6
Scheinert [48] 2004 10 100 Gore, Talent None 17
Czermak [40] 2004 12 92 Gore, Talent None 9
Morishita [45] 2004 7 100 Home-made None 12
Neuhauser [46] 2004 10 100 Gore, Talent, Vanguard None 26
Ott [7] 2004 6 100 Talent None 16
Uzieblo [9] 2004 4 100 Talent None 8
Bortone [33] 2004 14 100 Talent, Gore, Zenith, Endofit None 14

traumatic thoracic aortic disruption between the
conventional open repair versus endovascular ther-
apy. Ott and colleagues reported their experience
of 18 patients with blunt thoracic aortic injuries
during an 11-year period [7]. The authors noted
that open surgical group had a 17% early mortality
rate, a paraplegic rate of 16%, and an 8.3% inci-
dence of recurrent laryngeal nerve injury. This is in
sharp contrast to the endovascular patient cohorts,
who did not experience any perioperative mortality,
paraplegia, or recurrent laryngeal nerve injury [7].
Similar findings regarding the benefits of endovas-
cular treatment over open surgical repair were high-
lighted in another study by Kasirajan and associates
[42]. These authors noted that patients who under-
went endovascular repair had significantly lower pe-
rioperative mortality rates compared to those who
underwent open repair. The mean procedural time
and length of hospital stay were all significantly less
in the endovascular group compared to the open
repair cohort [42].

Paraplegia undoubtedly remains the most feared
complication following repair of a traumatic aortic
injury, which has a reported incidence of as high as

18% in patients following open repair for blunt aor-
tictrauma [3]. A postulated mechanism of this com-
plication relates to aortic crossclamp times in excess
of 30 min. An overview of all available endovascular
studies on traumatic aortic injuries showed that the
paraplegic complication does not occur. Table 19.4
summarizes the treatment outcome of these stud-
ies. One possible explanation of this low paraplegic
incidence following endovascular treatment is the
avoidance of aortic crossclamping and less blood
pressure variation or hemodynamic instability fol-
lowing endovascular repair.

Should endovascular repair be
considered the new standard of
treatment in traumatic aortic
injury?

Because of the rarity of traumatic aortic injury, suc-
cessful endovascular treatment will likely be con-
fined to large trauma centers with a dedicated
trauma team working jointly with experienced en-
dovascular surgeons. Moreover, optimal outcome
of this treatment strategy will depend on proper
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imaging equipment and full arrays of readily avail-
able endovascular devices. It is our belief that an
emergent stent grafting is more technically demand-
ingand conceptually challenging when compared to
an elective endovascular procedure. In an elective
aneurysm stent-grafting procedure, for instance,
careful consideration regarding device sizing and
device selection can be done in a timely fashion. In
contrast, urgent endovascular repair of a traumatic
aortic injury will require an experienced team of
trauma surgeons, vascular surgeons, anesthesiolo-
gists, and operating room nurses ready to perform
this procedure in critically injured trauma patients
in an around-the-clock fashion. Physicians must
rely on their expertise and skills to make critical
decisions relating to device selection or arterial ac-
cess both promptly and accurately. While all avail-
able clinical studies on endovascular treatment of
traumatic aortic disruptions showed promising re-
sults with excellent technical success and lower mor-
tality rates compared to conventional open repair,
long-term studies will undoubtedly be necessary to
prove the treatment efficacy of this minimally in-
vasive therapy. Presently, the Achilles heel of en-
dovascular treatment of traumatic aortic disruption
relates to the limited availability of thoracic endo-
grafts in all sizes (Table 19.5). Utilizing currently
approved thoracic devices in young trauma victims
with aortic injuries will likely result in significant
device oversize and potentially lead to late device-

Table 19.5 Examples of an inappropriate device oversize
when using a Gore TAG thoracic device in patients with
relatively small aortic diameters.

The Gore TAG thoracic device should not be oversized

more than 18% based on the aortic diameter, as indicated

by the device IFU. Given the smallest Gore TAG device has a

diameter of 26 mm, placement of such a device can result

in varying degree of oversize in various aortic diameters.

The following description summarizes varying degree of

device oversize in various scenarios of aortic diameters.

® Placement of a 26-mm thoracic endograft in a 20-mm
aortic diameter would result in a 30% oversize

® Placement of a 26-mm thoracic endograft in a 18-mm
aortic diameter would result in a 44% oversize

® Placement of a 26-mm thoracic endograft in a 16-mm
aortic diameter would result in a 63% oversize

® Placement of a 26-mm thoracic endograft in a 14-mm
aortic diameter would result in a 86% oversize

related complications (Table 19.5). Until further
studies that validate this treatment durability as well
as the full array of appropriately sized devices be-
comes available, physicians must take precautions
when performing endovascular repair of traumatic
aortic injuries as this therapy should only be offered
in appropriately selected patients.
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From the time of the first publication on endolu-
minal treatment of abdominal aortic aneurysms,
investigators have made steps in applying simi-
lar technology to treat thoracic aneurysmal dis-
ease. The initial report by Dake and colleagues
[1] showed encouraging results with endoluminal
treatment of a typical atherosclerotic descending
aortic aneurysm — both morbidity and mortality
associated with the procedure were low. Later, this
group described their early work with exclusion
of acute dissection in the same arterial region [2].
Nevertheless, despite these and a number of other
publications describing early results of endolumi-
nal intervention in thoracic aortic pathologies [3—
12], there has not been overwhelming enthusiasm
or support from manufacturers. From an economic
standpoint, this makes sense because abdominal
aortic aneurysms are considerably more prevalent
in both men and women. Additionally, corporate
sponsors face an increasingly rigorous market ap-
proval process with the Food and Drug Administra-
tion (FDA). Still, the Gore thoracic aorta endolumi-
nal graft (TAG) (W.L. Gore & Associates, Flagstaff,
AZ) was approved in March 2005, and it is likely
that other devices will follow it in the marketplace.

Stent-graft repair of thoracic aortic aneurysms
has led to the use of grafts for the management
of a wider variety of thoracic aortic pathologies,
including acute and chronic dissection, intramu-
ral hematoma, penetrating ulcer, traumatic injuries,
and other diseases. Relief of symptoms is frequently
achieved and, when compared to the open opera-
tion in small populations or against historic controls

[13, 14], patients generally have more favorable out-
comes with the endovascular procedure.

Our experience in over 300 endoluminal graft
(ELG) procedures for thoracic aortic pathologies
has provided us with the opportunity to extend the
indications for this technology for use in more com-
plicated aneurysmal disease. Although the entire
thoracic aorta from the aortic valve to the celiac axis
will undoubtedly be treated in the future with endo-
luminal technologies, research is presently concen-
trated in zones 2, 3, and 4 as illustrated in Fig. 20.1.
These anatomic areas encompass all pathologies
arising cephalad between the origin of the left com-
mon carotid artery and left subclavian artery to the
celiac artery below the diaphragm. The majority of
most thoracic aortic pathologies are encompassed
within these zones, with the exception of type I and
II dissections involving zones 0 and 1 in the ascend-
ing aorta and the aortic arch. It is this latter category
of territory that appears to have significant poten-
tial for both endovascular and hybrid procedures.
There are, however, specific challenges to ELG ap-
plication in the thoracic region.

One of the unique characteristics of the thoracic
aorta is its various configurations across the arch
and down the descending thoracic aorta. There has
been considerable experience with treatment of ab-
dominal aortic aneurysms demonstrating a high
failure rate of the endovascular procedure when
there is significant angulation (>60°) just distal to
the renal arteries (Fig. 20.2). This configuration in-
creases the likelihood of both migration of the de-
vice and development of an endoleak. The same
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Figure 20.1 Drawing showing the zones of the thoracic aorta. Current endoluminal graft technology is concentrated on
zones 2, 3, and 4. Potential exists for ELG treatment in zones 0 and 1 in the future.

right-angle configuration is frequently seen in tho-
racic aortic pathologies and different device de-
signs are required to ensure proper deployment
characteristics.

Another consideration unique to the thoracic
aorta is fixation on a curvature in the distal aor-
tic arch. Most abdominal aortic aneurysms have a
proximal neck that is fairly straight but, as illus-
trated, the distal aortic arch is always on a curve that
is sometimes quite steep. There is little consensus
regarding an ideal fixation method in this region —
barbs, hooks, and uncovered stents have all been
used. One of the problems with the uncovered stent
of the ELG has been erosion through the lesser cur-
vature of the aorta proximal to the left subclavian
artery (Fig. 20.3). The device in Fig. 20.3 was used to
treat an acute dissection; one can legitimately ques-
tion whether or not such uncovered devices should
be used to treat dissections when friability of the
tissue exists. Our own use of uncovered stents has
not, to date, resulted in few untoward consequences
and, the advantages afforded in terms of device fix-

ation, appear considerable. Even with the current
limitations of equipment and the failure of indus-
try to concentrate their efforts specifically on the
thoracic area, there are ever-increasing numbers
of pathologies that can be treated effectively us-
ing available endoluminal technology. The follow-
ing case examples illustrate some of the advancing
technologies in this exciting field of investigation.

Case examples

Case 1

Our first attempt to treat an aneurysm of the as-
cending thoracic aorta with an ELG was in February
2002. CW was a 48-year old male with prema-
ture atherosclerotic heart disease. He had his first
quintuple CABG in 1987 at the age of 33 and then,
in 1997, a redo bypass was performed to attach
the gastroepiploic artery to the stub of the vein
graft in the right coronary artery (RCA). Late in
2001, the patient was evaluated in Minnesota for
exertional chest discomfort and dyspnea. The chest
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X-ray demonstrated a large anterior mediastinal
mass, which was confirmed by a CT scan and found
to be ~9 cm. The mass appeared full of mural
thrombus, although a small area of contrast was
seen coming from the ascending aorta. Left heart
catheterization revealed that all vein grafts and the
gastroepiploic graft were occluded, but the left in-
ternal mammary artery (LIMA) was open. The di-
agnosis of a large pseudoaneurysm arising from the
vein graft to the RCA was made. Because the patient
was considered to be at high risk for an open proce-
dure, he was referred to the Arizona Heart Institute
for further workup and treatment.

In February 2002, a repeat CT scan in Arizona
demonstrated the mass to be 10 cm in diameter, with

Figure 20.2 Aortogram of the
abdominal aorta illustrating acute
angulation at the level of the renal
arteries. This anatomic/pathologic
configuration often prohibits use of
ELGs as a treatment modality.

an area of contrast from the ascending aorta still vis-
ible (Fig. 20.4). The patient underwent angioplasty
and stenting of a 90% lesion in the proximal circum-
flex artery. The following day, coil embolization of
the vein graft pseudoaneurysm was performed us-
ing percutaneous techniques; however, only a single
coil could be deployed in the pseudoaneurysm, and
it was placed just past the anastomosis to the as-
cending aorta (Fig. 20.5).

Several months later in July 2002, the patient pre-
sented with persistent symptoms of chest pain, fa-
tigue, and shortness of breath. The CT scan showed
interval enlargement of the mediastinal mass to
over 11 cm. The patient was taken to the operat-
ing room, where an aortogram and an intravascular
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Figure 20.3 Uncovered stent erosion through
the lesser curvature of the aortic arch (photo
courtesy of Dr Rodney White).

Figure 20.4 CT showing 1-cm
pseudoaneurysm of the ascending aorta
(arrow) secondary to a right aortocoronary
vein bypass grafting procedure.
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ultrasound were performed to determine the ex-
act location of the pseudoaneurysm and to ob-
tain dimensions of the ascending aorta so that a
custom-made ELG could be fashioned. During this
procedure, the patient experienced EKG changes
and hypotension and an intraaortic balloon pump
was placed. He was then taken urgently to the car-
diac catheterization lab for balloon angioplasty and

Figure 20.5 Image of single coil
deployment (arrow) in an effort to close
the pseudoaneurysm of the previous
anastomotic site.

brachytherapy to a stenosis in the previously stented
region in the circumflex artery.

During a 48-h recovery, in which the patient re-
mained stable, a device was custom-made of PTFE
and a self-expanding stainless steel stent. He was
then taken back to the operating room, where the
ELG was deployed in the ascending aorta (Fig. 20.6)
and the vein pseudoaneurysm was excluded

Figure 20.6 ELG deployed in the
ascending aorta.
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from the systemic circulation. Deployment of the
32 mm x 5 cm stent-graft was performed through
a long 20-Fr sheath (Keller-Timmermans Intro-
ducer Sheath, Cook, Inc., Bloomington, IN), and
was aided by pharmacologically induced hypoten-
sion and angiographic roadmapping. A temporary
transvenous pacemaker and pre- and postprocedu-
ral transesophageal echocardiography (TEE) were
also employed.

The postoperative CT scan showed no change in
size of the pseudoaneurysm and no leaking of con-
trast outside the aorta. The patient was discharged
in a good condition on postoperative day 3 and was
essentially asymptomatic. The 1-year postoperative
CT (Fig. 20.7(a)) and aortogram (Fig. 20.7(b))
showed resolution of the pseudoaneurysm
complication.

Case 2

More recently, we have reported our technique for
antegrade delivery of an ELG after rerouting of the
aorticarch branches. Using the antegrade approach,
we have extended use of this technique to treat an
acute type A dissection [11].

A 50-year old white male presented to an out-
side facility with a painful, pulseless right lower
extremity. An open thrombectomy was attempted
and, when it failed to restore circulation, a com-
puted tomography was obtained and demonstrated
an aortic dissection extending from the aortic root
to the aortic bifurcation and into the right common
iliacartery, creating an occlusion (Fig. 20.8). The pa-
tient was transferred to the Arizona Heart Hospital
for treatment of both the aortic dissection and the
ischemic extremity — at the time of admission, the
limb was cold and there was loss of sensation and
motor function.

A femoral-femoral artery bypass and a below-
the-knee, four-compartment fasciotomy were com-
pleted on the afflicted extremity. A few hours later,
a median sternotomy was performed and, upon
opening the pericardial sac, dark blue blood was en-
countered, and the dissection was verified from the
ascending aorta across the aortic arch. Cardiopul-
monary bypass was established after hepariniza-
tion using a single, right atrial cannula and a 20-Fr
femoral perfusion cannula inserted proximal to the
left femoral-femoral graft. The ascending aorta was
cross-clamped at the level of the brachiocephalic

Figure 20.7 (a) CT examination at 1 year showing
reduction in the aneurysm size. (b) Good angiographic
confirmation of closure of the aorto-pseudoaneurysm
connection.

artery, retrograde and antegrade cardiplegic so-
lution was administered, and the patient’s body
temperature was lowered to 30°C. The aneurysm
and dissection were opened, and the valve leaflets
and coronary ostia examined. Two aortic valve
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commissures were resuspended using a 2-0 Tevdek
suture with pledgets. Both the proximal and dis-
tal aortic ends were reinforced with strips of felt,
and the vessel layers were reunited before sutur-
ing a 30-mm Hemashield graft (Boston Scientific,
Natick, MA). The suture lines were reinforced with
fibrin glue. The patient was warmed, cardiopul-
monary bypass was discontinued, and hepariniza-
tion was partially reversed. An intraoperative trans-
esophageal echocardiogram showed only minimal
residual aortic insufficiency.

After obtaining satisfactory hemostasis, a 16 x
8 mm, branched, woven, Dacron® graft was su-
tured to the interposition graft over a partial oc-
cluding clamp. A third 10-mm limb was sutured
to the bifurcated graft as a conduit for ante-
grade ELG delivery (Fig. 20.9). The left common
carotid and brachiocephalic arteries were tran-
sected sequentially and then oversewn proximally,
and the limbs of the bifurcated graft were at-
tached distally (Fig. 20.10(a)). A 9-Fr sheath was
attached to the conduit, and a 0.035-inch Glidewire
(Medi-Tech/Boston Scientific, Watertown, MA)
(Fig. 20.10(b)) was passed to the left common iliac

Figure 20.8 CT examination showing a type A aortic Figure 20.9 lllustration of bifurcated conduit graft used
dissection from the ascending aorta to the iliac arteries for rerouting supra-aortic trunks and antegrade delivery of
with occlusion of the right common iliac artery. the ELG.
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Figure 20.10 (a) A 9-Fr sheath is attached to the conduit to enable the 0.035-inch Glidewire to be passed to the left
common iliac artery. (b) The guidewire was snared through a retrograde left femoral 9-Fr sheath.
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Figure 20.11 A 40 x 20 cm TAG device is deployed.

artery where, through a 9-Fr sheath, a snare was
used to retrieve it.

A second wire was passed retrograde into the
ascending aorta for an angiogram with roadmap-
ping. A metal ring was placed around the conduit

at its anastomosis to identify the landing zone in
the ascending aorta. A 24-Fr sheath was delivered
through the conduit across the aortic arch; this was
made easier by pulling the left common femoral and
conduit wire ends simultaneously. A 40 x 20 mm
Gore thoracic aorta endoluminal graft (TAG) (W.L.
Gore & Associates, Flagstaff, AZ) was deployed from
the ascending aorta to the mid-descending tho-
racic aorta after the delivery sheath was retracted
(Fig. 20.11).

An aortogram showed continued true lumen
compromise distally (Fig. 20.12), and a second 40 x
20 mm TAG graft was delivered from the left com-
mon femoral approach through a 24-Fr sheath (Fig.
20.13). Aortography demonstrated complete reso-
lution of the dissection without lumen compromise
oran endoleak. The ascending conduit was clamped
after sheath retrieval, transected, and then over-
sewn. The left common femoral artery was repaired
after sheath removal.

A CT exam 1 day after the procedure showed
complete resolution of the proximal arch and
high descending thoracic dissection with persistent
dissection into the pelvis (Fig. 20.14). The post-
operative course was complicated by a left subcla-
vian vein thrombosis secondary to catheter place-
ment — this was treated by thrombectomy under
local anesthesia. The fasciotomy sites healed with-
outinfection, and rehabilitation of neurologic com-
plications of the ischemia to the lower extremity
was begun. A 64-slice, high-resolution, contrast-
enhanced CT prior to hospital discharge showed
no proximal endoleak and obliteration of the false

Figure 20.12 Aortogram showing
continual lumen compromise distally.
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Figure 20.13 A 40 x 20 cm TAG device is delivered
retrograde from the left common femoral artery.

channel (Fig. 20.15). A CT 3 months after the pro-
cedure showed patent grafts from the ascending
tube grafts to the brachiocephalic and left common
carotid arteries and the ELG in the descending tho-
racic artery (Fig. 20.16(a)). The distal abdominal
aorta was also seen to have continued dissection
and a patent femoral-femoral artery bypass graft
(Fig. 20.16(b)).

Discussion
Figure 20.14 A CT examination on postoperative day 1
In general, endoluminal intervention for tho-  showing complete resolution of the dissection process

racic pathologies avoids extensive sternotomy or  down to the aortic bifurcation.
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Figure 20.15 A 64-slice CT prior to discharge showing no
proximal endoleak and obliteration of the false channel.

thoracotomy incisions, the use of chest tubes, res-
pirators, and even general anesthesia. Blood loss is
limited, ICU and hospital stays are reduced with
the endoluminal procedure, and rehabilitation time
is usually minimal. The rate of peripheral embolic
complications, among the most dreaded problems
associated with repair of thoracic pathologies, has
been rare in our experience. While the rewards of
endovascular intervention are apparent, the intri-
cacy and severity of thoracic aortic pathology often
requires techniques be modified to include more

Figure 20.16 A 64-slice CT examination at 3 months
showing patent grafts to the brachiocephalic and carotid
arteries and satisfactory ELG position. A distal dissection of
femoral-femoral bypass grafts is documented.

than one type of approach; hybrid procedures that
merge open and endovascular techniques are often
obligatory in the repair of complex pathologies.

These cases illustrate extremes of thoracic aor-
tic disease, whether caused by atherosclerosis or
dissection. When treating an atherosclerotic pseu-
doaneurysm arising from the ascending aorta fol-
lowing a CABG procedure (as in case 1), the role
for an ascending aortic ELG may be limited. In-
deed, the saphenous vein graft from which the
pseudoaneurysm arises must be already occluded,
and no other vein grafts arising from the aorta
can be patented because these would be covered
by the graft and any perfusion would cause irre-
versible myocardial damage. Nevertheless, the tech-
nique described is ideal for patients without patent
grafts those with conditions not associated with a
previous CABG.
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Figure 20.17 lllustration of retroperitoneal conduit used in conditions in which iliofemoral access is complicated due to
large bore size of the endograft.

In terms of complexity, treatment of the ascend-
ing aorta (as described in case 2) that involves re-
uniting the dissected arterial wall, and interposing
a graft accompanied by aortic valve suspension is
the least complicated of the potential presentations.
Vascular compromise with the right lower extrem-
ity viability in jeopardy shifted the usual treatment
paradigm, demanding a femoral-femoral arterial
bypass before the aortic procedure. At the same
time, completion of the two procedures left no
protection against further dissection with vascular
compromise or even rupture. Appreciation of these
negative consequences led to the decision for a more
complete, unique, one-stage operative approach.
This case also points out the fact that the delivery of
the ELG across the aortic arch can be difficult due to
the adverse effects of its anatomy. We have learned
from our descending thoracic and abdominal aortic
endografting the value of a brachial-femoral wire
to assist the passage of the ELG through torturous
arteries, particularly at the iliac level. The bore size

of the devices, in some cases, makes femoral ac-
cess impossible. A retroperitoneal conduit attached
to the common iliac artery, or even the lower ab-
dominal aortic (particularly when accompanied by
a brachial wire through the conduit as illustrated
in Fig. 20.17) permits ELG delivery in most cases.
In our ascending aorta and arch endografting pro-
gram, we have incorporated techniques developed
for some of these difficult situations and applied
them with newer concepts of delivery.

Conclusions

These case examples demonstrate the potential for
treatment of aneurysmal disease in the ascending
aorta and arch whether caused by atherosclerosis or
dissection. Thoracic pathologies are, in many cases,
potentially fatal, and successful intervention is ex-
tremely important. Medical management is rarely
appropriate, and conventional surgical repair is as-
sociated with a number of risks and a prolonged
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recuperation period; thus, interest in thoracic en-
doluminal grafting is significant, particularly since
the approval of the TAG endograft. However, not
all patients have lesions amenable to endovascular
repair with an available device, and determining fa-
vorable anatomy for device placement is imperative
during the screening process. Although these new
techniques are advancing gradually, the potential
for endovascular intervention in these regions ap-
pears quite favorable.
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CHAPTER 21

Improved endograft fixation—a
role for aortic endostapling?

Brian R. Hopkinson

One of the requirements of an endovascular graft
is that it should stay where it has been put and
it should stay sealed. The first generation of en-
dovascular grafts such as the Vanguard produced
very good initial results for seal but after 1-2 years
they started migrating down the neck and devel-
oped subsequent type I endoleaks and had a high
risk of rupture. Modular junctions also tended to
migrate and disrupt causing a sudden increase in
tension in the aneurysm with a high risk of rupture
[1-4].

Devices such as the Ancure and the Zenith sought
to correct the risk of migration at the aneurysm
neck by incorporating spikes and hooks to hold
the stent graft in place. This seemed to be quite
satisfactory in practice but sometimes the hooks
and spikes fractured and then migration could take
place. The fact that the hooks and spikes fractured
showed that there was a continuing downward force
and that a stronger method of fixation was required.
In Nottingham our first experience of endovascu-
lar grafting for abdominal aortic aneurysms was in
1994 using the Cook-Meadox Chuter graft. The ini-
tial results were very pleasing but after 1 year mi-
gration started to be a serious problem. We tried
various ways of correcting this migration by using
extension pieces but these too tended to slip as they
were not fixed adequately with spikes or hooks. It
was around 1995 we joined forces with Anson Med-
ical, engineers in the UK, to devise an endovascular
stapling device that would fix the graft and the ex-
tension pieces together and fix the extension piece to
the wall. Previously described endostaples are one
shot only [5] or require a prior to deployment drill
hole [6]. Pullout tests in Sweden showed that the

best fixation was for the Zenith graft at about 24
Newtons [7].

The requirements for this new staple were as
follows.
1 That it should be very sharp so that it passed
easily through the graft and the aortic wall without
any preliminary drill holes.
2 That it should have a good pullout strength of at
least 5 Newtons per staple when it was properly in
place.
3 That the staple should be retractable and reload-
able so that it could be refired if it did not deploy
correctly in the first instance.
4 Thesystemshould be durable and biocompatible.
5 The whole system should be deployable under
C-Arm X-ray intensification via a 14-Fr sheath and
long enough to reach from the femoral artery up to
the arch of the aorta.

Description of the device

The staple itself is made of Nitinol. It was used
for its super elasticity as well as its thermal mem-
ory and biocompatibility. Its preformed shape is
like a “seagull” with a loop in the wire forming its
“body” and 2 “wings” with sharp points at their
tips to pierce through the graft and the aortic wall
as they arch outward and laterally to hold the graft
circumferentially against the aortic wall. This is il-
lustrated in Fig. 21.1. There is a thread loop passing
through the body of the clip, which goes down the
central delivery tube. By pulling on the thread the
staple can be reloaded back into the delivery tube
ready for redeployment in a different position. This
redeployable function of the staple is very important
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Figure 21.1 This figure shows the staple
placed with the loop on the inside of
the graft and two arms holding the
outside of the aorta. The thread loop
passing through the endostaple loop is
used to retract and reload it in the
delivery tube.

because it is known from vascular surgery that a
needle does not always pass through a graft and the
aortic wall exactly where the surgeon would wish it
to. This is particularly true when dealing when cal-
cified patches in the aorta. The idea was to mimic
the action of the surgical needle with our staple. It
is also important for the device to be torquable and
to have controlled flection to enable the staple to be
placed precisely. Radiopaque markers from within
the device are used to help with orientation as the
staple moves toward its target.

Testing in vivo

The first staple device was designed for open surgi-
cal stapling. Patches of polyester graft were stapled
with 2—4 endoclips to the back wall of the sheep
aorta and left in place for 6 months. At explanta-
tion they were studied in the pathology lab and had
no biocompatibility problems.

Mechanical bench testing

Individual staples were tested in a mechanical test
rig which moved the wings and the central loop up
and down at least 1 mm. After 400 million cycles
there were no mechanical failures of the metal. Fab-
ric fretting tests were also done to test the effect of
the Nitinol wire on fabric wear. After 400 million
cycles there was very little evidence of fabric fretting.

Testing in the acute
in vivo situation?

This was done in a pig laboratory using an X-ray C-
Arm for imaging. AneuRx, Talent, and Aorfix stent
grafts were deployed in the abdominal of the tho-
racic aorta of the pig. All the stent grafts had ra-
diopaque markers sutured to them at various points
so that we could test the aim and accuracy of deploy-
ment of our endostaples. The various radiopaque
markers on the delivery system were easily identified
and the endostaple could be seen folded up inside
the delivery system. The endostaple could be eas-
ily deployed and retracted again for redeployment
and with some experience it became clear when the
endostaple was in the right position. The test for
this was to pull gently on the delivery system while
watching the C-Arm image intensifier. If the whole
stent graft moved up and down while the two arms
of the endostaple remained symmetrical this was
found to be a good position and the loop of thread
could be cut to release the endostaple. If the en-
dostaple was not properly in position through the
stent graft, it was found that the wings of the en-
dostaple would move separately and it could easily
be displaced, reloaded and redeployed in a differ-
ent position. At the end of these acute experiments
the aorta and stent graft with the staples inside it
were explanted. The staples could be easily seen
on the outside of the aorta and there was very lit-
tle evidence of hematoma at the puncture site (see
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Figs 21.2 & 21.3). Pullout tests found that four sta-
ples placed circumferentially required of the order
of 27 Newtons. It is interesting to note that when the
graft and staples had been pulled out of the aorta
it was very difficult to identify the actual puncture
holes that the endostaples had made and there was
no evidence of any damage to structures outside the
aorta.

The second stage of the in vivo acute testing was
to simulate a migrating graft situation, placing two
overlapping AneuRx grafts within the pigaorta. En-
dostaples were placed circumferentially around the

Figure 21.2 This figure shows the two
arms of the endostaple on the outside
of the aorta. There is very little evidence
of hematoma.

top of the upper piece, fixing it to the aorta, and then
four endostaples were placed through the overlap-
ping area fixing the two grafts together. Again, it
was quite easy to see that the endostaples were in
the correct position when gentle traction demon-
strated that both the endograft and the endosta-
ple moved as one and the wings of the endostaple
moved symmetrically. Once a satisfactory position
of the staple had been achieved the retaining thread
was cut and the staples released. At the end of the
acute experiment the aorta, stent graft and staples
were all explanted and examined. There was very

Figure 21.3 This figure shows the
endovascular delivery kit with the
staple in the deployed position. The
curved cannula holds the staple and the
hinged flexed outer cannula allows the
staple to approach the target area at
right angles to the stent-graft surface.
The balloon helps to stabilize the whole
system during deployment.
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little evidence of hematoma at any of the puncture
sites despite the fact that several of the staples had
been deployed and redeployed several times. The
pullout strength between the extension piece and
the main graft with just four circumferential en-
dostaples in place was very strong of the order of 35
Newtons.

Testing in human cadavers

This was done using fresh cadavers so that the aortic
wall could be as near to the living state as possible
and not influenced by embalming. We raised the
aortic pressure to approximately 80 mm of mer-
cury using a hydrostatic reservoir of warm saline so
that the Nitinol could function properly at nearer to
the normal 37°C. The device was easy to introduce
via the femoral artery right the way up through the
thoracic aorta. The markers for orientation could
easily be seen. The device could be rotated appro-
priately and the endostaple could be identified in its
loaded and deployed positions. With a little prac-
tice it was possible to deploy the staple within 2-3
mm of the declared target zone previously placed
on the stent graft. AneuRx, Talent, and Aorfix com-
mercially available stent grafts and extension pieces
were placed so as to overlap within the aorta. The
endostaples were used to fix the extension piece to
the aorta above, then to fix the extension piece to the
lower stent graft at the area of overlap. With a little
practice it was possible to deploy the staples within
2-3 mm of previously identified target zones. It was
quite obvious when the staple was in the correct po-
sition so that it could be released. It was also clear
when the endostaple was not in a good position; it
was relatively simple to withdraw it, reload it and
redeploy it in a different position. At the end of the
procedure we explanted the aorta, along with the
stent grafts and staples and were able to observe the
arms of the various staples on the outside of the
aorta. The aorta and the stent graft were then di-
vided longitudinally so that we could inspect the
staple and the stent graft from the inside. The curl
of the body of the staple was barely visible on the
inside of the graft and was not thought likely to
cause any problems by its physical size within the
blood stream. There was very little evidence of dam-
age where the staples had passed through the aorta

and been withdrawn several times. The pullout tests
were done in two stages. First, we fixed the position
of the extension piece and pulled on the distal stent
graft to test the strength of the junction between
the main stent graft and the extension piece. This
proved to be quite a strong fixation with pullout
forces on the order of 35 Newtons. The aorta above
the extension piece was then fixed and the exten-
sion piece pulled away from it with a lower pullout
strength on the order of 15-20 Newtons. The dif-
ference between the pullout strengths is thought to
be due to the rather soft nature of the human aorta,
which allowed the staples to pull out more easily
from a single stent graft to aorta junction, as op-
posed to the rather stiffer stent graft to stent graft
junction. Once again, inspection of the outside of
the aorta at the stapling sites showed no signs of
damage and it was actually very difficult to identify
the actual puncture sites once the staples had been
withdrawn.

Conclusion

We have produced a retractable, replaceable en-
dostaple that can be accurately deployed and pro-
vides adequate pullout strength to attach a stent
graft to the aorta.

Future progress

Although endostaples may well have a significant
place in the management of migrating endovascu-
lar stent grafts in the abdominal aortic position, it
is possible that endostaples could enable better fix-
ation of patients with short and wide aortic necks.
The endostaple may have an even bigger place in the
management of thoracic endovascular stent graft-
ing. The forces in the thoracic aorta that are try-
ing to displace the primary fixation sites and the
junctions of modular grafts are very much greater
than the distraction forces in the abdominal aorta.
Stapling together the junctions of thoracic stent
grafts may well be an important application for this
technology.

This preliminary work on the endostaple has
shown satisfactory mechanical strength function
and biocompatibility and the next step is to seek
regulatory approval for appropriate clinical trials.
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CHAPTER 22

Treating smaller aneurysmes:
is there a rationale?

Kenneth Ouriel

Aortic aneurysms are treated to prevent rupture and
rupture-associated death. Aneurysm treatment,
however, cannot be accomplished without morbid-
ity and mortality. Open surgical repair is a large
operation, tolerated poorly by patients with multi-
ple medical comorbidities. Even with endovascular
treatment solutions, there exists an obligatory com-
plication rate that occurs as a result of the procedure
itself, the secondary procedures necessary to address
endoleaks, migration, and other problems, as well
as the rupture rate after treatment — a rate that is
low but not zero. Thus, the natural history of the
aneurysm must be balanced by risks of treatment
and long-term treatment-associated complications.

Aneurysm diameter has been the one variable
that is closely linked to the risk of rupture; the
larger the aneurysm girth, the greater the risk of rup-
ture over time. With this association in mind, there
was a tendency to repair only larger aneurysms,
for example 6 cm in diameter and greater, early
in the evolution of the surgical procedure, when
the mortality rate of the operation was high. Later
on, technique improved and the mortality of the
open procedure diminished to 5% or less. With-
out objective data, clinicians lowered the thresh-
old for repair such that aneurysms of 5 and even
4 cm in diameter were repaired in the 1980s and
1990s.

Taken to the extreme, imagine if we had a pill
that treated aneurysms, a pill that with limited side
effects, would arrest the growth and therefore rup-
ture risk of an aneurysm. Clearly, any individual
with an aneurysm, regardless of how small, would
be treated, analogous to the treatment of hyperlipi-
demia in patients with just slightly above normal

lipid levels. While this example is hypothetical, it
illustrates the point that the threshold diameter for
which we treat an aneurysm is dependent on the
risk of the intervention available.

Endovascular aneurysm repair offered a means to
repair an aneurysm with the potential for markedly
reduced periprocedural mortality. The European
randomized trials demonstrated improved early
survival in patients treated with endovascular vs.
open surgical repair. Unfortunately, this mortality
benefit did not hold up over longer term follow-up,
likely as a result of poor device durability, a high
frequency of secondary procedures, and late mor-
bidity and mortality associated with these remedial
interventions.

With more durable devices, better patient selec-
tion, and improved operator technical expertise, it
is quite possible that the long-term mortality rate of
patients treated with endovascular aneurysm repair
will diminish. If this decrement in mortality is low
enough, mortality rates after repair will compete
favorably with the natural history of even smaller
aneurysms. The development of improved endovas-
cular treatment modalities will render interven-
tion for smaller aneurysms appropriate —employing
logic similar to that of the hypothetical “aneurysm
pill” of the future. Until that time, we should focus
on the completion of clinical trials designed to study
patients with and without endovascular repair — be-
ginning with small- to moderate-sized aneurysms
of 4 to 5 cm in diameter. If we cannot demon-
strate benefit in this group of patients, we should
await the development of more effective treatment
strategies before we lower the accepted threshold
for aneurysm repair.
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The data

The decision to treat an aneurysm rests on a
comparison of the long-term risk of death from
aneurysm rupture in patients followed medically,
compared to the periprocedural risk of the repair
itself and the long-term cumulative risk of death
from postrepair rupture or from procedures di-
rected at the remediation of device-associated prob-
lems (e.g. for false aneurysms after open surgery
or for endoleaks after endovascular repair). Clearly,
the best means to answer this question is through
a large scale randomized study, allocating patients
with small aneurysms to surveillance vs. early re-
pair — with open surgical or endovascular tech-
niques. The studies should be large enough (pow-
ered) to demonstrate a difference or the lack thereof
with statistical rigor. In addition, however, the stud-
ies should be large enough to perform post-hoc sub-
set analyses so that the general results of the overall
analysis can be tailored to individual patient groups.
While such post-hoc analyses lack statistical rigor,
they do offer some data on which to base clinical de-
cisions for individual patients with specific clinical
presentations.

The first studies to evaluate the natural history of
abdominal aortic aneurysms appeared in the early
1960s. However, due to the inability to accurately
size the aneurysm with available imaging modalities
atthattime, the findings may notbe entirely reliable.
In an oft-quoted study of 24,000 patients undergo-
ing postmortem examination at the Massachusetts
General Hospital between 1952 and 1975, Darling
found that approximately 25% of aneurysms be-
tween 4 and 7 cm in diameter were ruptured at the
time of death [1]. This observation suggested that
one-fourth of patients with aneurysms of that size
would die of rupture. Of the multiple-risk factors
considered, only size seemed to bear on the likeli-
hood of aneurysm rupture. Among 52 patients fol-
lowed for up to 10 years before death with known
aortic aneurysms, the majority died of the rup-
tured aneurysms. These findings were corroborated
by a study by Jensen and colleagues, published in
1989. These investigators studied 65 patients with
abdominal aortic aneurysms who were not oper-
ated upon [2]. Over follow-up, 38% of patients who
presented with asymptomatic aneurysms eventually

died from rupture. A study by Perko and associates
also evaluated patients with unrepaired aneurysms,
but subdivided them into those with aneurysms less
than or greater than 6 cm in diameter [3]. Patients
with aneurysms greater than 6 cm in diameter had
an annual rate of rupture of between 10 and 15%,
while patients with smaller aneurysms had an an-
nual risk of less than 5%.

Inastudy published in 1991, Guirguis and Barber
examined the expansion rate of abdominal aortic
aneurysms and the risk of rupture in relation to di-
ameter [4]. This was a prospective analysis of 300
consecutive patients who presented with abdominal
aortic aneurysms initially managed nonoperatively.
The mean initial aneurysm diameter was 4.1 cm.
Among the 208 patients who underwent more than
one imaging study, the diameter of the aneurysm
increased by a median of 0.3 cm per year. The
6-year cumulative incidence of rupture was only 1%
in patients with aneurysms smaller than 4.0 cm in
diameter. The 6-year rupture rate rose to 2% among
patients with aneurysms between 4.0 and 4.9 cm in
diameter, but was fully 20% among patients who
presented with aneurysms greater than 5.0 cm in
diameter.

Retrospective studies such as these, however, suf-
fer from the limitations of patient selection; patients
that were not offered repair may have had more
medical comorbidities, advanced age, or may have
been otherwise dissimilar from the larger group of
patients who underwent surgical repair. A more
reliable estimate of the natural history of aortic
aneurysms of necessity, awaited the completion of
prospective analyses. Two such studies were com-
pleted and published in 2002. Each compared early
surgical repair vs. ultrasound surveillance of in-
frarenal abdominal aortic aneurysms.

The United Kingdom small aneurysm trial ran-
domized 1090 patients with aortic aneurysms be-
tween 4.0 and 5.5 cm in diameter to early elective
surgery (563 patients) or ultrasonographic surveil-
lance (527 patients) [5]. The 30-day elective oper-
ative mortality rate of 5.4% was surprisingly high.
After mean follow-up of 8 years, there was a trend
toward a lower long-term mortality rate in the early
surgery group, with a hazard ratio 0£0.84 (95% con-
fidence interval 0.70 to 1.00; P = 0.05, Fig. 22.1).
Of note, 62% of the surveillance group underwent



CHAPTER 22 Treating smaller aneurysms: is there a rationale?

177

1.0

0.9

0.8

0.7

0.6

Proportion of patients surviving

0.5

Early-surgery group

Surveillance group

0.4

No. AT RISK

527
563

497
513

468
489

Surveillance group
Early-surgery group

3 4 5 6 7 8 9
Years after randomization
437 394 363 316 173 97 41
465 429 402 371 253 154 66

Figure 22.1 Survival after early surgery or ultrasonographic surveillance in patients with aortic aneurysms 4.0 to 5.5 cm in
diameter. Reprinted with permission from the New England Journal of Medicine [5].

repair at the end of the study (mean of 8 years
of follow-up). Examination of the survival curves
demonstrated crossing of the curves at 3 years after
randomization; in other words, the cost of the pro-
cedure was repaid after that period of time. There
were more deaths from ruptured aneurysms in the
surveillance group, in part accounting for the sur-
vival differences. Smoking, however, was found to
be a confounding variable that may have explained
the overall survival differences. While 55% of each
group were current smokers at the time of random-
ization, over follow-up many fewer patients in the
early repair group continued to smoke (28% vs.
48%, P = 0.002). This difference was so striking
that the authors concluded that the mortality ben-
efit of early surgery could be in part attributable to
lifestyle changes adopted by the operated patients
rather than repair of the aneurysm itself.

The Veteran Affairs Cooperative Study Group
published the “Aneurysm Detection and Manage-
ment” (ADAM) study, which randomized patients
with aneurysms between 4.0 and 5.4 cm in diameter

to immediate open surgical repair (569 patients) or
surveillance (567 patients). Of note, 62% of patients
undergoing surveillance eventually required repair
of their aneurysms; thus, the “surveillance” treat-
ment arm might be more appropriately termed the
“delayed repair” arm. The operative mortality was
2.7%, but despite this, there was no mortality bene-
fit of early repair in this group of patients (Fig. 22.2);
with a similar long-term mortality rate in the two
groups, with a relative risk of 1.21 (95% confidence
interval 0.95-1.54) for repair vs. surveillance. The
rupture rate was 0.6% per year of follow-up for
unrepaired aneurysms, a risk that was not high
enough to account for any benefit in “aneurysm-
related” mortality rate (contrasted to “all-cause”
mortality rate) after early repair. The relative risk
of aneurysm-related mortality was 1.15 (95% con-
fidence interval 0.58-2.31) in the early repair vs.
surveillance groups. These observations imply that
the 2.7% “cost” of early repair is not “repaid” by
the risk of rupture in a closely followed group of
patients with small aneurysms.
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Endovascular repair: Does it
change the playing field?

We now have two well-designed, properly executed,
and adequately powered prospective comparisons
of early repair vs. surveillance of patients with
aneurysms 4.0 to 5.5 cm in diameter. One study,
the United Kingdom study, demonstrated border-
line mortality benefit at 8 years in the early re-
pair group, but this finding could be explained by
smoking cessation rather than from a reduction in
the risk of rupture. The other study, the Veterans
Administration trial, failed to demonstrate any ben-
efit of early repair whatsoever. Clearly, then, the risk
of the repair itself was not overshadowed by the
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risk of rupture and aneurysm-associated death in
the surveillance (or “delayed repair”) group. Not-
ing these data, should we abandon repair of small
aneurysms? In the context of the low rate of rupture
and the relatively substantial risk of perioperative
mortality, the answer is “yes.” Imagine, however, if
we had a procedure with a significantly lower mor-
tality rate. Imagine for the moment, if we had a
“pill” that would prevent aneurysms from growing
and rupturing — a pill without major untoward ef-
fects. Of course, we would treat every patient with
the least bit of aortic ectasia with such a pill.

While we do not yet have a medication for aor-
tic aneurysms, the decade of the 1990s introduced
a minimally invasive means of treating aneurysms
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Figure 22.2 The survival rate in patients randomized to immediate surgical repair vs. surveillance of aneurysms 4.0 to
5.4 cm in diameter. Reprinted with permission from the New England Journal of Medicine [9].
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[6], endovascular graft repair. If endovascular re-
pair of aortic aneurysms is associated with signif-
icantly lower periprocedural mortality than open
surgical repair, and if endovascular repair protects
against aneurysm-related complications over long-
term follow-up, such a less invasive approach may
surpass the outcome of a surveillance strategy for
smaller aneurysms. In fact, there are two ongoing
trials that will assess the results of endovascular re-
pair vs. surveillance for smaller abdominal aortic
aneurysms: the PIVOTAL and the CEASAR trials.
These studies will not be completed, however, for
several years. Until the results are available, the best
we can do is compare the results of endovascular
repair to open repair of small aortic aneurysms. Us-
ing principles of “transitive logic,” if endovascular
repair has benefits over open surgery for smaller
aneurysms, and as we know, open surgical repair
is associated with similar outcome to surveillance,
then endovascular repair may “beat” surveillance
for smaller aneurysms.

There exists a modicum of data to suggest that
the endovascular repair of smaller abdominal aortic
aneurysms is associated with relatively low mor-
bidity and mortality, at least in comparison to the
repair of larger aneurysms (Fig. 22.3) [7]. In a
more direct analysis, Zarins and colleagues com-
pared the outcome after (1) endovascular repair in
patients treated in the AneuRx clinical trial, to (2)
the surveillance group from the United Kingdom
Small Aneurysm trial [8]. There was an attempt to

aneurysms. Mortality rate is significantly
reduced in patients with small aneurysms.
Reprinted with permission from the Journal
of Vascular Surgery [7].

42 48

match patients in the two groups to account for
differences in baseline comorbidities. Ruptures oc-
curred in 1.6% of endovascular patients vs. 5.1% of
UK surveillance group, a difference that was not sig-
nificant when adjusted for the difference in length of
follow-up. Fatal aneurysm rupture rate adjusted for
follow-up time, however, was four times higher in
UK surveillance group (0.8/100 patient years) than
in endovascular match group (0.2/100 patient years,
P < 0.001). Aneurysm-related death rate was two
times higher in UK surveillance group (1.6/100 pa-
tient years) than in the endovascular match group
(0.8/100 patient years, P = 0.03). All-cause mor-
tality rate was significantly higher in UK surveil-
lance patients (8.3/100 patient years) than in en-
dovascular group (6.4/100 patient years, P = 0.02).
While these data do not originate from a prospec-
tive randomized analysis, they do provide some sug-
gestion that endovascular aneurysm repair may be
beneficial in patients with smaller abdominal aortic
aneurysms.

Summary

In conclusion, there are no objective data on which
to recommend open surgical repair of smaller ab-
dominal aortic aneurysms. By contrast, there is
some suggestion that endovascular repair may of-
fer advantages over “watchful waiting.” Resolu-
tion of this controversy, however, must await the
completion of the ongoing randomized clinical
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trials — data that are at best several years away. Un-
til then, practitioners must use their own clinical
judgment, knowledge of the personal morbidity and
mortality, and the specifics of the individual patient
to arrive at rational, logical treatment strategies for
patients with smaller abdominal aortic aneurysms.
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CHAPTER 23

Management strategies, adjuncts,
and technical tips to facilitate
endovascular treatment of
ruptured abdominal aortic

aneurysms

Frank J. Veith, Nicholas ]. Gargiulo II1, ¢& Evan C. Lipsitz

This chapter deals with the endovascular man-
agement of ruptured infrarenal abdominal aor-
tic aneurysms (RAAAs) and ruptured aortoiliac
aneurysms. By definition a RAAA is one in which
the wall of the aneurysm contains a hole or a vent
through which blood has leaked and is present out-
side the aneurysm wall. This chapter will not con-
sider the treatment of so-called “acute aneurysms”
which present with pain and even hypotension,
but which show no evidence of blood outside the
aneurysm wall, although some of the treatment
methods presented can be used in this setting as
well.

Unlike elective AAAs in which open surgery can
be performed with a less than 5% operative mor-
tality and a reasonably low morbidity, the open
surgical treatment of RAAAs carries an operative
mortality in the 50% range (35-70%) [1-6]. This
persists despite all the technical and other adjunc-
tive improvements that have been suggested. More-
over, the morbidity of open surgery for RAAAs re-
mains high. Thus endovascular repair of ruptured
aneurysms (EVRAR) offers considerable room for
improvement.

In view of the poor results of open surgery for
RAAAs, one may question why EVRAR has notbeen
used more. One reason is that in the early days of en-
dovascular aneurysm repair (EVAR), it took time to
make the measurements required for endografting,

and it took additional time to procure the appro-
priate graft or grafts. The second reason is that all
surgeons have traditionally advocated the need in
RAAA patients to gain rapid aortic control, usually
by clamp placement proximal to the aneurysm at
the infrarenal or supraceliac level. This mandated
emergency laparotomy.

It turns out that both these factors are not nec-
essarily obstacles to EVAR. In 1994, we and oth-
ers first began to treat RAAAs with endovascular
grafts [7-9]. This was possible because the Monte-
fiore and Nottingham groups had endografts that
could be prepared rapidly and used to treat a wide
variety of patients with RAAAs. It also was appar-
ent in these early patient experiences that at least
some RAAA patients remained stable or at least vi-
able long enough for the endovascular grafting pro-
cedure to be successfully performed. EVRAR was
proven feasible.

Methods

Hypotensive hemostasis

In the past, it has been noted that restricting blood
transfusions and other fluid resuscitation was an
effective way to control hemorrhage and improve
treatment outcomes in patients who were bleeding.
This was noted with patients who had upper gas-
trointestinal bleeding in the 1940s and subsequently
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those who had a variety of other conditions in-
cluding vascular trauma [10-12]. In the mid-1990s,
we made the observation that restricting fluid re-
suscitation could also be effective in the ruptured
aneurysm setting, and we coined the term “hy-
potensive hemostasis” [13, 14], By that we mean ag-
gressively restricting all fluid resuscitation in RAAA
patients aslong as they remain conscious and able to
talk and move. We accept a reduction in arterial sys-
tolic blood pressure to the 50-70 mmHg range and
still minimize fluid resuscitation, as difficult as that
can sometimes be. However, by doing so, bleeding
will temporarily cease and time will be available to
perform an endovascular graft repair (Figs. 23.1 &
23.2).

Supraceliac balloon control

Although hypotensive hemostasis can be an ef-
fective method to temporarily control bleeding in
many RAAA patients, it can sometimes fail with
cardiovascular collapse. Moreover, if patients are
anesthetized with concomitant loss of their sympa-
thetic nervous system compensation for a reduced
blood volume, they frequently undergo cardiovas-
cular collapse. In these circumstances emergency
aortic control proximal to the rupture site becomes
mandatory. As detailed in the “Current RAAA man-
agement protocol” section which follows, place-
ment under fluoroscopic control of a guidewire via
a femoral or brachial access site in the supraceliac
aorta should be carried out under local anesthe-
sia. This enables angiographic evaluation of the
patient’s arterial anatomy to determine suitability
for endovascular grafting. More importantly, this
guidewire can be used to enable rapid placement of
alarge (14-16 Fr) sheath (Cook Inc.) through which
alarge compliant balloon can rapidly be inserted to
occlude the supraceliac aorta [13-18].

Appropriate grafts

The original endovascular grafts that were used to
treat RAAAs were fabricated or assembled by sur-
geons so that they could be quickly inserted in the
ruptured aneurysm setting [7-9, 17, 19, 20]. How-
ever, subsequently a variety of commercially-made
grafts have been employed. Most of these have been
of the modular bifurcated variety, although some
RAAA patients have been treated with unibody

Figure 23.1 CT scan preoperatively ((a) and (b)) and 4 days
after insertion of an aortounifemoral graft (MEGS) (c).
Postoperatively all contrast was contained within the graft
and the RAAA was excluded. Note resolution of the
retroperitoneal hemorrhage (H). D is the duodenum and U
is the ureter containing contrast.

devices. A key requirement is that a large inventory
of devices be on hand so that anatomic variations
can be properly managed and the adverse events
that inevitably occur can be dealt with. Maintaining
such a large inventory of devices can be expensive,
particularly if modular bifurcated devices are to be
used.

For that reason, there are advantages to using a
unilateral aortoiliac or aortofemoral endograft in
conjunction with contralateral iliac occlusion and
a femorofemoral bypass, and much of the early
EVRAR experience employed devices with this con-
figuration. Such devices can be unibody or mod-
ular. They offer the additional advantage that the
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aneurysm will be largely depressurized once the
graft is deployed.

Current RAAA management protocol

Most centers require RAAA patients to be stable
enough to undergo a computerized tomographic
(CT) scan to confirm the rupture and allow a de-
cision to be made that the patient is a suitable en-
dovascular graft candidate. We do not adhere to that
requirement although more than one-half of our
RAAA patients have had a CT scan performed either
in our own institution or elsewhere. Our current
RAAA management protocol is as follows: Once a
presumed diagnosis of a RAAA is made [21], the

Figure 23.2 Completion arteriogram in
patient shown in Fig. 23.1 after
placement of an aortounifemoral
endovascular graft, an occluder (O) in
the left common iliac artery and coils (C)
in the right hypogastric artery. A
femorofemoral bypass (F) has also been
performed. S is the proximal Palmaz
stent. The arrow points to the top of
the graft.

patient is rapidly transported to the operating room
which must have full digital fluoroscopy capacity
(OEC, model no. 9800), a radiolucent movable op-
erating table and a large inventory of endovascu-
lar supplies (catheters, guidewires, sheaths, stents,
and endovascular grafts). As the patient is being
prepared for the procedure, fluid is restricted as
outlined above. Intravenous and intraarterial lines
are placed. Tubesare placed in the bladder and stom-
ach. The patientis positioned, prepared, and draped
with the right arm extended and the right antecu-
bital fossa, lower chest, abdomen, and thighs ex-
posed. The fluoroscope is placed on the patient’s left
side. Under local anesthesia, a 7-Fr sheath is placed
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in the femoral artery or a 5-Fr sheath is placed per-
cutaneously in the right brachial. Through either
of these sheaths a catheter and guidewire are ma-
nipulated into the supraceliac aorta. Using a pig-
tailed catheter in the suprarenal aorta, an abdom-
inal aortogram is performed with posteroanterior
and oblique views to define the aneurysm neck and
iliac artery anatomy. A decision is made whether the
patient is suitable for endovascular repair or will re-
quire an open repair. This decision is based on a
number of factors including the patient’s anatomy
and the type of endograft available.

If an open repair is required, the guidewire is re-
placed in the supraceliac aorta. Anesthesia is in-
duced and the open repair performed in a standard
fashion. If the patient has cardiovascular collapse, a
14- or 16-Fr sheath is placed over the guidewire
followed by a 33- or 40-cm compliant balloon
(Meditech). Under fluoroscopic control the balloon
is placed and inflated in the infrarenal neck of the
aneurysm, if it is long enough. Balloon inflation is
monitored fluoroscopically using dilute contrast to
fill the balloon until the aorta is occluded. If the
proximal neck is short, the balloon is placed and in-
flated in the supraceliac aorta. In this position every
effort must be made to minimize balloon inflation
time and to obtain infrarenal clamp control as soon
as possible. Systemic heparin is administered when
the aorta is occluded.

If an endovascular repair is to be performed, it
may in some instances be carried out under lo-
cal anesthesia [22]. However, we have found that
RAAA patients move about on the operating ta-
ble, making accurate fluoroscopic localization and
graft deployment difficult. We have therefore cho-
sen general anesthesia in most of our RAAA pa-
tients. Large sheath and balloon placement is only
carried out if required by the patient’s cardiovas-
cular collapse, since these maneuvers can damage
the brachial artery and the presence of the inflated
balloon can complicate placement of the endograft.

Experience with EVRAR

Since 1994 we have used endovascular techniques
to treat 47 patients with RAAAs. In the first 12 cases,
endovascular graft repair was performed only in
patients who were considered prohibitive risks for
open repair because of a hostile abdomen, medical

comorbidities or both. All these patients had pre-
operative CT scans although several were hemody-
namically unstable at the time of their repair [9, 13].

In 1996 we adopted the current management pro-
tocol described above. With two exceptions when
staff and facilities were unavailable, all patients with
RAAAs seen by our service between 1996 and the
present were managed according to this protocol.
These 35 patients plus the original 12 patients con-
stitute our total experience [13, 14]. Of these 35
patients, 8 had unsuitable anatomy for EVRAR. All
eight survived their open operation. Only three re-
quired suprarenal balloon control.

The remaining 39 patients (12 plus 27) were ac-
ceptable for EVRAR and had an endograft placed.
Although 25 of these patients received a Monte-
fiore endovascular grafting system (MEGS) aor-
tounifemoral graft (Fig. 23.2(b)) [9, 13, 14], the
14 remaining patients were treated with a commer-
cially available graft. Of the 39 patients undergoing
EVRAR, 34 survived and were discharged from the
hospital with their aneurysm excluded. Only 9 of
the 39 patients undergoing EVRAR required bal-
loon control during their procedure. Three of the
thirty-four survivors required evacuation of their
perianeurysmal hematoma because of abdominal
compartment syndrome. One surviving patient de-
veloped a late (1 year) type I endoleak that was suc-
cessfully treated by placement of a second MEGS
graft. There have been no other endoleaks although
one patient required open conversion for endoten-
sion with an enlarging painful aneurysm.

Other experience with EVRAR

Increasing numbers of EVRARs are being per-
formed throughout the world using a variety of
grafts, mostly commercially available. We are in the
process of summarizing the results of these pro-
cedures. Although there clearly is case selection in
the performance of these procedures, the opera-
tive mortality of 20% is considerably below the
35-70% range reported for open RAAA repair.
Clearly EVRAR avoids many of the problems which
are associated with open RAAA repair and which
contribute to the high mortality associated with this
procedure. These problems include increased blood
loss associated with release of tamponade, retroperi-
toneal dissection, and inadvertent venous injury;
injury to other retroperitoneal structures including
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the duodenum and the ureters; hypothermia associ-
ated with hypotension and laparatomy and the im-
paired blood coagulability common in the RAAA
setting.

Conclusions

1 Hypotensive hemostasis with fluid restriction is
effective in many patients with a RAAA and is help-
ful in the management of this entity.

2 Fluoroscopically monitored proximal aortic bal-
loon control can be obtained under local anesthesia.
Itis an advantageous method whether the definitive
repair is performed open or with an endograft.

3 Proximal aortic control is only required in one-
third of patients with a RAAA provided hypotensive
hemostasis is used.

4 EVRAR is feasible.

5 Preliminary results give promise that EVRAR will
lower the morbidity and mortality rates of treat-
ment for RAAA.

6 EVRAR will likely become the gold standard for
treating the majority of patients with a RAAA.
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CHAPTER 24

Postoperative imaging surveillance
and endoleak management after
endovascular repair of thoracic
aortic aneurysms

S. William Stavropoulos, & Jeffrey P. Carpenter

Endovascular repair offers a subset of thoracic aor-
tic aneurysm (TAA) patients a less invasive tech-
nique to exclude their aneurysm [1-7]. It has also
altered the manner in which patients are followed
after TAA repair. While minimal imaging is re-
quired after open surgical repair, patients under-
going endovascular TAA repair require life-long
postoperative surveillance imaging [1-8] to detect
some of the unique complications of endovascu-
lar TAA repair. These include endoleak formation,
stent-graft fracture, stent-graft migration, and neck
dilation [8-10]. Although the detection and man-
agement of endoleaks following endovascular ab-
dominal aortic aneurysm repair (EVAR) has been
well described, less is known about endoleaks after
endovascular repair of TAAs [8-12]. This chapter
discusses strategies for postoperative surveillance
imaging and endoleak management in patients fol-
lowing endovascular repair of TAAs.

Endoleak classification

Endoleaks are defined as blood flow outside the lu-
men of the stent graft but within the aneurysm sac.
An endoleak classification system has evolved over
the last several years in which endoleaks are orga-
nized into five categories based on the source of the
blood flow [13, 14].

Type 1 endoleaks have flow that originates from
either the proximal or distal stent-graft attachment
site. Separation between the stent graft and the na-
tive arterial wall creates a direct communication

with the systemic arterial circulation. This is the
most common type of endoleak seen after endovas-
cular TAA repair. Type 2 endoleaks occur from ret-
rograde aortic branch vessel blood flow into the
aneurysm sac, when blood travels through branches
from the nonstented portion of the aorta through
anastomotic connections into vessels with a direct
communication with the aneurysm sac. These are
the most common endoleaks seen after EVAR. Type
3 endoleaks occur when there is a structural failure
with the stent graft, including holes in the stent-
graft fabric, stent-graft fractures, and junctional
separations that can occur with modular devices.
Type 4 endoleaks are identified at the time of im-
plantation during the immediate postimplantation
angiogram, when patients are fully anticoagulated.
These endoleaks are caused by stent-graft poros-
ity. They require no specific intervention except the
normalization of the coagulation profile. Endoten-
sion, sometimes called a type 5 endoleak, refers
to expansion of the aneurysm without the pres-
ence of an endoleak. Although the exact etiology
of endotension is unknown, causes may include an
undiagnosed endoleak, ultrafiltration, or thrombus
providing an ineffective barrier to pressure trans-
mission [12—14].

Imaging surveillance after
endovascular TAA repair

Lifelong imaging surveillance of patients following
endovascular TAA repair is critical to determine the
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long-term success of this procedure. Computed to-
mographyangiography (CTA) hasbeen the primary
imaging modality for postoperative surveillance.
At our institution, CTA is performed at 30 days,
6 months, and then annually for the life of the pa-
tient. Magnetic resonance angiography (MRA) may
also be used for postprocedure surveillance when
MR-compatible stent grafts are used for the TAA
repair [15]. Ultrasound (US) is used for post-EVAR
surveillance [16, 17], and can be used following en-
dovascular TAA repair; however, US is more difficult
to perform in the chest than in the abdomen due
to artifact from the ribs and lungs. Transesophageal
echocardiography has been used to assist in place-
ment of thoracic aorta stent grafts and can be used
to detect endoleak after the procedure [18, 19]. The
technique is invasive, however, and is generally not
relied upon for long-term surveillance. It is partic-
ularly useful in the case of aortic dissection. TEE
is at greatest advantage in the most proximal aorta
and clearly defines the true and false lumens and
the separating flap with fenestration points. Guide
wires can be clearly visualized on TEE images and
confirmation of true lumen versus false lumen po-
sitioning of wires is helpful during these challeng-
ing cases. TEE can be used to examine the prox-
imal attachment zone of a stent graft during the
course of the procedure, and can facilitate both ac-
curate proximal deployment and examination for
adequacy of seal, using the color-Doppler capabili-
ties of the technique. IVUS provides similar infor-
mation, but can be positioned anywhere within the
circulation, without the limitations of TEE, which
is restricted to the more proximal aorta. IVUS is a
valuable tool in the treatment of aortic dissection,
and is useful in the immediate assessment of en-
doleak status during the initial stent grafting proce-
dure, but it is impractical as a surveillance method
owing to its invasive nature.

The primary goals of postoperative surveillance
CTAs are to evaluate for aneurysm expansion or
shrinkage, detect stent-graft migration or fracture,
and detect endoleaks. Thin section, triple-phase
CTA (images obtained before, during, and after con-
trast administration) is well suited for this job be-
cause it is safe, widely available, highly accurate,
and fairly straightforward to interpret. The time-
resolved nature of the triple-phase imaging gives
important information as to when contrast enters

and exits the aorta. The characteristic finding of an
endoleak on CTA is a collection of contrasts outside
the stent-graft lumen and inside the aneurysm sac.
The delayed images often give important informa-
tion, as the accumulated contrast “pools” into the
endoleak while the intravascular bolus has already
exited the main vessel. Because curvilinear calcifi-
cations can appear similar to contrast on some im-
ages, noncontrast CT images should be performed
prior to CTA. Delayed CT images should also be
performed after the CTA because some endoleaks
are due to slow perigraft flow and are only seen on
the delayed images [20].

MRA is another option for postoperative surveil-
lance, particularly in patients who cannot have CTA
because of decreased renal function and/or severe
iodinated contrast allergy. MRA has been used to
successfully detect endoleaks post-EVAR in patients
with stent grafts made from materials such as Niti-
nol or Elgiloy, which produce little MR artifact due
to their low magnetic susceptibility [21]. Because
of the large MR artifacts caused by most stain-
less steel stent grafts, evaluation for potential en-
doleaks in patients with these devices is very dif-
ficult. Newer MR techniques such as blood pool
imaging and time-sensitive techniques may make
MRA even more sensitive than CTA for endoleak
detection and classification in the future [15].

Endoleak management

Series involving stent-graft repair of TAAs have
shown that endoleaks occur anywhere from 5%
to 20% of patients, which is similar to endoleak
incidence following endovascular repair of AAAs
[1-10]. Once an endoleak has been confirmed with
angiography, management has generally consisted
of aggressive endovascular repair of type 1 and
type 3 endoleaks, with observation of type 2 en-
doleaks [3-10, 22].

Type 1 endoleaks can be classified on CTA based
on the location of the endoleak in contiguity with
the proximal or distal attachment site, as well as early
filling of the endoleak sac on the CTA. Catheter an-
giography is then done to confirm the diagnosis.
These leaks are more prevalent in the thoracic than
in the abdominal aorta, as the curved nature of the
proximal attachment in the aortic arch, and the fre-
quently short attachment zones, present a challenge
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to sealing. These leaks are usually observed on the
initial CT scan following operative repair, but can
appear later as a result of migration or failure of the
metallic elements within the attachment zone. Fail-
ure of proximal or distal sealing can be expected to
resultin the transmission of systemic pressure to the
aneurysm sac, leaving the patient unprotected from
fatal rupture of the aneurysm. Therefore, it is essen-
tial that type 1 endoleaks be repaired immediately
after diagnosis. These leaks can be corrected by se-
curing the attachment sites. Initial attempts at type 1
endoleak repair are made with angioplasty balloons.
These large diameter balloons are used to more fully
expand the stents, encouraging them to conform to
the vessel wall, producing an adequate seal. Balloon
inflation in the thoracic aorta produces significant
hemodynamic shifts, and careful monitoring and
regulation of the blood pressure is essential during
this interval. The use of a balloon which allows con-
tinual flow through the aorta by means of its trilobe
design (W.L. Gore, Flagstaff, AZ) can decrease this
hemodynamic effect, but does not eliminate it. If
the endoleaks persist, balloon-mounted bare metal
stents or stent-graft extensions can be used to secure
the proximal or distal attachment sites (Fig. 24.1).
Bare stents are useful when the device position is
acceptable in the sealing zone, but the vessel wall
contact is insufficient. Balloon expandable stents
provide a greater radial force than do self-expanding
stents, which are contained in the stent graft itself.
If, on the other hand, the device does not fully cover
the allotted seal zone, the use of a supplemental ex-
tension stent graft is preferred, to take full advan-
tage of all available aorta in which a seal may be
accomplished. Owing to the lack of available large
diameter balloon expandable bare stents, the place-
ment of stent grafts of large diameter within each
other can also be performed to increasing the sealing
force of a failed attachment zone. If the type 1 en-
doleak cannot be resolved by endovascular means,
open conversion should be considered as this leak
is virulent and the patient would not be expected to
be protected against aneurysm rupture.

Type 2 endoleaks can be classified with CTA if
the endoleak sac cannot be seen communicating
with the distal or proximal attachment site or if
there was delayed enhancement of the endoleak sac
(Fig. 24.2). This can be a difficult diagnosis to con-
fidently make using CTA alone, and may need to

Figure 24.1 (a) DSA exam reveals TAA before stent-graft
placement. (b) A stent-graft has been used to treat the
TAA. There is a type 1 endoleak (white arrow) filling from
the proximal attachment site. (c) A proximal stent-graft
extension has been placed to treat the type 1 endoleak.
DSA exam reveals a type 4 endoleak (black arrow). No
endoleak was seen on 30-day CTA.
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Figure 24.2 A type 2 endoleak is demonstrated on CTA
with contrast filling the aneurysm sac (arrow) and in
communication with an intercostals artery.

be confirmed with catheter angiography if classifi-
cation is not certain. If the aneurysm is stable or
shrinking in size, patients with type 2 endoleaks
should be observed closely. We have not observed
any late appearance of type 2 endoleaks, with all
of them being appreciated on the initial CT scan
following repair. Many type 2 endoleaks will spon-
taneously thrombose. If the aneurysm is expanding
and the patient has an angiographically confirmed

Figure 24.3 A type 3 endoleak between
endograft components (arrow) is
demonstrated on CTA. The aneurysm
sac and contained thrombus are not
included in the reconstructed image.

type 2 endoleak, attempts can be made to embolize
it. Embolization using coils and n-BCA (n-butyl
cyanoacrylate) (Trufill, Cordis, Miami, FL) can be
performed percutaneously through a transthoracic
approach if a safe window into the aneurysm can be
located. Treatment of type 2 endoleaks via transar-
terial or transthoracic embolization is more difficult
than treatment of type 2 endoleaks following AAA
repair. This is because collateral circulation in the
chest involving the thoracic aorta is not as well de-
veloped as the collateral vessels of the abdomen. In
addition, accessing the endoleak sac in TAA patients
using a direct transthoracic puncture may involve
traversing lung. This has greater risk associated with
it than translumbar embolization of endoleaks in
AAA patients [12, 23].

A type 3 endoleak can be diagnosed on CTA if
the endoleak is associated with a junctional sepa-
ration of two stent-graft sections or a hole in the
stent graft diagnosed on multiplanar reformations
(MPR) (Fig. 24.3). While some of these leaks are
noted on the initial CT scan following repair, many
appear later in time and presumably are the result
of migration of components or separation of com-
ponents as the result of conformational changes of
the aneurysm sac after repair. Similar to type 1 en-
doleaks, type 3 endoleaks provide direct commu-
nication between systemic arterial blood and the
aneurysm sac and are therefore fixed immediately
upon diagnosis. Type 3 endoleaks can be corrected
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by covering the defect with a stent-graft extension
using an endovascular approach.

Type 4 endoleaks are seen during the immedi-
ate postdeployment angiogram while a patient is
fully anticoagulated with heparin. These leaks are
self-limited and resolve once the patient’s anticoag-
ulation status has been corrected.

Treatment of type 5 endoleaks or endotension
typically requires conversion to open aneurysm re-
pair. Nonoperative management of endotension pa-
tients following EVAR has been described [14].

Conclusion

The occurrence of endoleaks after endovascular re-
pair of TAAs remains one of the principal limita-
tions of this procedure. Endoleak detection requires
rigorous follow-up with high quality imaging. CTA
is currently the most widely used imaging modality
for endoleak detection, although MRA and TEE also
have an important role, which may expand in the
future. After an endoleak has been diagnosed and
classified, most can be repaired using endovascular
techniques.
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CHAPTER 25

Percutaneous repair of abdominal
aortic aneurysms with local
anesthesia and conscious sedation

Zvonimir Krajcer, Neil E. Strickman, Ali Mortazavi, &

Kathryn Dougherty

The rapid evolution of transcatheter devices for
the delivery of vascular endoprostheses has given
nonsurgical interventional radiologists and cardi-
ologists the opportunity to get involved in the vas-
cular surgical arena. Endovascular techniques have
clearly been shown to decrease operative morbidity,
patient discomfort, hospital stay, intensive care unit
stay, blood loss, and the time needed to return to
normal activities [1].

Until recently, the major limiting factor prevent-
ing wider use of endoluminal techniques has been
stiff, large-bore stent-graft systems that preclude pa-
tients with anatomical complexities. With the ad-
vent of lower profile and more flexible stent-graft
systems, endovascular aneurysm repair (EVAR) can
be easily performed in a greater number of patients
with complex anatomy.

The standard technique of EVAR involves bilat-
eral groin incisions to expose and repair the femoral
arteries. This procedure is commonly performed
with the use of general or epidural anesthesia. This
increases the invasiveness of the procedure and the
risks of the complications. The complications that
are associated with surgical access and repair of
the femoral arteries include blood loss, infection,
hematoma, lypmhocele, femoral neuropathy, pro-
longed pain, and restricted mobility. These compli-
cations have been reported to occur in up to 17%
of patients [1-5].

Percutaneous EVAR experience in the cardiac
catheterization laboratory with the use of a Prostar

XL™ percutaneous suture device (Perclose, Inc.,
Menlo Park, CA) for 16 F and 22 F sheaths has pre-
viously been reported [6]. This report describes the
technique and our experience with percutaneous
EVAR usinglocal anesthesia and conscious sedation
in a large patient population.

EVAR stent-graft systems

Currently, there are four devices approved for en-
doluminal AAA repair. They include AneuRx™
(Medtronic, Santa Rosa, CA), Excluder™ (WL
Gore & Assoc, Temple, AZ), Zenith® (Cook, Inc,
Bloomington, IN), and Powerlink® (Endologix,
Sunnyvale, CA). Each device is unique and offers
different materials, stent designs, and delivery sys-
tem diameters. They also have different modes of
deployment. The Powerlink device has a unibody
system, while the other three have a modular design.
The modular design requires that the main body is
delivered through alarger sheath, while an iliaclimb
endoprosthesis is delivered via a smaller sheath, us-
ing the contralateral femoral artery. The device di-
ameters range from 18 F to 21 F for the main body,
while the iliac artery limb devices range from 12 F
to 18 F Some of the delivery devices can be intro-
duced via percutaneous femoral artery approach
(AneuRx Expediant), while the others should be
introduced into the femoral artery via proprietary
sheaths (Zenith, Powerlink, and Excluder).
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Technique of percutaneous
femoral artery repair with the
Prostar XL™ device

All patients receive a dose of intravenous antibiotics
prior to EVAR and for 24 h after. The patients also re-
ceive aspirin 325 mg/a day and clopidogrel 75 mg/a
day for 1 month following the procedure. Intrapro-
cedural conscious sedation with midolazam (0.5—
1.0 mg IV increments) and fentanyl (25-50 mcg IV
increments) are administered as needed. A vascular
surgeon and anesthesiologist are always on stand-
by for EVAR procedures in the event that surgical
conversion or repair is needed although neither are
present thoughout the procedure.

After the patient has been prepped and draped
in sterile surgical fashion, the subcutaneous groin
tissue is infiltrated with 10 cc of 2% Lidocaine bi-
laterally. Both common femoral arteries (CFA) are
then accessed percutaneously using the modified
front wall puncture, with Seldinger technique and
6 F sheaths are inserted. The femoral access sites
are then connected to dual 3-port manifold sys-
tems for constant arterial pressure monitoring. The
manifold system also allows flushing of heparinized
saline during catheter and device exchanges to
minimize blood loss and controls contrast usage
throughout the procedure.

Once bilateral femoral access is obtained, low
dose heparinization is administered and an abdom-
inal arteriogram is performed using calibrated pig-
tail catheter (1 cm radiopaque markers), nonionic
contrast, and digital subtraction angiography. This
allows for precise measurements with regard to the
length between the lowest renal artery and the aor-
tic bifurcation and the length between the aortic
bifurcation and both internal iliac arteries. To per-
form total percutaneous EVAR the “preclose” su-
tures with a 10 F Prostar XL (Abbott Vascular De-
vices, Redwood City, CA) must be deployed after
initial 6 F access is obtained and prior to insertion
of the large bore sheaths. Each stent-graft system
uses different sheaths.

The skin above the CFA access sites is widened
with a scalpel to 1 cm, and the subcutaneous tis-
sues are bluntly dissected with a hemostat. The
6 F sheath is then removed over a 0.035” delte

hydrophilic guide wire and a 10 F Prostar XL™

device is advanced into the CFA (Fig. 25.1a). When
pulsatile blood flow is seen through the marker lu-
men, the needles are deployed and the suture is
delivered through the vessel wall (Fig. 25.1b). The
needles and sutures are then removed from the PVS
device hub (Fig. 25.1c) and the suture is cut from
needles. The sutures are secured with hemostats and
laid to the side until completion of the procedure
(Fig. 25.1d). The PVS device is removed from the
femoral artery over a wire, and an 11 F sheath is
inserted. This same procedure is performed on the
contralateral CFA. Once the Prostar XL sutures have
been delivered to both CFAs, additional heparin an-
ticoagulation is given to maintain an Activated Clot-
ting Time of 200-300 s. An exchange length super
stiff Amplatz guide wire (Cook Inc., Bloomington,
IN) or similar stiff wire is placed through the arterial
sheath in the CFA and advanced to the descending
thoracic aorta under constant fluoroscopic visual-
ization. Either a 5 F (65 cm) multipurpose (MP) or
a4 or 5 FRDC (renal double curve) is used to facili-
tate guide wire exchanges (from the more flexible “J”
for the stiffer guide wires used to deploy the stent-
graft system). Progressive arterial dilation is then
performed first on the primary (bifurcated stent-
graft) femoral artery. When using the 18 F stent-
graft system, a 14 F, 16 F, and 18 F dilators (Cook
Inc., Bloomington, IN) are used prior to placement
of the 18 F sheath. When using the larger devices a
20 F dilator may be required. The use of dilators of-
fers gradual dilatation of the access site, therefore re-
ducing the risk of arterial laceration. It also offers an
inexpensive way to determine if the delivery device
of a selected stent-graft system will accommodate
the femoral and iliac arteries. The stent-graft system
should only be opened after the appropriate dilator
has been easily advanced through the iliac artery.
The 4 or 5 F RDC catheter is used to cannulate the
lowest renal artery to ensure precise stent-graft de-
ployment. The RDC is then pulled back down into
the aorta just prior to deployment. Once the stent
graft has been deployed, the attachment sites (prox-
imal, distal bilaterally, and the gate of the contralat-
eral limb) should be dilated with an appropriate
size balloon to ensure fixation and approximation
with the aortic and iliac vessel wall. An aortic oc-
clusion balloon (20-32 mm in diameter and 2 cm
in length) is inflated at low pressure (enough to
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Figure 25.1 (a) Prostar XL is inserted over-the-wire through the femoral artery. (b) The Perclose sutures are deployed prior
to the insertion of large bore sheaths. (c) Once the sutures have been deployed the needles are removed from the device.
(d) The sutures are then placed to the side using hemostats and the Perclose device is removed over the wire.

dampen arterial pressure) at each attachment site.
Note: Meticulous attention should be placed on bal-
loon positioning keeping the edges of the balloon
within the stent graft to avoid damage to the normal
vessel wall. Note: Because the occlusion balloons are
so large, a 70% saline: 30% contrast should be used
for the inflation medium. This will allow quicker
inflate and deflate times.

After the final arteriogram is performed and
EVAR is complete, the subcutaneous tissue sur-
rounding both CFA sheath entry sites is infil-
trated with 10cc’s of 1% lidocaine with epinephrine
(1:100,000) bilaterally. The sheath is removed over
the 0.035” hydrophilic wire while guide wire posi-
tion is maintained, and the Prostar XL™ sutures are
tied with the sliding knot technique (Fig. 25.2(a)).
A knot pusher (Perclose, Inc., Menlo Park, CA) is
used to advance and secure the knots to the CFA

entry site (Fig. 25.2(b)). Once suture knots are
secure, the guide wire is removed. After achiev-
ing hemostasis, the sutures are cut, and the inci-
sion edges are approximated with adhesive steri-
strips (Fig. 25.3). Both CFA entry sites are cleaned
and dressed with a sterile nonadhering pad and
clear dressing. Five pound sandbags are placed on
each entry site for 4 h following the procedure in
situations of minor bleeding or hematoma. For
suboptimal hemostasis an Arterial Tamper (Per-
close, Inc., Menlo Park, CA, Fig. 25.4) can be in-
serted over the sutures and locked into position for
1-2 h or a FemoStop (RADI Medical Systems,
Wilmington, MA) can be used, usually at 40 mm
Hg for 2—4 h. The patient is kept at bed rest for 4—
6 h with their legs straight for 4 h. After bed rest
the patients can ambulate under observation. Pro-
tamine is used to reverse the effects of heparin.
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Figure 25.2 (a) Upon completion of the
procedure the Perclose knots are tied
using the sliding knot technique. (b) A
knot pusher is used to advance and
secure the sutures to the femoral artery.

Texas Heart® Institute results

A total of 913 EVAR procedures were performed
in the endovascular suite of the cardiac catheteri-
zation laboratories at our institution. Percutaneous

Figure 25.3 Once the knots are secure
the wire is removed and the sutures are
cut after hemostasis is obtained.

EVAR was attempted in 724 (79.2%) patients, of
which local anesthesia and conscious sedation was
used in 465 (64.2%). The majority (90%) of pa-
tients were male with a mean age of 72 & 10 years.
Most of the patients (98%) were Anesthesia Society
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Class III and IV and suffered from multiple comor-
bid conditions (Table 25.1). EVAR was successful in
all patients with the majority undergoing implan-
tation of the Gore Excluder™ stent-graft system
(65.1%), followed by AneuRx™ (23.2%), Zenith®
(10.3%), and then Powerlink® (1.3%)).

Bilateral percutaneous femoral artery closure was
successful in 89.2% of the patients. There were
50 patients (10.7%) who required surgical expo-
sure and repair of one or both femoral access sites,
of which 8 (16%) suffered blood loss requiring
transfusion (Table 25.2). There were three patients
(0.6%) that did not tolerate local anesthesia and
conscious sedation and required intubation and
general anesthesia after suffering a panic attack.

Table 25.1 Patient characteristics.

Prior myocardial infarction 51.1%
Congestive heart failure 22.8%
Coronary bypass / coronary angioplasty 62%
Obesity (body mass index >30) 38.6%
Hypertension 90%
Diabetes mellitus 16.2%
Chronic obstructive pulmonary disease 60.1%
Chronic renal failure 24.5%
Peripheral vascular disease 62.1%
Tobacco use 85.8%
Anesthesia society classification

-1 0.6%

1l 29%

\% 69%

Figure 25.4 If hemostasis is inadequate
then an arterial tamper can be used.

All three recovered uneventfully and two were dis-
charged from the hospital the following day.

There were four patients (0.8%) who developed
psuedoaneurysms at the femoral access site, three
were surgically corrected and one underwent ultra-
sound compression (Table 25.3). There were two
patients who had worsening of their renal failure,
one of whom died 4 days after the procedure the
other was discharged after 3 days of fluid hydration.
Another patient with known coronary artery disease
and cardiomyopathy suffered a fatal arrhythmia
1 day after successful EVAR and one patient devel-
oped intestinal ischemia requiring exploratory la-
parotomy with bowel resection. The average length
of hospital stay was 1.2 &= 2 days. On follow-up, one
patient developed a groin infection that was treated
with antibiotics.

Conclusion

The technique of percutaneous EVAR using local
anesthesia and conscious sedation has further re-
duced the incidence of complications of this pro-
cedure. Further refinements, however, of percuta-
neous closure devices are needed. In addition, a

Table 25.2 Procedural complications.

Emergency intubation and general anesthesia 3 (0.6%)
Failed perclose (one or both access sites) 50 (10.7%)
Blood loss requiring transfusion 8 (1.7%)
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Table 25.3 Hospital complications.

Groin infection 1(0.2%)
Femoral psuedoaneurysm 4 (0.8%)
Worsening renal failure 2*(0.4%)
Intestinal ischemia 1(0.2%)
Hospital mortality 2 (0.4%)
Fatal arrhythmia 1(0.2%)
Renal failure 1* (0.2%)

further decrease in profile of the stent-graft deliv-
ery systems is also needed to simplify this procedure
and offer it to a broader number of patients and to
interventionalist who can perform EVAR.
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Endoleak management in
the abdominal aorta

Jennifer L. Ash, Syed M. Hussain, ¢ Kim ]. Hodgson

Introduction

Endovascular abdominal aortic aneurysm repair
(EVAR) was introduced in 1990 by Parodi et al. [1]
as a minimally invasive option for the treatment
of abdominal aortic aneurysms (AAAs). Through
the deployment of an indwelling interposition graft
within the aneurysm sac, EVAR aims to prevent
aneurysm enlargement and rupture by excluding
the aneurysm from the arterial circulation. The pro-
cedure utilizes a stent-supported graft that serves as
a simple blood flow conduit within the aneurysm
sac while providing for attachment and seal to nor-
mal vessels proximal and distal to the aneurysm.
Though simple in concept and performed with ex-
tremely high success and low complication rates,
EVAR has been plagued from the outset by the need
for secondary evaluations and interventions, largely
to diagnose and treat endoleaks; the most common,
and perhaps most debated, complication following
EVAR.

The incidence of endoleak ranges from 8% to
44% in postprocedure EVAR patients [2], but
since many early endoleaks resolve spontaneously,
far fewer actually require invasive evaluation or
retreatment. There are four primary types of en-
doleaks described in the literature: type I (at-
tachment site leaks), type II (branch—vessel leaks),
type III (graft integrity defects), and type IV (graft
wall porosity) [3]. Regardless of the type of en-
doleak, all result in at least some degree of main-
tained aneurysm pressurization and, therefore, at
least a theoretically increased risk of aneurysm rup-
ture persists. A phenomenon called endotension,
defined as an increase in the intrasac pressure af-
ter EVAR without a demonstrable endoleak, is also

described in the literature. While the best manage-
ment of endotension remains obscure and highly in-
dividualized, management strategies for endoleaks
are more developed and depend upon the location
of the leak and its type, as well as on factors such
as aneurysm sac expansion. This chapter reviews
current strategies available for the management of
endoleaks.

Classification of endoleaks

Endoleaks after EVAR represent continued perfu-
sion of the aneurysm sac secondary to one of a
number of mechanisms that perpetuate an ongo-
ing communication between the aneurysm sac and
the systemic circulation. The previously described
classification system categorizes endoleaks based on
their etiology or site of origin [4, 5]. Other factors
that may relate to the etiology or clinical relevance
of the endoleak classify them by their time of onset,
with early endoleaks occurring within the first 90
postoperative days, while late endoleaks occur af-
ter the first 90 postoperative days. Endoleaks that
were first noted at the time of the initial EVAR or on
the first post-EVAR CT scan are sometimes referred
to as primary endoleaks, while secondary endoleaks
occur after not being present at the time of the initial
EVAR or initial post-EVAR imaging. The develop-
ment of a secondary endoleak implies a change in
the integrity of the endograft itself, or its fixation
and seal to the vessel wall, and is, therefore, felt to
be of greater clinical concern.

In type I endoleaks, flow into the aneurysm sac
originates from around the stent-graft attachment
site. Type I endoleaks are further classified as prox-
imal (type IA), distal (type IB), or iliac occluder
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(type IC) in origin. Type II endoleaks occur when
blood flow enters and leaves the aneurysm sac
through collateral routes. Typical sources of this
circuitous flow are the inferior mesenteric and lum-
bar arteries, as well as previously covered accessory
renal arteries. Type II endoleaks may be further
classified into simple “to-and-fro” (type IIA) en-
doleaks and complex or flow-through (type IIB)
endoleaks. Type III endoleaks occur when there is
a defect in the integrity of the stent graft itself. This
category includes leaks from the endograft compo-
nent junctions of modular endografts (type II1A)
and endograft fabric disruption (type IIIB). Type IV
endoleaks occur secondary to graft wall porosity
and are felt to be transient in nature, usually re-
solving spontaneously within the first day or so.
A final condition, described as endotension, de-
scribes maintained pressurization of the aneurysm
sac without the demonstrable presence of an en-
doleak. This puzzling condition may be related to
microendoleaks from stent-graft sutures, transuda-
tion of serum through graft fabric interstices, or
transmission of pressure through thrombotic seals.

Risk factors and prevention

Risk factors that have been associated with the devel-
opment of type I endoleaks include short or angu-
lated infrarenal aortic necks, a neck length less than
20 mm, and large diameter aortic necks (>28 mm)
[6], reinforcing the need for careful patient selec-
tion to minimize their occurrence. Ideally, patients
should have infrarenal neckslonger than 15 mm and
acommon iliac artery diameter smaller than 18 mm
over a minimum continuous length of 15 mm.
Heavy or circumferential calcification and throm-
bus in the attachment zones are other factors that
must be considered as they bear on the security of
endograft fixation and achievement of a hemostatic
seal. All in all, graft fixation is probably the most
important factor in preventing both early and late
type I endoleaks [7].

Type II endoleaks are more likely to occur and
persist in the presence of a patent inferior mesen-
teric artery or two or more patent lumbar arteries.
The IMA or large lumbar arteries can be embolized
prior to EVAR to prevent type II endoleaks from
occurring. However, this is rarely performed since
most patients with patent branch vessels do not

develop type I endoleaks and if they do their natu-
ral history is often benign. Furthermore, pre-EVAR
embolization of lumbar and inferior mesenteric ar-
teries can be quite technically challenging and the
required intrasac catheter manipulation risks mi-
croembolic atheroembolization. Type III endoleaks
secondary to endograft fabric defects have been pri-
marilyassociated with first generation endovascular
stent grafts and are not commonly seen with the en-
dografts in current use. Type III endoleaks related to
inadequate seals at modular endograft component
junctions are attributed to insufficient overlap be-
tween the two components, either due to poor initial
placement or due to subsequent endograft migra-
tion [8], often associated with post-EVAR aneurysm
remodeling (Fig. 26.1).

Natural history of endoleaks

A number of isolated cases of patients with en-
doleaks who have ruptured an EVAR treated
aneurysm have appeared in the literature. A
EUROSTAR study published in 2000 reported an
annual rupture rate of at least 1% after EVAR [9].
Proximal type I endoleaks and midgraft type II en-
doleaks were cited as significant risk factors for
aneurysm rupture. This study reinforced several
previous anecdotal case reports and clinical stud-
ies in which incomplete protection of the aneurysm
sac against continued growth and rupture was
observed.

Inamorerecent EUROSTAR study, secondary in-
terventions (either endovascular or surgical) were
required in 13% (320/2463) of endoleak patients.
Ruptures of EVAR-treated aneurysms occurred in
0.52% (1/191) of the type II endoleak group, 3.37%
(10/297) of the type I and III endoleak groups,
and 0.25% (5/1975) of the no endoleak group at
a mean postoperative follow-up of 15.7 months
(range, 3-36 months). Analysis of this data demon-
strated a higher incidence of conversion to open
repair in the type I and III endoleak groups when
compared to the other two study groups. One hun-
dred seventy-two patients died during follow-up.
Death was related to the aneurysm or to endovas-
cular repair of the aneurysm in 7% of these patients.
Causesof death in this group included rupture of the
aneurysm, infected endograft, endograft thrombo-
sis, and postoperative death following conversion
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Figure 26.1 (a) Angiogram 18 months later
demonstrating type IlIA endoleak from AAA
remodeling with migration of main endograft
component relative to aortic cuff. Black arrows define
AAA wall. Asterisks define contrast within AAA sack.
(b) Selective catheterization of gap between endograft
components with jet of contrast marked by black
arrow. (c) Deployment of an aortic cuff to bridge the
endograft component gap. (d) Deployed endograft
component seals the gap and leak. (e) Completion
angiogram demonstrating no filling of AAA sack.
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for a symptomatic, growing aneurysm. Of those
patients that died of aneurysm rupture (n = 8),
six were diagnosed with device-related (type I and
IIT) endoleaks and two were diagnosed with no en-
doleaks. Secondary outcome success (defined as ab-
sence of rupture or conversion to open repair) was
significantly higher in both the type II endoleak
group and the no endoleak group as compared to the
type I and I1I endoleak groups. The overall conclu-
sion of this study was that device-related endoleaks
are associated with an increased risk of aneurys-
mal rupture and conversion. However, the type II
endoleak group, in particular, did not have an in-
creased association with rupture or conversion [10].

Diagnosis

Endoleaks may be detected intraoperatively imme-
diately after the stent is deployed on the intraop-
erative angiograms routinely performed to assess
the success of the EVAR procedure. High-quality
digital subtraction angiography (DSA), including
high-flow power-injected runs and filming through
the venous phase must be performed if endoleaks
are to be reliably identified angiographically. If an
endoleak is recognized, the etiology of the endoleak
may remain uncertain because any type of endoleak
can opacify the lumbar and inferior mesenteric ar-
teries, either as inflow or outflow pathways. Inject-
ing at each stent-graft attachment site may be help-
ful in determining the classification of the endoleak,
as can multiple filming projections and high filming
frame rates. A thorough review of the angiograms
is then necessary to determine the direction of flow
in the branch vessels. If the flow in the lumbar or
inferior mesenteric arteries is antegrade, then blood
is entering the aneurysm sac from another location
and the patient likely has an endoleak associated
with an attachment site defect. A type II endoleak
is conclusively documented when inferior mesen-
teric and/or lumbar artery blood flow is observed
to be in a retrograde direction, filling the aneurysm
sac. While CT scanning can fairly reliably detect
the presence of an endoleak, the exact nature of
the endoleak is not always apparent. Furthermore,
on occasion contrast material injected intraproce-
durally may not disappear from the aneurysm sac
until after the first postoperative day. Consequently,
immediate postoperative CT scans can demonstrate

what appears to be an endoleak due to the residual
contrast material in the aneurysm sac from the prior
day’s angiogram and contrast injection. Compari-
son with the noncontrast CT scan images will detect
this condition [11].

Lifelong surveillance of EVAR patients is crucial
in monitoring the long-term performance of stent-
graft devices [12]. Routine postoperative spiral CT
scans obtained before and after IV contrast admin-
istration are typically utilized to follow the course
of EVAR patients. These studies are performed at
regular intervals, customarily at 30 days, 6 months,
and annually thereafter for the life of the patient.
The images are primarily used to determine the
response of the aneurysm sac to the placement of
the stent graft. Specifically, CT scans are evaluated
for aneurysm expansion or shrinkage and for the
presence of endoleaks [13]. The appearance of an
endoleak on CT imaging is characteristically seen
as a collection of contrast outside the stent-graft
lumen, but within the aortic aneurysm sac. Non-
contrast images are used to differentiate between
an endoleak and calcification within the aneurysm
sac. Delayed CT images are also assessed because
some endoleaks are caused by slow perigraft flow
and are best visualized in this manner [14].

By and large, spiral CT and duplex US are the
most important tools for diagnosing postoperative
endoleaks [15, 16]. Duplex US, when performed in
addition to spiral CT, provides useful hemodynamic
information that assists in the characterization of
the type of endoleak. Angiography may also be used
selectively to define the source of the endoleak when
it is otherwise unable to be defined or when further
procedures are being considered [6].

Treatment of type | endoleaks

Type I, or attachment site endoleaks, are imme-
diately repaired at the time of the procedure if
they are recognized on completion angiography be-
cause they represent a direct communication be-
tween arterial blood under systemic pressure and
the aneurysm sac and therefore, a risk for future
rupture. Although spontaneous resolution of type I
endoleaks has been documented, Miahle et al. re-
ported 20% of type I endoleaks that spontaneously
seal go on to reopen at 12 to 18 months [17].
The cause of the endoleak determines the type of
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intervention needed to correct the failure. If an ad-
equate length of aortic neck has been covered but
graft to aortic wall apposition is inadequate due to
neck angulation, thrombus, or plaque, simple low
pressure balloon angioplasty may be used to im-
prove graft apposition at the proximal fixation site.
If neck coverage has been suboptimal and there
is room remaining below the renal arteries to ex-
tend the endograft cephalad with an aortic cuff, this
would be the preferred initial strategy. Sometimes
even with no room to extend the endograft, place-
ment of an aortic cuff inside the aortic sealing zone
of the endograft may enhance the radial expansion
force and achieve a seal where one had been elu-
sive. If a proximal type 1 endoleak persists despite
all of these maneuvers, placement of a Palmaz stent
across the proximal fixation zone may be effective
in resolving it, and this transrenal stenting has been
well tolerated (Fig. 26.2).

Other treatment options for type 1 endoleaks in-
clude coil or liquid glue embolization of the en-
doleak cavity and endoleak tract. Maldonado et al.
reported success rates of 92.3% in type I endoleaks
treated with n-butyl 2-cyanoacrylate embolization
and of 75% in those treated with coil embolization,
with or without the use of thrombin [18]. Ischemic
injury to adjacent structures from nontarget em-
bolization is a serious complication that is associ-
ated with liquid glue embolic therapy. Some authors
suggest that patent outflow vessels should be coil
embolized prior to the injection of liquid glue into
the aneurysm sac or leak. Additionally, premature
polymerization of the glue or delayed withdrawal of
the catheter delivery system has resulted in gluing
the catheter tip in place. While laparoscopic banding
of the deficient apposition zone has been reported,
most commonly, failure of the endovascular treat-
mentoptionsleads to conversion to traditional open
repair.

Treatment of type Il endoleaks

The significance, and therefore the management,
of type II endoleaks (branch leaks) continues to
be debated. After EVAR, many potential commu-
nications exist between aortic branch vessels and
the excluded aneurysm sac. If these vessels fail to
thrombose, a type II endoleak may occur. Sponta-
neous sealing of type Il endoleaks has been reported

Figure 26.2 (a) Type la (proximal attachment zone)
endoleak that has failed previous attempts at coil
embolization, despite placement of coils within the
endoleak cavity itself and along the track. Black arrow
defines residual endoleak cavity. (b) Successful treatment
by placement of a Palmaz stent across the proximal aspect
of the endograft.

to occur within the first six postoperative months in
as many as 53% of endoleaks [20]. Intrasac Doppler
flow velocities can be used to predict spontaneous
resolution of type II endoleaks. Low velocity leaks
(<80 cm/s) have been found to be more likely to
seal spontaneously when compared to high veloc-
ity leaks (>100 cm/s) [20]. Typically, high velocity
endoleaks are often associated with a large number
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of branch vessels or with large-diameter branch ves-
sels [19]. The formation of branch vessel endoleaks
is often regarded as a dynamic process that may re-
flect ongoing branch vessel occlusion and recanal-
ization.

Recent evidence, however, suggests that type II
endoleaks likely have a relatively benign clinical
course and may warrant no more than conserva-
tive management with close surveillance. Ithasbeen
suggested that intervention for type II endoleaks is
only required in the face of aneurysm enlargement.
This thought process is driven by the belief that
the branch vessels responsible for type II endoleaks
have a high rate of spontaneous thrombosis and
even if persistent, the natural history of type II en-
doleaks appears relatively benign. When treatment
of type II endoleaks is felt to be indicated there are
several treatment options, none of which are con-
sidered to be universally accepted. Treatment is gen-
erally aimed at occluding the inflow and, if possible,
outflow vessels via supraselective transarterial em-
bolization, ideally with embolization directly into
the endoleak cavity itself as well. While the initial
success in obliteration of type II endoleaks with this
technique appeared promising, long-term follow-
up revealed high rates of recanalization and/or re-
cruitment of other collateral pathways, emphasiz-
ing the importance of intrasac endoleak cavity em-
bolization and obliteration.

The supraselective transarterial embolization
technique involves the use and manipulation of
multiple coaxial catheters and guidewires, typically
beginning with the placement of a 5 Fr diagnostic
catheter in the origin of the arterial tree involved,
the superior mesenteric (Fig. 26.3) or the hypogas-
tric arteries. Microcatheters (3 Fr) and guidewires
(0.014”) are then directed through the diagnos-
tic catheter and manipulated through the collateral

vessel branches into the terminal vessel that actu-
ally communicates with the aneurysm sac, and into
the sac itself if possible. The sac and terminal vessel
are then embolized, the latter near its communi-
cation with the aneurysm sac, in order that per-
fusion to the spine, colon, and pelvis is preserved
while blood flow into and out of the sac itself is
ceased. While reports of adjunctive thrombin, par-
ticulate, and cyanoacrylate injections are available
in the literature, no definitively superior approach
has emerged [17, 20-23].

When the pathway to the endoleak precludes
successful supraselective catheterization, the en-
doleak can be approached directly via percutaneous
translumbar puncture (Fig. 26.4), guided by the
CT scan location of the endoleak relative to radio-
graphic landmarks on the endograft and adjacent
boney structures. The patient is placed in the prone
position and fluoroscopy of the stent graft is per-
formed in multiple projections for the purposes
of orientation. A sheathed needle is then inserted
into the aneurysm sac through the flank region at
the level of the endoleak and approximately four
to five fingerbreadths from the midline. The nee-
dle is advanced under fluoroscopic guidance until
it passes just anterior to the vertebral body and into
the aneurysm sac. Entrance of the needle into the
aneurysm sac may be appreciated by tactile feedback
or from fluoroscopic visualization as the needle
penetrates the typically calcified and visible aortic
wall. If the endoleak itself is entered, confirmation
by the return of pulsatile blood may be appreciated.
Entrance into the aneurysm sac may also be con-
firmed by opacification of the lumbar arteries or the
inferior mesenteric artery on manual injection of
contrast material. When the position of the catheter
is confirmed under fluoroscopy, the catheter may be
used to measure sac pressures. The endoleak cavity

Figure 26.3 (a) Axial CT image demonstrating type Il endoleak from inferior mesenteric artery (white arrow).

(b) Angiogram demonstrating filling of endoleak (black arrow) via the inferior mesenteric artery (white arrow) from a
selective contrast injection into the superior mesenteric artery. (c) Supraselective catheterization of the endoleak with a
3-Fr microcatheter placed through a 5-Fr diagnostic catheter positioned in the superior mesenteric artery. (d) Completion
angiogram after supra—-selective coil embolization of the endoleak cavity and inferior mesenteric artery demonstrating
cessation of filling of the endoleak. (e) One year after initial success at obliteration of type Il endoleak, a follow-up CT
scan demonstrates filling of an endoleak (black arrow) and a patent segment of inferior mesenteric artery (white arrow).
The embolization coils are the bright white dots just deep to the inferior mesenteric artery. (f) Selective angiogram
revealing resumed flow through the coil embolized inferior mesenteric artery (white arrow) with filling of an endoleak

cavity (black arrow).
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Figure 26.3 (Continued)
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Figure 26.4 Translumbar coil embolization of a type Il
endoleak whose iliolumbar collateral was too tortuous to
selectively catheterize for supraselective coil embolization.
White arrows define translumbar needle. Black arrow
defines coils placed in endoleak cavity.

may then be embolized through the catheter. Al-
though technically challenging, the catheter may
be manipulated or exchanged within the aneurysm
sac for a shaped catheter in order that the inferior
mesenteric and-/-or lumbar arteries may be selec-
tively cannulated and subsequently embolized. Em-
bolization should continue until there is no further
blood return and a static column of contrast is seen
on the follow-up films [24]. Commonly used em-
bolic agents include stainless steel coils, platinum
coils, thrombin, lipiodol, Gelfoam powder, and liq-
uid embolic agents. Although n-butyl cyanoacrylate
(Trufill, Cordis Neurovascular, Miami Lakes, FL)
has been used with some success in the treatment of
type Il endoleaks, this represents an off-label use of
this product, and complications with the use of this
agent have been reported, typically related to the
previously mentioned non—target vessel occlusions
and catheter tip incorporation in the glue plug in
the endoleak [25].

If all else fails, laparoscopic branch vessel clip-
ping remains an option, but requires general anes-
thesia and is more invasive than the other alterna-
tive techniques and so is generally the option of last
choice. The aorta and aneurysm sac are approached

laparoscopically in the retroperitoneal plane. The
lumbar arteries and the inferior mesenteric artery
are then identified and clipped [26]. More recently,
van Nes, et al, have reported a technique that com-
bines laparoscopic clipping of the aortic branch ves-
sels with laparoscopic fenestration of the aneurysm
sac [27]. In this technique, after all of the branch
vessels are clipped, the sac is fenestrated by a large
incision and all of the fluid and thrombus are sub-
sequently removed. Whenever feasible, an omental
flap is then placed in the sac so that recurrent fluids
can drain. Theoretically, the laparoscopic approach
may also allow for the measurement of sac pressures
via a laparoscopic needle.

Treatment of type Il and
type IV endoleaks

Type III endoleaks are associated with a high rate
of aneurysm sac rupture [28] but were mostly seen
with first generation endografts, being relatively un-
common with the endografts in use today. Modular
limb disconnection and fabric disruption are the
two primary types of type III endoleaks. Insuffi-
cient frictional force can lead to distraction at the
junctional zone of the endograft, and subsequently
to modular disconnection or graft separation. Mi-
gration has also been a problem commonly associ-
ated with first generation stent grafts. In addition to
compromising the proximal fixation and apposition
zone, distal endograft migration often causes graft
distraction and can pull the limb out of its attach-
ment zone, ultimately creating a type III endoleak.
In many instances, type Il endoleaks can be treated
with extender cuffs to bridge the defect. Another
option includes placing an entirely new endograft
inside the old one, essentially relining the old en-
dograft with a new one. If endovascular treatment
of the endoleak is not an option or is unsuccessful,
conversion to open repair may be the only option.

Type IV endoleaks are seen at the time of com-
pletion angiography when the patient is fully anti-
coagulated, and they are a consequence of either the
inherent fabric porosity or suture holes created in
construction of the endograft. This type of endoleak
is self-limited, as it demonstrates a nearly 100-%
seal rate at 1 month [29]. Therefore, no treatment
or concern is warranted.
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Diagnosis and treatment
of endotension

Aneurysm sac enlargement despite no demonstra-
ble endoleak implies the maintained pressurization
of the aneurysm and has been termed endotension.
Typically used thresholds are a >5 mm increase in
maximal diameter or a >10% increase in volume of
the post-EVAR aneurysm sac without a demonstra-
ble endoleak. If multiple investigations fail to detect
anendoleakin the face of an enlarging aneurysm, yet
the proximal and distal apposition zones and all en-
dograft componentjunctions are of adequate length
and without significant thrombus, endotension is
presumed to be present. Lumbar arteries that are
patent up to the aneurysm sac wall, but that do not
spillinto the sac in the form of an endoleak, may still
be responsible for the maintained sac pressurization
and should be embolized or clipped. Lacking that or
other sources to implicate, the presumption is that
either “microleaks” through fabric suture holes or
transudation of serum through the graft intersticies
are responsible, and consideration of “relining” the
endograft by placement of a new endograft inside of
it may be warranted. This may require conversion
from a bifurcated to an aorto-uni-iliac configura-
tion, necessitating femoral-femoral bypass grafting
and placement of an iliac artery occluder plug.

Summary

Endoleaks, and the treatment dilemmas they
present, have been the major shortcoming of en-
dovascular abdominal aortic aneurysm repair since
its inception. Their evaluation and treatment are
responsible for the overwhelming number of sec-
ondary interventions required after EVAR. Some of
these procedures, however, would no longer be pur-
sued as our understanding of the generally benign
nature of type II endoleaks, the most common vari-
ety, becomes apparent. Furthermore, new endograft
iterations may reduce the risk of type I endoleaks
in future procedures, just as new fabrics and stent
suturing/bonding techniques have been employed
to address microleaks and endotension. As is often
the case, technology is a moving target and engi-
neering advances will likely change the incidence
and treatment of endoleaks in the future.
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CHAPTER 27

Aneurysm sac pressure
measurement with a pressure
sensor in endovascular aortic
aneurysm repair

Lisandro Carnero ¢ Ross Milner

The goal of endovascular abdominal aortic aneur-
ysm repair (EVAR) is to prevent aneurysm rupture
by successful exclusion of the aneurysm sac from
systemic pressure. Successful exclusion leads to the
reduction of pressure inside the residual aneurysm
sac and the tension applied to the wall of the aortic
aneurysm [1]. Persistent blood flow into the residual
aneurysm sac after EVAR is defined as an endoleak.
The incidence of endoleak ranges from 12% to 44%
[2, 3]. The clinical significance of type 2 endoleaks
remains poorly understood and very controversial.
Endoleaks, regardless of the size or type, can trans-
mit systemic pressure into the aneurysm sac. Evenin
an apparently excluded sac by computer tomogra-
phy angiography scan (CTA), the pressure can still
remain increased [4, 5]. The presence of thrombus
between the graft and the aortic wall at the neck of
an abdominal aorticaneurysm (AAA) may transmit
pressure into the aneurysm sac (endotension) [6—8]
and could be associated with sac enlargement. This
failure of therapy may increase the risk of aneurysm
rupture (3, 7, 9].

Unlike conventional repair of an AAA, the branch
vessels remain patent in the sac during EVAR and
can potentially transmit systemic pressure into the
sac [10-13]. The available endografts have evolved
since the first implant performed by Dr Parodi
[14], in 1991. Despite the improvements in design
and engineering, the occurrence of material fatigue,
graft migration, limb dislodgment, and fabric tears
remain a problem for this technique [15, 16]. The

importance of life-long surveillance after EVAR is
widely accepted and is, in fact, mandated by the
FDA as stipulated in the Instructions for Use of all
commercially available stent grafts. Conventional
studies focus on migration or contrast leak into the
sac and indirectly evaluate residual pressure in the
aneurysm sac by measuring sac size [17].

The potential problems mentioned above high-
light the need for outstanding surveillance tech-
niques. The current imaging protocols include ul-
trasound, CTA, or magnetic resonance angiography
(MRA). Ultrasound is labor intensive and technol-
ogist dependent when attempting to identify en-
doleaks. CTA exposes the patient to repetitive con-
trast administration that can be nephrotoxic. MRA
is not universally accepted for endoleak detection
and can be the most expensive of the techniques. In
light of these limitations, invasive pressure sensing
has been investigated previously. Numerous pub-
lications describe the use of catheters to measure
pressure in the residual aneurysm sac [1, 4, 18-21].
Dias et al. [18] reported the use of a direct in-
traaneurysm sac pressure measurement using a tip-
pressure sensor attached to a catheter as a useful ad-
junct to imaging follow-up after EVAR. The authors
report a successful EVAR result when the residual
pressure in the aneurysm sac is low.

Dr Parodi revolutionized vascular surgery in the
early 1990s by creating an endovascular graft ca-
pable of excluding an AAA from the systemic cir-
culation [14]. Wireless pressure sensors could likely

209
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Table 27.1 Comparison of AAA Surveillance Modality

Variable CT/MRI Pressure Sensing
Location Hospital Office/lhome
Contrast Agents Yes No

Parameter Measured
Sensitivity Low
Timing

Risk to patient
Pacemaker Compatibility

1-2 per year
Contrast reaction
CT — Compatible

Diameter change, volume
change, presence of contrast

Mean Pressure

Pulsatile Pressure

High

As needed (hourly - monthly)
None

Compatible

MRI - Not compatible

revolutionize surveillance after EVAR. This technol-
ogy can provide an adjunct to the current imaging
surveillance protocols or potentially eliminate the
current standard of care (Table 27.1). The current
status of wireless pressure sensing will be addressed
both for AAA and for thoracic aortic aneurysms
(TAA).

Abdominal AAA

Endovascular stent-graft repair of AAA has be-
come an alternative to traditional open repair. EVAR
has clear benefits in minimizing periprocedural
morbidity and potentially reducing mortality [22].
However, complications unique to endovascular re-
pair have been identified; among them the most sig-
nificant are endoleaks and residual aneurysm sac
expansion. The pioneering work on wired pres-
sure measurement after EVAR was performed in
the abdominal aorta by trans-lumbar puncture of
the aneurysm sac by Chuter et al. [1] in 1997. Since
Chuter’s study, several works have been published
using the same approach [18, 19]. This work has
shown that a highly pressurized aneurysm sac is as-
sociated with AAA expansion and an aneurysm sac
with low pressure is associated with shrinkage [23].

Remon impressure AAA sac pressure
transducer (Fig. 27.1)

Theinitial experimental work demonstrating the ef-
ficacy of this technology was performed in an adult
porcine model of AAA that allowed for creation of
endoleaks [24]. The first report highlighted the effi-
cacy of the technology in detecting pressure changes

Figure 27.1 Impressure sensor by Remon Medical
Technologies. The sensor measures 3 mm x 9 mm x 1.5
mm in size.

with endoleaks as well as the sensor’s ability to func-
tion while embedded in thrombus [24]. A second
report demonstrated the longer-term efficacy in the
same experimental model [25].

The first successful wireless pressure sensor place-
ment in man was performed at Mt Sinai Medical
Center in New York [26]. The Remon Impressure
AAA Sac Pressure Transducer (Remon Medical,
Caesaria, Israel) was successfully implanted in 2003.
The transducer was handsewn to the outside of
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the Talent LPS endovascular stent graft (Medtronic
AVE, Santa Rosa, CA) and was implanted dur-
ing the treatment of infrarenal AAA in high-risk
patients. The transducer contains a piezoelectric
membrane that energizes a capacitor when actuated
by ultrasound waves from a hand-held probe. Once
charged, a transducer within the device measures
ambient pressure and then generates an acoustic
signal that is relayed to the hand-held probe. The
probe then converts the acoustic signal to a pressure
waveform that is presented on computer screen.
The clinical trial [27] enrolled 21 patients. Pres-
sure measurement readings were obtained intraop-
eratively, at 1 month, 6 months, 1 year, and annu-
ally thereafter. Ellozy et al. demonstrated the value
of long-term wireless sac pressure monitoring. The
study confirmed the work performed with invasive
pressure monitoring in that patients with aneurysm
shrinkage after EVAR have significantly lower pres-
sure when compared to expanding aneurysms [27].
However, the absence of shrinkage does not imply
persistent pressurization of the sac. A limitation of
this study is that 6 of the 21 sensors did not function
appropriately after being implanted. Several expla-
nations are given for the failure of the technology to
function in the manuscript. It seems clear that an
expensive implant should function appropriately a
very high percentage of the time. Interestingly, this
sensor is no longer in production for AAA and Re-
mon Medical appears to be focusing the applica-

tion of their pressure-sensing technology toward the
management of heart failure patients.

Cardiomems endosure wireless
pressure sensor (Fig. 27.2)
The CardioMems EndoSure Wireless Pressure Sen-
sor (CardioMems, Inc., Atlanta, Georgia) is made of
two coils of copper wire within a fused silica matrix
with a pressure sensitive surface. An antenna that
works both as a transmitter and a receiver emits
multiple pulses of radio frequency (RF) energy that
activates the coils and makes them vibrate. This vi-
bration generates a resonance frequency that is then
received by the antenna. The resonance frequency is
related to the ambient pressure in which the sensor
is located. Specially-designed software transforms
the frequency shift between systolic and diastolic
pressures into a wave form and pressure reading.
The initial demonstration of efficacy for this sen-
sor was performed in a canine model by Ohki et al.
[29]. The initial implant in man was performed by
Dr Pierre Silveira in 2004 as a part of the acute pres-
sure measurement to confirm aneurysm sac exclu-
sion (APEX) trial. Seventy evaluable patients were
part of the US pivotal study; nine US and three over-
seas sites participated in this trial. Patients were
enrolled in Brazil, Argentina, the United States,
and Canada. The initial work was presented at the
Society of Vascular Surgery meeting by Dr Ohki
[30]. This presentation highlighted the safety of

Figure 27.2 EndoSure Wireless AAA Pressure Sensor developed by CardioMems, Inc. This sensor has recently received

FDA-clearance for marketing.
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Figure 27.3 Pressure measurement obtained 2 years after endovascular aneurysm repair and placement of a remote
pressure sensor. The residual sac pressure is essentially flat-line with a pulse pressure of 7 mmHg.

device implantation; it also demonstrated the ef-
ficacy of the EndoSure sensor in confirming AAA
sac exclusion during endovascular repair. This data
have allowed the EndoSure sensor to gain FDA clear-
ance for acute implantation and initial confirmation
of exclusion of an AAA. The sensor is not yet ap-
proved for use as a tool for chronic surveillance.
However, the first five patients implanted with the
EndoSure sensor were successfully interrogated in
Brazil at the 2-year time-point with excellent acqui-
sition of pressure measurements (Fig. 27.3). Addi-
tional work is in progress to demonstrate the value
of pressure sensing as an alternative to radiologic
imaging for long-term EVAR surveillance.

Thoracic aortic aneurysm

A decadehas passed since the first report of descend-
ing thoracic aortic aneurysm (DTA) repair with en-
dografts [31]. FDA-approval of the first thoracic
endoprosthesis occurred in the United States in
2005. The results of the phase II multicenter trial

of the Gore TAG thoracic endoprosthesis were very
promising for the treatment of DTAs, with low mor-
tality, relatively low morbidity, and excellent 2-year
freedom from aneurysm-related death [32, 23].

Although, remote pressure sensing remains in its
infancy for the thoracic aorta, it may be better suited
for postprocedure surveillance in patients with tho-
racic aneurysms than in patients with AAA. Given
the infrequent nature of type II endoleaks with tho-
racic endografting, any significant increase in in-
trasac pressure after endovascular thoracic aortic
aneurysm repair most likely will be related to a
type I or III endoleak which requires expeditious
treatment [33].

The first thoracic remote pressure sensor was im-
planted in 2005 in conjunction with the endovascu-
lar repair of a TAA in Florianopolis, Brazil [33]. The
implant went well with the standard delivery system
used for the abdominal pressure-sensing device.
The sensor continues to function well after 6 months
of surveillance (Fig. 27.4). The pulse pressure is
markedly reduced and the residual aneurysm sac is
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Figure 27.4 Postprocedure pressure measurement (panel A) and 6-month pressure measurement (panel B) after
endovascular repair of a thoracic aneurysm. This is the first-in-man thoracic pressure sensor implant.
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shrinking. A clinical trial is planned to demonstrate
the safety and efficacy of remote pressure sensing in
determining acute exclusion of a thoracic aneurysm
during endovascular repair. This trial will begin in
late, 2006.

Remote pressure sensing may have a substan-
tial role in additional thoracic aortic pathologies.
Type B aortic dissection is a likely application for
remote pressure sensing when endovascular man-
agement is applied to exclude the false lumen from
systemic pressure. This treatment modality is being
more aggressively utilized and repressurization of
the false lumen remains a concern. Remote pressure
sensing may assist in confirming exclusion of the
false lumen at the time of the initial treatment and
assess the durability of treatment during chronic
surveillance [33].

Conclusion

Remote pressure sensing in conjunction with en-
dovascular repair of aortic aneurysm disease has
been proven to be safe and reliable. More data are
needed for pressure sensing to become the stan-
dard of care, and perhaps replace contrast CT as
the primary modality of endograft surveillance. The
preliminary data obtained from the Remon trial and
the APEX trial (CardioMems, Inc.) will encourage
further research to assess the importance of chronic
surveillance with a remote pressure sensor after en-
dovascular repair of an abdominal or thoracic aor-
tic aneurysm. The application of this technology to
thoracic aortic pathology is still being investigated
and planned.
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