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Overview and History of Aortic Dissection 
and Other Acute Aortic Syndromes

Afshin Ehsan and Frank W. Sellke

 Introduction

Acute aortic syndromes are complex and potentially life-threatening pathologies of 
the aorta that have only been successfully managed in the last 70 years. The spec-
trum of disease ranges from intra-mural hematomas and penetrating aortic ulcers to 
aortic dissections and ruptured aneurysms, with dissections being the most frequent 
of these aortic pathologies. The ability to diagnose and treat these conditions have 
required advances in imaging as well as open and endovascular surgical techniques. 
The historical evolution of our understanding of these conditions and subsequent 
management reflect the critical nature of acute aortic syndromes and the pioneering 
efforts of innovators determined to improve the outcomes of these complex patients.

 History of Acute Aortic Syndromes

The earliest reports of aortic pathology were noted in the Ebers Papyrus, an Egyptian 
scroll named after the Egyptologist, George Ebers (1837–1898 CE), which dates 
back to 1550 BCE. The scrolls are believed to be copied from earlier texts and it’s 
here that peripheral and abdominal aneurysms were first described [1]. The Greek 
physician, Galen de Pergamon (129-c. 200/c. 216 CE), described “localized pulsa-
tile swellings” and a ruptured aneurysm: “when an aneurysm is wounded, the blood 
spouted out with so much violence that it can scarcely be arrested” [2]. A Greek 
surgeon and contemporary of Galen, Antyllos, further described aneurysms as being 
either false traumatic or true aneurysms. He also provided the earliest record of 
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performing surgery to treat small peripheral aneurysms by ligating them proximally 
and distally followed by opening of the sac and evacuation of the thrombus. He 
further opposed surgery for larger aneurysms given that he believed they were too 
dangerous to treat. His approach to managing peripheral aneurysms remained the 
treatment of choice until the end of the nineteenth century [3, 4]. The Flemish physi-
cian, Andreas Vesalius (1514–1564 CE) was the first to solely use human anatomic 
dissections for what served as the modern recording of human anatomy. He identi-
fied aneurysms of the thoracic and abdominal aorta and considered them untreatable 
[5, 6]. German physician, Daniel Sennert (1572–1637 CE) appears to be the first to 
report aortic dissections, describing them as a separation of the aortic wall layers” 
while Giovanni Battista Morgagni (1682–1771 CE) reported several cases whereby 
blood forced its way through the wall “coming out under the external coat of the 
artery” [7, 8].

In 1760 George II, King of England, (Fig. 1) died in Kensington palace “while 
straining on the toilet”. The King had woken up at 6 am that morning and was fol-
lowing his morning routine when his “valet de chamber in waiting” heard a noise, 
after which he found the king lying on the floor, dead. The King’s personal physi-
cian, Frank Nicholls (1699–1778 CE), was ordered to open and embalm the body, 
which provided him with the opportunity to carefully document the cause of death. 
His detailed account of the findings served as the first documentation of pericardial 

Fig. 1 George II, King of 
England (1683–1760)
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tamponade caused by an aortic dissection. He specifically noted “…the pericardium 
was found distended with a quantity of coagulated blood, nearly a pint…; the whole 
heart was so compressed as to prevent any blood contained in the veins from being 
forced into the auricles; therefore the ventricles were found absolutely void of 
blood…; and in the trunk of the aorta we found a transverse fissure on its inner side, 
about an inch and a half long, through which some blood had recently passed under 
its external coat and formed an elevated ecchymosis” [9, 10]. Interestingly, King 
George II was also Duke of Hannover. This is the same Hannover in Germany that 
has been the site of many advances in aortic surgery.

In 1802, Jean Pierre Maunoir proposed the term “aortic dissection”, however in 
1819, French surgeon René Théophile Laennec, the inventor of the stethoscope, was 
the first to use the term “dissecting aneurysm” [11, 12]. Since that time, this desig-
nation has created confusion regarding the nature of dissections and aneurysms and 
their distinct differences. In 1822, John Shekleton (1795–1824 CE) of Dublin was 
the first to report cases of chronic dissections, or what was described as “double 
barreled” aortas. His findings included a description of atheromatous changes on 
the lining of the aorta as well as the presence of a re-entry site into the original 
lumen [13]. In 1839, Viennese pathologist Carl von Rokitansky (1804–1878 CE) 
explained the difference between aortic dissection and spontaneous rupture [14]. In 
1843 Thomas Peacock reported a case series of aortic dissections where he docu-
mented the importance of an intimal tear and hypothesized that the dissection was 
the result of a disruption of the “internal coats of the vessel”. Through experimental 
models of aortic dissections, he also described the reentry of flow back into the 
original vessel considering it an “imperfect natural cure of the disease”. He further 
described the difference in prognosis between dissections involving the ascending 
aorta versus those in the descending aorta [15, 16]. Other notable experts at that 
time offered an alternative theory to the concept of penetration of the aortic wall 
given that cases of dissection were identified that lacked a tear in the vessel. They 
believed that a primary cleavage of the media was the triggering event that led to 
dissection [17, 18]. At the end of the nineteenth century and into the early part of the 
twentieth century, several theories as to the pathophysiology of dissections existed. 
They varied from atheromatous ulcerations versus consequences of inflammation 
with “molecular changes of the elastic structures and subcellular events” along with 
stress from elevated blood pressure occurring in the wall of the aorta and lastly 
rupture of the vasa vasorum [19–21].

In 1934, Theodore Shennan published the largest series of aortic dissections at 
that time and proposed that degenerative changes in the media resulting in a loss of 
elasticity was an important factor leading to dissections. He also believed mechani-
cal, inflammatory, and congenital factors could also be involved [22]. French pedia-
trician, Antoine Marfan, reported the first case of arachnodactyly in 1896 and 
studied the symptoms of the disease that would later bear his name but it was Helen 
Taussig and colleagues in 1943 that made the association between Marfan disease 
and aortic medianecrosis [23, 24]. That same year Lewis Etter reported the associa-
tion between Marfan disease and aortic dissections [25]. In 1958, Albert E. Hirst 
published a report of over 500 aortic dissections that provided important detailed 
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information about the etiology and pathogenesis of the disease along with valuable 
clinical insights. Also included in the report were the medical and surgical treatment 
strategies that had been employed up until that time [26].

Although less common than aortic dissection, intramural hematoma is another of 
the acute aortic syndromes. First described by Hans Eppinger Sr (1848–1916 CE) 
in 1887, it was Fredrich Krukenberg in 1920 that made the observation that a rup-
tured vaso vasorum can lead to a “dissection without intimal tear” [27, 28]. 
Penetrating aortic ulcer was first described as a clinical condition in 1986 by 
Anthony Stanson and colleagues and is also included in the scope of acute aortic 
syndromes [29].

 Treatment of Acute Aortic Syndrome

Until surgical options became available, treatment of patients with aortic dissec-
tions centered largely around medical therapies. Mandatory bed rest was the main-
stay of treatment in the eighteenth and nineteenth centuries and if patients were 
restless they received sedation along with morphine for pain. With the advent of 
antihypertensive medications, treating elevated blood pressures were felt to be of 
value by some, while others believed that the therapy itself encouraged dissections 
in patients with hypertension. In patients experiencing shock, the administration of 
whole blood plasma, intravenous fluids and vasoconstrictors were employed as 
these therapies became available [30–32]. Unfortunately, as can be expected, the 
success of these approaches was quite limited and reflected the need for more direct 
corrective therapies.

Throughout the nineteenth century, a variety of procedures were developed and 
used to address aortic aneurysms. Foreign bodies such as wires and needles were 
inserted into aneurysms along with the delivery of electrical currents with the idea 
of stimulating thrombus formation within the aneurysm sac. In doing so they would 
obliterate the artery thus stabilizing the aneurysm and preventing further growth or 
rupture [33–35]. The more sophisticated technique of endoaneurysmorrhaphy was 
introduced in the latter half of the century whereby surgeons would open the aneu-
rysms with the intention of either obliterating the blood flow through the vessel 
from within versus reconstructing the vessel by creating a normal caliber lumen to 
maintain patency and excluding the aneurysm sac [36–38].

An alternative approach to addressing aneurysms and dissections were to wrap 
the involved vessels with either prosthetic or biologic materials in an attempt to 
stabilize the vessel and prevent rupture. The technique of wrapping cellophane 
around an aneurysm was introduced by Paul Harrison in 1943 whereby he wrapped 
two arteriovenous aneurysms of the subclavian artery resulting in their eventual 
elimination [39]. In 1948, James Edgar Paulin was the first to use cellophane to treat 
a dissection when he wrapped the material around a chronically dissected descend-
ing aorta [40]. Others reported the use of fascia lata, polyvinyl sponge, and dermal 
wrappings, all which were eventually abandoned due to poor results [41, 42]. After 
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being diagnosed with an abdominal aortic aneurysm, Albert Einstein underwent 
cellophane wrapping of his aneurysm in 1948 but died 5 years later from subsequent 
rupture of the dilated vessel.

The first direct surgical treatment of an aortic dissection was performed by David 
Gurin and colleagues in 1935 to treat an ischemic leg caused by extension of the 
dissection into the right external iliac artery. Although the procedure was unsuccess-
ful, Gurin attempted to reestablish blood flow into the leg by opening the vessel 
through the non-dissected segment and incising the intima into the dissected seg-
ment thus establishing a re-entry point for blood back into the true lumen [43]. In 
1955, Robert S Shaw reported a similar strategy to improve blood flow back into the 
true lumen of a dissected thoracic and abdominal aorta. It was Shaw who coined the 
term “fenestration”, and this remains the name of the procedure to date. Despite its 
improvement of flow into the true lumen, the procedure did not address the com-
plexities associated with ascending and arch dissections and was soon recognized as 
a largely palliative procedure [44].

A critical step in the evolution of treating aortic pathology was the development 
of techniques that resected and subsequently replaced portions of the diseased ves-
sel. The pioneering work of Nobel laureate Alexis Carrel along with Charles Guthrie 
led to the development of vascular anastomotic techniques and the use of homograft 
aortic substitutes [45]. Clarence Crafoord in 1944, was the first to resect a segment 
of the aorta and reestablish continuity with an end to end anastomosis to treat a 
coarctation and in 1948 Robert Gross was the first to replace a segment of the aorta 
using a homograft after resecting a coarctation [46, 47]. The direct repair of an aor-
tic dissection was first performed by Michael DeBakey at Houston Methodist 
Hospital. In 1955 he reported a series of six cases whereby he repaired the descend-
ing thoracic aorta injured by dissection. In five of the procedures the aorta was 
transected and the false lumen was obliterated by sewing the true lumen circumfer-
entially to the adventitia. Aortic continuity was then reestablished by either direct 
end to end anastomosis of the native aorta or placement of a homograft interposition 
(Fig.  2). The remaining case involved primary resection of a saccular aneurysm 

Fig. 2 Repair of 
descending thoracic 
dissection using homograft 
as demonstrated by 
DeBakey and colleagues in 
1955. (Taken from: 
DeBakey ME, Cooley DA, 
Creech O. Surgical 
considerations of 
dissecting aneurysms of 
the aorta. Ann Surg. 
1955;142:586–610)
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distal to the left subclavian artery followed by primary closure of the resultant 
defect [48].

The success of treating thoracic aortic pathology using homografts initially gen-
erated great hope and enthusiasm for the definitive treatment of conditions that were 
until that time felt to be untouchable. However, the limited durability and availabil-
ity of homografts as well as less than optimal long-term outcomes, soon tempered 
that enthusiasm. As a result, a more durable and readily available alternative to 
homografts was needed. The development of synthetic arterial grafts began with the 
work of Arthur Voorhees who proposed the use of a tube constructed from fabric. 
First using a silk handkerchief and subsequently a material called “vinyon-N”, 
Voorhees reported the successful use of these prosthetic grafts in animal experi-
ments in 1952 [49]. The first use of a synthetic graft to treat an aortic pathology was 
by Arthur Blakemore who used a graft made from vinyon-N to replace a ruptured 
abdominal aortic aneurysm in 1953 [50]. Charles Hufnagel reported the use of a 
Lucite tube containing his aortic assist valve to replace a large portion of descending 
thoracic aorta as a means of treating aortic insufficiency [51]. Although not intended 
to teat aortic pathology, this and the use of other synthetic grafts provided further 
proof of concept that the aorta can be replaced with a synthetic substitute. However, 
the poor physical adaptability, limited durability and inconsistent biocompatibility 
of vinyon-N and other materials such as Orlon and Teflon limited their wider accep-
tance and use. The polyester polymer Dacron, initially developed around 1939, was 
introduced to DeBakey in a department store when he was shopping for material to 
construct vascular grafts. Using his wife’s sewing machine, he created grafts that he 
then trialed in animals beginning in 1954. He found Dacron to be easier to sew to 
then vinyon-N and more physically adaptable for use in arterial reconstruction. In 
collaboration with industry, he led the development of seamless knit Dacron grafts 
of various sizes that were either tube shaped or had bifurcating segments to accom-
modate a variety of anatomic needs. The grafts were also constructed with circum-
ferential crimping to allow for greater flexibility to shape the grafts without kinking. 
After 2 years of animal testing, DeBakey and his colleagues began to use the new 
grafts in humans and in 1958 they reported their experience of over 800 cases using 
these grafts in patients with occlusive disease of the abdominal aorta as well as the 
iliac and femoral arteries [52–54]. Further advances with synthetic grafts addressed 
issues of porosity and improved suture handling to the point where they have 
become the mainstay of arterial reconstruction.

Advances in cardiopulmonary bypass allowed for more complex approaches to 
the management of aortic pathologies particularly those involving the ascending 
aorta and arch. Denton Cooley and DeBakey were the first to report the successful 
resection and reconstruction of an ascending aortic aneurysm using a homograft in 
1956 [55]. The following year DeBakey and colleagues reported the first successful 
replacement of the aortic arch once again using a homograft [56]. The first report of 
successful treatment of an ascending aortic dissection was by William Muller in 
1960. In this series of three patients with Marfan’s syndrome and aortic aneurysms 
with aortic insufficiency, two were found to have dissections. As a result, the ascend-
ing aorta was resected and replaced with a Teflon graft. (Fig.  3) The aortic 
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insufficiency was addressed using a bicuspidization technique that resulted in 
reducing the size of the dilated aortic annulus. The noncoronary sinus, leaflet and 
annulus were excised followed by primary closure of the defect resulting in a com-
petent bicuspid aortic valve [57]. This report also served as the first to describe the 
management of an aortic dissection in Marfan’s patients and addressed the treat-
ment of aortic valve insufficiency that can result from dissections or dilation of the 
aortic root. Frank Spencer and colleagues also described repairing the aortic valve 
in patients with aortic dissections due to separation of the commissure from the 
aortic wall using commissural resuspension [58]. The first successful repair of an 
acute ascending aortic dissection performed emergently took place in 1962 once 
again by DeBakey and colleagues [59].

In an effort to simplify how aortic dissections were thought of and subsequently 
treated, DeBakey began publishing classification schemas as early as 1955. The 
schema he published in 1965, and then modified in 1982, serves as the classic 
DeBakey classification schema where he defined three types of aortic dissection. 
Type I was dissections originating in the ascending aorta and extending beyond the 
left subclavian to involve varying degrees of the descending thoracic and abdominal 
aorta. Type II dissections were those that originated and were isolated to the ascend-
ing aorta. And Type III dissections were those that originated in the descending 
thoracic aorta, sparing the ascending aorta and arch [60, 61]. In 1970 Pat Daily and 
his colleagues at Stanford reported their experience with treating acute aortic dis-
sections and in doing so provided an alternative classification schema. They defined 
dissections that involved the ascending aorta, irregardless of distal extension, as 
Type A and dissections that spared the ascending aorta and arch as Type B (Fig. 4). 
The Stanford classification has become the more readily applied means of labeling 
dissections and with it has come the universal clinical understanding that Type A 
dissections are to be treated as a surgical emergency while uncomplicated Type B 
dissections are largely treated with medical therapy [62].

Fig. 3 Repair of ascending 
aortic dissection using a 
Teflon graft as 
demonstrated by Muller 
and colleagues in 1960. 
(Taken from: Muller WH 
Jr., Dammann JF Jr., 
Warren WD. Surgical 
Correction of 
Cardiovascular Deformities 
in Marfan’s Syndrome. 
Ann Surg. 
1960;152:506–516)
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The next phase in the advancement of treating aortic pathology was the develop-
ment of procedures to address the aortic root. In 1962, Myron Wheat and colleagues 
reported the first replacement of the entire ascending aorta from the annulus to the 
innominate artery except for two small tongues of aortic wall containing the coro-
nary ostia. The aorta was replaced with a woven Teflon graft and the aortic valve 
was replaced using a Starr-Edwards aortic prosthetic valve [63]. Hugh Bentall and 
Antony DeBono, in 1968, reported their technique for replacing the entire ascend-
ing aorta including the aortic root using a prosthetic valved conduit. The coronary 
ostia were anastomosed to corresponding openings on the graft while still in conti-
nuity with the native aortic tissue, given that the native aorta was then wrapped 
around the graft [64]. Kouchoukos and colleagues later described the resection of 
the pathologic aortic tissue and formation of coronary “buttons” that were anasto-
mosed directly to the graft [65]. For patients with structurally normal aortic valves, 
valve sparing techniques were developed. Tyrone David introduced the technique of 
valve “reimplantation” in 1992 which entails implantating the native aortic valve 
inside a tube graft that is anchored to the aortic annulus and Magdi Yacoub, in 1993, 
reported the aortic remodeling technique which involves resecting the aorta to 
within 2–3 mm of the valve leaflets and commissures and anastomosing the graft to 

Type I

Type A Type B

Type II
DeBakey classification

Stanford classification

Type IIIa Type IIIb

Fig. 4 Classification schemas for aortic dissection
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the cut edge of the aorta [66, 67]. These aortic root replacement procedures have 
been employed quite successfully in patients with dissections that leave the root 
either irreparably injured or with significant aneurysmal dilation [68, 69]. The 
choice of sparing the valve in the context of treating an acute dissection is depen-
dent on the anatomy of the native valve and the degree to which the patient can 
withstand a potentially longer procedure, all the while being balanced against the 
expertise of the surgeon.

Other advances resulted in improved outcomes for patients with complex aortic 
pathology. Improved imaging modalities such as CT angiography, echocardiogra-
phy, and MRI have made it possible to rapidly obtain detailed images in order to 
facilitate timely intervention. Deep hypothermic circulatory arrest and the use of 
cerebral perfusion techniques increased the safety of performing more complete 
arch procedures or procedures involving thoracoabdominal reconstructions [70–
72]. The medical management of aortic dissections with a focus on reducing the 
“impulse” force of blood ejected from the left ventricle along with improved blood 
pressure control was introduced by Wheat and colleagues in 1965. This approach 
was the result of poor outcomes with the surgical management of aortic dissections 
and has since evolved into the practice of using pharmacologic therapy as the first 
line approach for uncomplicated Type B aortic dissections [73]. Endovascular treat-
ment of arterial pathology began in the 1980s with the development of the first 
aortic stent grafts. The first clinical use was in 1985 when Nikolai Volodos placed a 
stent graft in the left common and external iliac artery of a patient to treat stenotic 
atherosclerotic disease manifesting signs of ischemia. Volodos and his colleagues 
were also the first to use a stent graft in the aorta to treat a post-traumatic pseudoa-
neurysm of the thoracic aorta [74]. Julio Palmaz developed the first balloon-expand-
able stent and in collaboration with Juan Parodi performed the first endovascular 
repair of an abdominal aortic aneurysm in 1990 [75]. The first use of an endovascu-
lar approach to treat a descending thoracic aneurysm was reported by Michael Dake 
and colleagues in 1994, and in 1999 two back-to-back reports detailed the use of 
this strategy towards treating Type B aortic dissections [76–78] (Fig. 5). In recent 
years, more sophisticated endovascular techniques have been developed in conjunc-
tion with more aggressive open surgical operations. The classic elephant trunk oper-
ation, first reported by Hans Borst and used to aggressively treat Type A aortic 
dissections, has been transformed to an endovascular frozen elephant trunk proce-
dure [79, 80]. Lastly, the application of endovascular therapy has made its way to 
the ascending aorta as well, whereby direct treatment of high-risk patients with 
Type A aortic dissections have been reported, however, these have been limited to 
case series and single center experiences [81].

Treatment of the other acute aortic syndromes, and in particular intramural 
hematomas is somewhat controversial. Given that intramural hematomas have some 
similarities, but also some differences with acute aortic dissections, the manage-
ment of this clinical entity has led to different schools of thought. In patients with 
involvement of the ascending aorta, some advocate surgical intervention based on a 
threshold of wall thickness, while others believe this presentation to be part of a 
spectrum of Type A dissections and should therefore be treated as such. Acute aortic 
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dissections, intramural hematomas and penetrating aortic ulcers can occur simulta-
neously or separately, but they share the characteristic of being potentially lethal 
and therefore needing sound clinical judgment for their treatment.

The purpose of this book is to gather the opinions of many of the world’s experts 
in the treatment of acute aortic syndromes. It is meant to present a concise, practical 
approach to the diagnosis, treatment and surveillance of aortic disease. As with 
most difficult clinical conditions, opinions vary as to the best medical, surgical, and 
endovascular treatment. Importantly, it should be remembered that even though one 
author advocates one manner of treatment, there are many ways to manage acute 
aortic dissections and other acute aortic syndromes.
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Aortic Anatomy and the Pathophysiology 
of Acute Aortic Syndromes
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 Introduction

Fascination with the pathogenesis of acute aortic dissection dates back to the death 
of King George II in 1760 who, after collapsing suddenly, was found at autopsy to 
have a “transverse fissure on the inner side of the ascending aorta 3.75 cm long, 
through which blood had recently passed in its external coat to form a raised ecchy-
mosis” [1]. This was one of the first reports of aortic dissection and underscores key 
themes of acute aortic disease that remain true today. Though much progress has 
been made in the diagnosis, management, and prevention of aortic catastrophe, 
knowledge gaps remain in the understanding of the pathophysiology of thoracic 
aortic disease and in the identification of those patients most at risk for acute aor-
tic events.

The foundations for optimal management of patients with thoracic aortic disease 
lie in the appreciation of the anatomy and pathophysiology of the thoracic aorta. 
Furthermore, recognition of the distinct etiologies and presentations of acute aortic 
syndromes is also a key component of management decisions. Consider, for 
instance, the case of an acute aortic dissection in a 20-year-old with Marfan syn-
drome compared to that of a 70-year-old with a degenerative thoracic aortic aneu-
rysm. The underlying etiology will inform intra-operative decision-making and 
post-operative care and may be responsible for widely varying outcomes in these 
two patients. Technology has also driven a renewed focus on the anatomy and 
pathophysiology of aortic disease. Advances in radiologic imaging have increas-
ingly been able to delineate subtle findings, such as intramural hematoma or 
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penetrating atherosclerotic ulcer, which demand further investigation to accurately 
incorporate these findings into what is already known about the prognosis and natu-
ral history of thoracic aortic disease. Adoption of new operative techniques, includ-
ing endovascular approaches, should also be accompanied by thorough consideration 
of the characteristics of the native aorta. This chapter reviews the embryology, anat-
omy, histology and pathophysiology of the normal and diseased thoracic aorta 
(Fig. 1).

 Embryology

The third week of gestation marks the onset of development of the aorta and great 
vessels. By the eighth week, coordinated regression and persistence of the embryo-
logic branches has resulted in the formation of an aortic arch more closely resem-
bling that seen in the adult (Fig. 2). The thoracic aorta and its branches begin as two 
aortae, the dorsal and ventral, which are connected by six paired branchial arch 
arteries. These arches form in a craniocaudal manner. By the end of the fourth week, 
only the third, fourth and six arches are still present. The first and second arches 
have regressed, and the fifth arch never fully forms. By the fifth week, the internal 
carotid arteries form from the third arch. The dorsal aorta between the third and 
fourth aortic arches begins to atrophy, and this is complete by the end of the sixth 
week. The seventh cervical intersegmental arteries, which arise from the dorsal 
aorta, enlarge to contribute to the bilateral subclavian arteries. Additionally, by the 
end of the sixth week, the pulmonary arteries are formed from the ventral portion of 
the sixth aortic arch. While the right-sided dorsal portion of the sixth arch ultimately 
atrophies, the left dorsal sixth arch gives rise to the ductus arteriosus.

At this point, asymmetric development is responsible for the most common aor-
tic configuration, with the aorta taking a leftward course. The aortic arch and proxi-
mal descending aorta develop from the left fourth aortic arch and left dorsal aorta, 
the right dorsal aorta having atrophied. The right subclavian artery develops from 
the right fourth aortic arch, a portion of the remaining right dorsal aorta and the 
intersegmental artery. The innominate artery on the right and the left common 
carotid artery form from the ventral aorta. The left subclavian artery arises from a 
left intersegmental artery. At the end of the eighth week, the primitive aorta resem-
bles that seen in the adult.

Neural crest cells migrate to the primitive aortic arches to contribute to branching 
patterns and ultimately give rise to medial smooth muscle cells. Neuroectoderm has 
a significant contribution in aortopulmonary septation, driving differentiation of the 
aortic root and pulmonary trunk. The most proximal aspect of the aorta appears to 
have a greater influence from neural crest cells compared to the arch and descending 
aorta, although the exact role of neural crest in aortic development has yet to be 
fully elucidated. The origin of the coronary arteries is not firmly established but they 
likely arise from the epicardium of the heart and later connect with the aorta. The 
aortic valve itself is primarily derived from mesodermal cells.
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 Regions of the Thoracic Aorta

The thoracic aorta can be subdivided into three regions: the ascending aorta, the 
aortic arch, and the descending thoracic aorta, and these have more recently been 
subdivided into six zones (Fig. 1). Aberrations in course and branching patterns may 
occur as a result of altered embryological development. The most common 
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Fig. 1 Thoracic aorta. The thoracic aorta, from the aortic valve to the diaphragmatic hiatus, is 
divided into the ascending aorta (including the aortic root and tubular ascending aorta), aortic arch 
and descending aorta. The aortic root includes the aortic valve, aortic annulus, sinuses of Valsalva 
and the origins of the right and left coronary arteries
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Fig. 2 Embryology of the thoracic aorta. The thoracic aorta is derived from the dorsal and ventral 
aortae and the paired pharyngeal vascular arches. Coordinated regression and persistence of the 
arches determines the course of the aortic arch and the configuration of the branches
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configurations will be described first, and further attention will be directed to these 
anomalies in the next section.

 Aortic Root and Ascending Aorta

The ascending aorta is composed of the aortic root and the tubular ascending aorta. 
The aortic root is the most proximal component and begins at the aortic annulus, a 
fibrous ring that supports the aortic valve and marks the transition from the left 
ventricle. From there, the aorta balloons slightly outward to form the three sinuses 
of Valsalva. The origins of the right and left coronary arteries are present at these 
sinuses and the aortic cusps and sinuses are named accordingly: right, left and non- 
coronary. The sinotubular junction delineates the transition between the aortic root 
and the beginning of the tubular ascending aorta. At this point, the aorta assumes a 
mostly uniform caliber and begins a superior path towards the arch. The aortic 
diameter is positively correlated with age. Variations in imaging modalities and in 
the level of aortic measurements in relation to other structures can influence reported 
values of normal aortic diameter. With these caveats, a study of 1442 subjects under-
going computed tomography angiography (CTA) showed that the ascending aorta at 
the level of the mid-pulmonary artery measures approximately 3.1 cm in females 
and is larger at approximately 3.4 cm in males [2]. In the retrosternal position, the 
remnant of the thymus overlies the aorta. The right atrial appendage lies anterome-
dial to the proximal ascending aorta with the pulmonary trunk coursing posterolat-
erally. Immediately to the right of the ascending aorta lies the superior vena cava 
(SVC). The transition from the ascending aorta to the arch also marks the superior 
extent of the pericardium.

 Aortic Arch

The aortic arch commences at the origin of the innominate (brachiocephalic) 
artery which arises from the superior aspect of the aorta (Fig. 3a). This trunk is 
situated slightly anterior to the other arch vessels and takes a right and posterior 
course where it branches into the right subclavian and right common carotid arter-
ies. The aortic arch curves posteriorly and to the left with its superior convexity 
reaching the level of the mid-manubrium. The subsequent great vessel branches 
from the arch are the left common carotid and left subclavian arteries, each arising 
successively posterior to the takeoff of the innominate artery. The left brachioce-
phalic vein courses anteriorly to all three head vessels at their most proximal 
aspects. The arch is intimately related to multiple mediastinal structures. It passes 
immediately anterior to the trachea (Fig. 3b). The left phrenic nerve runs anteriorly 
at the distal portion of the arch, and the right phrenic nerve lies lateral to the 
SVC. The right vagus nerve passes anterior to the right subclavian artery, giving 
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off its recurrent branch and then descending posterior to the right pulmonary 
hilum. The left vagus nerve passes anterior to the arch just at or medial to the take-
off of the left subclavian artery and gives off the left recurrent laryngeal branch 
which continues inferiorly along the concave border of the arch just lateral to the 
ligamentum arteriosum, the fibrous remnant of the fetal ductus arteriosus and then 
ascends in the tracheoesophageal groove. The left pulmonary artery lies in close 
contact to the lesser curve of the arch. The aortic arch ends at approximately the 
T4-T5 vertebral level.

 Descending Thoracic Aorta

The descending thoracic aorta begins after the origin of the left subclavian artery at 
vertebral level T4. This section runs immediately to the left of the vertebral bodies 
early in its course and gradually assumes a more medial position so that it lies 
almost at midline as it passes through the diaphragm. The descending aorta gives 
rise to pericardial, bronchial, esophageal, mediastinal, intercostal, and superior 
phrenic artery branches. The esophageal artery branches provide blood supply to 
the mid-esophagus. The posterior intercostal artery branches consist of nine paired 
vessels running along the undersurface of the lower nine intercostal spaces. The 
artery of Adamkiewicz originates from the 9th through 12th intercostal arteries and 
feeds the anterior spinal artery. In cases of descending thoracic aorta and thoracoab-
dominal aorta repair, reimplantation of intercostal vessels may be necessary to 
ensure adequate spinal perfusion via this artery. The descending aorta enters the 
diaphragm at the aortic hiatus at T12. The mid-descending thoracic aorta diameter 
is slightly smaller than the normal ascending aorta and measures approximately 
2.70 cm in men and 2.46 cm in women [3].

 Congenital Anomalies of the Thoracic Aorta

 Left Aortic Arch with Aberrant Branching

In the majority of the population, the aortic arch takes a leftward course and descends 
to the left of the thoracic spine (Fig. 4a). With this configuration, up to 30% of the 
population display a bovine arch in which the left common carotid arises from the 
innominate artery (Fig. 4b). The aortic arch may also have four branches, as is the 
case with an aberrant right subclavian artery. With this, the right subclavian origi-
nates on the arch distal to the left subclavian, often from a dilated portion termed a 
diverticulum of Kommerell (Fig. 4c). It then runs posterior to the esophagus. The 
etiology of this configuration is an early regression of the right fourth pharyngeal 
arch in combination with persistence of the eighth segment of the dorsal aorta. The 
majority of individuals are asymptomatic, however dilatation of the aberrant 
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subclavian may compress the esophagus resulting in dysphagia lusoria. The left 
vertebral artery may also originate from the arch independent of the left subclavian 
artery in 3–4% of people [4].

 Right Aortic Arch

A right-sided aortic arch is marked by an arch that crosses anterior to the right pul-
monary bronchus (Fig.  4d). This occurs in less than 1% of the population. The 
anomaly is due to persistence of the right fourth pharyngeal arch in combination 
with regression of the left fourth pharyngeal arch and of the eighth dorsal aortic 
segment. The descending aorta usually runs to the right of the spine but may course 
on the left side. Vascular rings may result from incomplete regression and may 
cause compressive symptoms.

 Double Aortic Arch

Persistence of both the right and left fourth pharyngeal arches in addition to the 
dorsal aorta results in a double aortic arch (Fig. 4e). Each arch serves as the origin 
for the ipsilateral carotid and subclavian arteries. The arches themselves may either 
be patent or atretic. The right arch typically extends more superiorly and posteriorly 
and is larger than the left. As this represents a true vascular ring, compressive symp-
toms may develop from obstruction of the trachea and/or esophagus.

 Aortic Coarctation

Aortic coarctation is found more frequently than many of the aforementioned arch 
anomalies, accounting for approximately 5% of congenital heart disease diagnoses. 
Focal hyperplasia of the aortic media results in narrowing near the location of the 
fetal ductus arteriosus. Coarctation is associated with bicuspid aortic valve, Turner 
syndrome and ventricular septal defect. More severe lesions often present in infancy, 
however, development of collateral vessels may render this partial obstruction 
asymptomatic until incidentally detected in adulthood. In rare cases, coarctation 
may occur more distally in the descending thoracic aorta.

 Histology of the Aortic Wall

Appreciation of the microscopic structure of the thoracic aortic wall helps to con-
textualize the thoracic aortic pathologies and the natural history of relevant disease 
processes that will be described in the following sections. Like other arterial 
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structures, the aortic wall consists of three layers which, from the lumen moving 
outwards, are termed the intima, media and adventitia (Fig. 5).

The innermost layer, the intima, can be further subdivided into the single cell 
layered endothelium and subendothelial connective tissue. Endothelial cells medi-
ate signaling between the lumen and the deeper layers of the aortic wall. For exam-
ple, endothelial cells, in response to mechanical and biochemical signals, may 
influence the function of aortic smooth muscle cells in the medial layer. The intimal 
layer receives its blood supply via diffusion from the aortic lumen, which is also the 
source of oxygen and nutrients for the innermost portions of the medial layer. The 
internal elastic lamina, a fenestrated sheet of elastic fibers, separates the intimal 
layer from the media.
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The medial layer has been a focus of investigation since Austrian pathologist 
Jakob Erdheim first described “medionecrosis aortae idiopathica” in 1929 [5]. 
While the exact pathogenesis of medial changes leading to aortic aneurysm or dis-
section have been debated since that time, there is no doubt that the thoracic aortic 
media plays a key role in both normal physiology as well as in pathophysiologic 
states. The media is the thickest of the three layers. Aortic smooth muscle cells 
(SMCs) constitute the main cell type and function to maintain the structural integ-
rity of the aortic wall. Particularly important for aortic aneurysm pathophysiology, 
they are responsible for regulation of the extracellular matrix (ECM), consisting 
mainly of the fibrillar proteins collagen and elastin. Intact collagen fibers and elastin 
fibers, organized into elastic lamellae, confer strength and resist hemodynamic 
forces; fragmentation of these fibers is seen in diseased aortas, similar to that his-
torically described as cystic medial necrosis. Fibrillin-1 is an essential component 
of the ECM, critical to organized elastin deposition, and mutations of this gene are 
responsible for the Marfan syndrome. The outermost portion of the media is delin-
eated by the external elastic lamina.

The adventitia is the outermost layer of the aorta and contains the vasa vasorum, 
or blood vessels of the blood vessel. The vasa vasorum supplies the adventitia and 
outer portions of the media which do not receive sufficient blood supply via diffu-
sion from the aortic lumen. In this layer, fibroblasts are the main contributing cell 
and are responsible for production of collagen fibers, mainly type I and type III, 
which constitute a majority of the volume of the adventitia. A layer of periadventi-
tial fat often surrounds the three-layered vessel wall and may itself secrete paracrine 
factors which regulate aortic function, though investigation into its role is ongoing.

 Thoracic Aortic Aneurysm

Dilatation of the aortic wall may be associated with heritable aortopathies, but more 
commonly is degenerative in nature and is therefore associated with aging. While 
often clinically silent and frequently diagnosed incidentally, thoracic aortic aneu-
rysm (TAA) connotes an associated risk of aortic catastrophe, i.e. aorta dissection 
and/or rupture. Characteristics common to TAA of all etiologies include focal or 
global aortic wall integrity loss manifesting as saccular or fusiform aortic 
enlargement.

Aside from the heritable causes of TAA which are discussed in subsequent sec-
tions, risk factors for TAA include hypertension, smoking, age, and sex. Medial 
degeneration is the predominant histologic feature and may be driven by local cel-
lular perturbations or result from the failure of the aortic wall to appropriately adapt 
and respond to physiologic hemodynamic forces (Fig. 6a–b). A systematic review 
of TAA growth identified larger diameter and distal aneurysmal disease as risk fac-
tors for accelerated aortic growth with an average growth rate of 0.2–4.2  mm/
year [6].
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Histologic features in descending thoracic aortic aneurysms often demonstrate 
the coexistence of atherosclerotic disease, which is not thought to be a driving factor 
in the pathogenesis of TAA in the ascending aorta. Extent of thoracoabdominal 
aneurysms follows the Crawford classification (with Safi modification): type 1 
includes aneurysms originating distal to the left subclavian and terminating proxi-
mal to the renal vessels, type 2 extends the zone covered by type 1 to the aortoiliac 
bifurcation, type 3 involves aneurysms originating in the distal descending aorta 
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that extend to the aortic bifurcation, type 4 involves only the abdominal aorta with 
aneurysm originating at or around the mesenteric arteries extending to the aortic 
bifurcation, and type 5 aneurysms involve the distal descending aorta from around 
the sixth thoracic vertebrae to the mesenteric arteries [7].

 Penetrating Atherosclerotic Ulcer and Intramural Hematoma

Improvements in radiologic technology, particularly computed tomography (CT), 
have expanded the spectrum of aortic pathologies that must be risk-stratified and 
appropriately managed. Penetrating atherosclerotic ulcer (PAU) is one such finding 
that was previously only detected histologically (Fig. 7a). PAU begins as an athero-
matous plaque and progresses to ulceration of the intima with disruption of the 
internal elastic lamina and may lead to hematoma formation within the media. It 

PAU IMH Dissection Rupture
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Extravasation
Clot
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Fig. 7 Spectrum of acute aortic processes. Penetrating atherosclerotic ulcer (PAU), intramural 
hematoma (IMH) and acute aortic dissection (AAD) constitute radiologic and gross findings of 
acute aortic syndromes. PAU (a) represents ulceration of an atherosclerotic plaque into the medial 
layer. IMH (b) results from hemorrhage within the medial layer in the absence of intimal disrup-
tion. Aortic dissection (c) occurs when an intimal tear permits blood flow through a false lumen 
within the medial layer. Rupture of the aortic wall (d) may also occur these entities
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may progress to intramural hematoma (IMH) formation, aortic dissection/rupture, 
or result in pseudoaneurysm formation. The majority of PAUs are located in the 
descending thoracic aorta [8].

In contrast, IMH can result from rupture of the vasa vasorum within the media 
creating focal accumulation of blood in the wall in the absence of a direct commu-
nication to the lumen (Fig. 7b). IMH may be present with concurrent PAU and may 
progress to frank aortic dissection in 28–47% of cases [8]. Spontaneous resolution 
of IMH has also been reported. IMH location is also important with those found in 
in the ascending aorta necessitating urgent operative intervention due to a higher 
risk of dissection or rupture.

 Aortic Dissection and Rupture

Aortic catastrophic, thoracic aortic dissection and/or rupture constitute the 
sequelae of terminal structural failure of the aortic wall (Fig. 7d). Aortic dissec-
tion is defined by local intimal disruption permitting blood flow through a false 
lumen within the medial layer. Longitudinal propagation through this false lumen 
and resulting compression of the true lumen may compromise perfusion to the 
arch vessels at their origins and dissection can continue to propagate distally both 
along arch vessels and down the descending aorta. Aortic dissection has been 
classified based on the extent of involvement by the Stanford and DeBakey 
schema. Stanford type A describes any involvement of the ascending aorta 
whereas type B is exclusively localized to the descending aorta (Fig. 8a). DeBakey 
type I involves both ascending and descending thoracic aorta while types II and 
IIIA describe exclusive involvement of the ascending and descending thoracic 
aorta, respectively; type IIIB is characterized by dissection in the descending and 
abdominal aorta (Fig. 8b).

Approximately 67% of all acute aortic dissections are type A, with two-thirds of 
dissection patients being male; the average age of presentation is 63 years [9]. 
Presence of hypertension as well as pre-existing aortic dilatation are significant risk 
factors for dissection. Although aortic diameter may correlate to some extent with 
intrinsic wall weakening, a majority of patients who experience aortic dissection 
have diameters below the surgical threshold of 5.5 cm for elective aneurysm repair 
[10]. Quantification of focal mechanical stresses on the aortic wall may improve 
understanding of individualized risk, particularly in those patients with smaller aor-
tic diameters [11, 12].

Aortic rupture results from full thickness failure of the aortic wall and may be 
preceded by PAU, IMH or dissection, indicating a sequence of failure of the adven-
titia to contain the blood after the initial pathologic insult. True incidence is unknown 
due to the propensity for sudden death. Contained rupture into the pericardium may 
result in tamponade while free rupture into a pleural cavity often leads to rapid, 
lethal exsanguination.
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 Special Cases

 Iatrogenic

Iatrogenic aortic injury has been associated with both open and percutaneous inter-
ventions. Spinal hardware, commonly vertebral pedicle screws, may encroach upon 
the descending aorta causing dissection in an acute or delayed fashion. Resulting 
injury ranges from acute or delayed perforation, which may occur years later, or 
pseudoaneurysm formation [13, 14]. The natural history of screws abutting but not 
penetrating the aorta is unknown, however, the high mortality rates of vascular com-
plications of spinal procedures suggest consideration of screw removal [15].

Despite quick recognition and appropriate management, iatrogenic type A dis-
section associated with open heart surgery carries a high mortality rate of 40% [16]. 
A retrospective review by Ahn et al. found an incidence of 0.29% among cardiac 
surgery cases with the aortic tear related to the cannulation site in 9 of 10 cases [16]. 
Of those patients with available pre-operative CT imaging, ascending aortic size 
ranged from 31 to 55 mm, however, the low sample size precluded analysis of risk 
factors for injury resulting in dissection.

In addition to open surgery, interventional procedures harbor a low but notable 
risk of aortic injury. Aortic dissection following percutaneous coronary intervention 
is rare, with an incidence of 0.06% in one series, but is often detected immediately 
and thus associated with relatively low mortality [17]. Retrograde type A dissection 
may occur secondary to endovascular stenting of the descending aorta. In one 
report, retrograde dissection occurred in 1.9% of patients undergoing TEVAR [18]. 
All cases were associated with placement of the proximal extent of the graft in the 
ascending aorta or arch and incidence was increased among those with an aortic 
diameter of greater than or equal to 4.0 cm [18].

a b
Stanford

I II IIIa IIIb
Debakey

Fig. 8 Dissection classification. Aortic dissection involving the ascending and/or descending tho-
racic aorta is classified using the Stanford (a) or DeBakey (b) schema which each delineate areas 
of involvement
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 Blunt Trauma

Traumatic aortic rupture may occur with blunt chest trauma and is most commonly 
seen with sudden deceleration, such as motor vehicle accidents. Insult to the aortic 
wall is most commonly localized to the aortic isthmus near the ligamentum arterio-
sum, which may serve as a rigid point of fixation allowing a shearing effect on the 
surrounding aorta. Alternatively, clinical data supports the so-called “osseous pinch” 
theory whereby the aorta is directly sheared between bony structures of the anterior 
thoracic (manubrium, first ribs and clavicular heads) and the posterior vertebral col-
umn [19, 20]. While approximately two-thirds of injuries occur at the isthmus, the 
ascending and more distal descending thoracic aorta can also be at risk. Rupture is 
thought to occur in a stepwise fashion with the traumatic insult first generating a tear 
in the intimal/medial layers which progresses to full thickness rupture, thus providing 
a potential window of opportunity for intervention [21]. Although the true incidence 
is unknown, in one study 35% of trauma victims undergoing autopsy showed evi-
dence of traumatic thoracic aortic injury, of whom 80% died at the scene [22]. Given 
the spectrum of aortic injury severity, radiologic imaging may reveal injuries less 
prone to rupture, such as isolated intimal disruptions or small pseudoaneurysms, yet 
risk stratification for such findings in the context of trauma has not been fully defined.

 Pregnancy

Pregnancy may predispose individuals to highly morbid vascular phenomena, such as 
the risk of splenic artery rupture, hemorrhagic stroke, and aortic pathologies. Both hor-
monal fluctuation and hemodynamic changes have been proposed as potential risk fac-
tors. Pregnancy-associated aortic catastrophe in Marfan syndrome (MFS), the most 
common heritable aortopathy, has received the most attention. A retrospective review of 
98 women with MFS revealed increased aortic growth rate during pregnancy with an 
overall increased risk of dissection and elective repair on long-term follow-up com-
pared to nulliparous MFS women [23]. In this cohort, no women experienced aortic 
events during pregnancy. However, those MFS patients with pre-existing risk factors for 
aortic dissection, such as aortic diameter greater than 40 mm, appear to be at a height-
ened risk for experiencing an aortic event during pregnancy [24]. Among the general 
population, aortic dissection and rupture remains elevated during pregnancy, as demon-
strated by a study of over six million pregnant and postpartum women [25]. Nevertheless, 
the occurrence is rare though caution must be exercised in those with known aortopathy.

 Cocaine Use

Use of cocaine has been linked to acute coronary syndrome and arrhythmia and 
has anecdotally been associated with acute aortic dissection in a younger popula-
tion than that seen with degenerative TAA and dissection. In a retrospective 
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review of patients who experienced dissection comparing those who did and did 
not use cocaine, dissection location and extent did not appear to differ [26]. These 
patients presented at an average of 12.8 h after substance ingestion [26]. Cocaine 
functions as a sympathomimetic, raising intracellular calcium and leading to tran-
sient tachycardia and hypertension. Given the temporality between substance 
ingestion and symptomatic presentation, it is plausible that acute changes in blood 
pressure may incite intimal tear and subsequent dissection. The relative contribu-
tion of repetitive cocaine usage on aortic wall pathology has not yet been 
investigated.

 Bicuspid Aortic Valve Aortopathy

The most common congenital heart defect, affecting 1–2% of the population, is a 
bicuspid aortic valve (BAV). While characterized by its valvular morphology, 
BAV is strongly associated with an ascending aortopathy with a majority of BAV 
patients having a larger diameter ascending aorta compared to age- and sex-
matched controls with many (up to 84%) developing aneurysmal features [27, 
28]. Two hypotheses have been proposed to relate concomitant valve disease and 
aneurysm: one posits that dilatation results from an intrinsic aortic wall defect, 
possibly related to similar embryologic origins as the valve tissue, and the other 
implicates altered blood flow through the bicuspid valve with eccentric jets creat-
ing focal strain on the ascending aortic wall. To date, no singular genetic mutation 
has been ascribed to the presence of BAV, although its heritability is understood 
[29, 30]. Various mechanisms for BAV aortopathy have been proposed including: 
multifactorial genetic contributions, defective cellular response to oxidative 
stress, alterations in extracellular matrix remodeling, and modified epigenetic 
control [31–34]. By 30 years of age, over half of BAV patients demonstrate aortic 
dilatation and the prevalence increases to 88% for those over 60 [35]. The relative 
risk of aortic dissection in patients with TAA associated with BAV, in comparison 
with those with TAA and a normal aortic valve, is similar [36], although this topic 
of relative risk has been controversial. Further studies will be necessary to iden-
tify BAV-specific risk factors for aortic dissection and thereby direct decisions for 
elective aortic replacement.

 Inherited Aortopathies

 Marfan Syndrome

First described in 1896 by Antoine Marfan, the Marfan syndrome (MFS) is the most 
common known genetically-triggered aortopathy and is marked by early and exten-
sive TAA and aortic dissection. Phenotypic manifestations include ectopia lentis, 
tall stature, and arachnodactyly. Pathogenesis is linked to a mutation in the ECM 
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structural protein fibrillin-1, which regulates transforming growth factor (TGF)-β 
signaling. A spectrum of disease is seen that appears to relate to the specific muta-
tions seen involving fibrillin-1 giving rise to some but not all MFS features in some 
patients, so-called Marfan forme fruste. Aortic disease, the primary cause of early 
death among MFS patients, is characterized by a root phenotype, with enlargement 
of the sinuses of Valsalva, and occurs in 15–44% of patients [37]. Involvement of 
the root has been attributed to alterations in elastin content with resultant tissue 
weakening under physiologic hemodynamic forces [38]. Aortic disease, however, is 
not limited to the root. Examination of long-term outcomes in MFS patients by Kari 
et al. revealed that 68% of dissections were DeBakey type I, which paralleled their 
findings of high rates of reintervention for descending aortic disease [39]. 
Histologically, features of cystic medial degeneration are seen although this is not 
pathognomonic.

 EDS

Multiple subtypes constitute Ehlers-Danlos syndrome (EDS), however, type IV, the 
vascular subtype, is most commonly associated with thoracic aortic disease. 
Characterized by a defect in the COL3A1 gene encoding type III procollagen, the 
EDS type IV phenotype consists of predisposition to bowel, uterine and arterial 
rupture in addition to characteristic facial features and thinned skin with visible ves-
sels. Inheritance is autosomal dominant. Patients with EDS experience early death 
at a mean age of 50 years with the majority of these being attributable to arterial 
rupture [40, 41]. Widespread medium and large vessel involvement is typical in 
EDS with a complication involving the aorta leading to death in 68% of cases [40]. 
Animal models of COL3A1 haploinsufficiency demonstrate aortic dissection in the 
absence of aneurysm and with associated decreases in medial collagen content [42]. 
Owing to the high risk of sudden death and the rarity of the EDS, there is a lack of 
knowledge about the natural history of thoracic aortic disease and of the histologic 
findings in those who undergo resection. Nevertheless, these clinical manifestations 
highlight the importance of collagen type III in maintaining extracellular matrix 
function in the aorta.

 LDS

Loeys-Dietz syndrome (LDS) is an autosomal dominant connective tissue disor-
der first described in 2005 that results from a genetic mutation in TGF-β or its 
receptor [43]. Fibrillin-1, which is mutated in MFS, binds TGF-β thus regulating 
downstream signaling including TGF-β receptor-mediated pathways. Similar 
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histologic findings to MFS, including elastic fiber fragmentation and proteogly-
can accumulation, are present in LDS patients [44]. Phenotypic manifestations 
include cardiovascular, craniofacial, cognitive and skeletal abnormalities [43]. 
LDS is marked by arterial tortuosity with accompanying predisposition to dissec-
tion and rupture. Cases of thoracic aortic dissection have been reported in infancy 
[45]. The rarity of this condition limits thorough epidemiologic studies, however 
the burden of aortic dilatation among this population is significant with cases of 
dissection and fatality due to aortic or vascular disease accounting for premature 
death. Guidelines for management of thoracic aortic disease reflect the aggres-
siveness of this heritable aortopathy: recommendations include early and frequent 
screening, beginning at 6 months of age, and a lower threshold for consideration 
of aortic repair [46].

 Familial Thoracic Aortic Aneurysm and Dissection (FTAAD)

Familial Thoracic Aortic Aneurysm and Dissection (FTAAD) defines a subset of 
patients with isolated aortic disease characterized by more rapid aortic growth and 
earlier presentation. Analysis of over 100 patients with a familial pattern of TAA but 
without MFS revealed a predominantly autosomal dominant inheritance with a 
male predilection [47]. Mutations in TGFB2, which encodes TGF-β2 may represent 
the genetic driving factor for a subset of these patients [48]. This etiology under-
scores the importance of considering family medical history in the prognostication 
of all patients with thoracic aortic disease.

 Turner Syndrome

Turner syndrome (TS) is characterized by complete or partial absence of one of the 
sex chromosomes in females, resulting in short stature and premature ovarian fail-
ure. TS also harbors a 100-fold increased risk of aortic dissection compared to the 
general population [49]. Associated findings of hypertension, BAV, aortic coarcta-
tion, and treatment with growth hormone all contribute to the increased risk. 
Approximately 25% of patients with Turner syndrome have BAV. In the absence of 
the aforementioned risk factors, TS is independently associated with aortic dilata-
tion in the aortic root and ascending aorta [50]. Aortic dissection presents at median 
age of 35 years and most commonly involves the ascending aorta [51]. The mecha-
nism of aortic degeneration in TS is unknown however histologic analyses have 
described both cystic medial necrosis and an altered ratio of collagen subtypes [51]. 
The range of aortic anomalies in the presence of the monosomy of TS suggests a 
genetic origin, though no specific defect has been identified.
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Histopathology of Acute Aortic Syndromes

David Ranney and Ryan P. Plichta

 Normal Anatomy and Histology

The aorta is the largest arterial vessel in the human body, providing a conduit for 
blood flow from the heart to the iliac artery bifurcation. The wall of the aorta is 
composed of three distinct layers: the intima, media, and adventitia [1] (Fig. 1).

The innermost layer, the intima, is in direct contact with the circulating blood 
volume via a layer of squamous epithelial cells known as the endothelium [2]. The 
endothelium participates in hemostasis, coagulation, and is semi-permeable to the 
blood and blood components. Beneath the endothelium is a layer of subendothelial 
tissue comprised of collagen, elastic fibers, and smooth muscle cells. The middle 
layer of the aorta, the media, consists mostly of smooth muscle and elastic fibers. As 
the thickest layer of the aortic wall, it provides both the tensile strength necessary to 
withstand repetitive impulses from cardiac ejection as well as the elastic recoil 
required to maintain diastolic pressure and continuous blood flow [3]. Elastic fibers 
are more prevalent in the proximal aorta compared to the distal aorta, and thus offer 
more compliance to accommodate undampened left ventricular ejection. The outer-
most layer of the aortic wall, the adventitia, is a layer of collagenous connective 
tissue that contains lymphatics, nerve fibers, and in the thoracic aorta, the vaso 
vasorum, a small arterial network that provides blood flow to the outer portion of the 
aortic wall. The inner portion is nourished by diffusion from the aortic lumen [1].
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 Predisposing Histopathology

The aorta is a dynamic organ that is vulnerable to several processes known to pre-
cede clinical disease. With increasing age, the native aorta experiences degeneration 
and fragmentation of elastic fibers, which reduces the compliance of the vessel and 
hence its ability to withstand repetitive impulses [4, 5] (Fig. 2).

Additional histologic changes take place with aging that contribute to elongation 
of the aorta and eventual tortuosity [3]. Aging also leads to increasing aortic diam-
eters, particularly in the ascending aorta, though this is not considered to be aneu-
rysmal until its diameter exceeds dilation by at least 50% of normal. Rates of 
increase in diameter vary according to the segment of the aorta, with a rate of change 
of 0.07 to 0.2 cm/year for the ascending aorta and arch [6]. The effects of aging on 
the aorta are exacerbated by hypertension and atherosclerosis, which are frequent 
comorbidities in the same patient population. Smoking and COPD are additional 
risk factors that accelerate these degenerative processes.

Atherosclerosis is a distinct process that is commonly observed in settings such 
as coronary, carotid, and peripheral vascular disease. This same process also con-
tributes to the development of aortic disease. The endothelial damage incurred by 
circulating lipoproteins, inflammation, and deposition of debris and smooth muscle 
cells leads to degradation of the aortic wall that can be seen on a histologic level. 
This atherosclerotic weakening then follows a similar mechanism by which either 
aneurysmal development occurs, or intimal injury followed by AAS. Atherosclerotic 
changes tend to predominate in the descending thoracic and abdominal aorta, as 
compared to the ascending aorta, where degradation of elastic tissue is more fre-
quently encountered [3].

Fig. 1 Cross section of the 
aorta demonstrating the (a) 
intima, (b) media, and (c) 
adventitia. Duke University 
School of Medicine

Fig. 2 Aortic media 
stained for elastin. Duke 
University School of 
Medicine
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A separate common pathway for aortic disease is characterized histologically by 
both elastic fragmentation and loss of smooth muscle cells in the aortic media. 
These components are replaced by ground substance forming cyst-like structures, a 
process referred to as cystic medial degeneration (CMD) (previously cystic medial 
necrosis). CMD is observed in the aging aorta as well as conditions such as Marfan’s 
syndrome and Ehlers-Danlos syndrome [4, 7]. It is frequently seen in the setting of 
aortic aneurysm and dissection, thus it is recognized as a predisposing factor 
for AAS.

 Acute Aortic Syndromes

 Aortic Dissection

Aortic dissection is a highly morbid and lethal condition with an incidence of 2000 
patients per year in the U.S. alone [3]. This disease process is characterized by a tear 
in the aortic intima that communicates with a channel forming within the aortic 
media (Fig. 3).

This channel, referred to as the “false lumen” has the tendency to propagate in 
either the antegrade or retrograde direction, as it is pressurized by the blood flow 
within the aorta. The torn intima produces a flap that compresses the “true lumen” 
and, along with an expanding false lumen, can lead to various malperfusion syn-
dromes or aortic valve insufficiency depending on the location and extent of the 
injury. Some of these malperfusion syndromes have lethal consequences, such as 
bowel or cerebral ischemia, and high rates of morbidity with carotid or spinal cord 
ischemia. Furthermore, the false lumen is bounded only by adventitia and a thin, 
outer remnant of aortic media. As a result, sustained pressurization can lead to rup-
ture, or subsequent aneurysmal degeneration if not repaired during the acute phase, 
as is often the case with uncomplicated aortic dissections of the descending and 
abdominal aorta [4, 8].

Fig. 3 Aortic dissection, as characterized by separation of layers within the media, and associated 
intimal flap. Intima (Int), media (Med), adventitia (Adv), true lumen (TL), false lumen (FL). 
University of Michigan Medical School
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While it is commonly accepted that an intimal tear is an inciting event for aortic 
dissection, there are several conditions which facilitate its occurrence. With regard 
to the quality of the aortic tissue, connective tissue disorders (CTD), CMD, and 
atherosclerosis are all risk factors for dissection. With regard to hemodynamics; 
hypertension, states of hypervolemia, and catecholamine release are risk factors for 
AAS. Intimal damage, trauma, and iatrogenic injury are also prerequisites for dis-
section [3].

 Intramural Hematoma

Intramural hematoma (IMH) is a variant of aortic dissection, and, like dissection, is 
characterized by hemorrhage/thrombus formation within the aortic media with vari-
able distances of propagation. Unlike dissection, however, the overlying intima 
remains intact. IMH is hypothesized to occur as a result of rupture of the vaso vaso-
rum [3, 4]. Untreated, pressure necrosis or injury of the overlying intima can occur, 
leading to communication with the aortic lumen, a condition indistinguishable from 
aortic dissection. As such, IMH is managed as an AAS (Fig. 4).

 Penetrating Atherosclerotic Ulcer (PAU)

In the setting of atherosclerotic disease, intimal damage can result in a small tear 
with contained extravasation into the aortic media. Known as a penetrating athero-
sclerotic ulcer (PAU), these lesions are at risk for propagation and thus evolving into 
an IMH or dissection. PAUs arise in different locations and geometries, and man-
agement is determined accordingly.

Fig. 4 Intramural 
hematoma. Intima (Int), 
media (Med), adventitia 
(Adv), true lumen (TL), 
false lumen (FL). Duke 
University School of 
Medicine
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 Special Populations

 Connective Tissue Disorders

CTDs exist in many forms and subtypes and are a significant risk factor for aneu-
rysm and dissection. Marfan Syndrome (MFS) is an autosomal dominant CTD, 
though sporadic forms are also encountered. This disorder is characterized by 
derangements in the gene encoding fibrillin-1, a structural protein found in the aor-
tic wall that is necessary for functional elastic structure. As such, aneurysmal dis-
ease is present in up to 80% of MFS patients, necessitating surgical intervention in 
the majority [3]. The aortic root is more typically involved in MFS compared to 
other aneurysmal etiologies. As aortic diameter increases, so does the risk for rup-
ture and dissection. Loeys-Deitz Syndrome (LDS) is another autosomal dominant 
CTD characterized by a mutation in transforming growth factor beta (TGF-B), also 
leading to medial elastic fiber fragmentation and aortic root aneurysms. Compared 
to MFS, patients with LDS tend to develop complications of aneurysm and dissec-
tion at younger ages, and typically at smaller aortic diameters [9]. Ehler-Danlos 
syndrome is another CTD characterized by defective type III collagen production. 
The result is a thin, friable aortic wall, particularly in the arch and descending tho-
racic aorta, predisposing to aneurysm and dissection. Ehler-Danlos also affects 
large and small arteries throughout the body, leading to rupture at various locations.

 Bicuspid Aortic Valve Syndrome

Approximately 1–2% of the general population have a bicuspid aortic valve [3]. 
Associated with this finding is dilation of the proximal aorta that predisposes to 
aneurysm and dissection. While this syndrome is not fully understood, there are 
both sporadic and familial patterns observed, as well as additional associations with 
other conditions such as Turner’s syndrome and coarctation of the aorta. Abnormal 
neural crest cell migration has also been suggested as a mechanism for BAV devel-
opment, given its role in outflow tract septation and semilunar valve modeling [10]. 
The BAVS phenotype appears to be an endpoint for several genetic, structural, and 
hemodynamic mechanisms, or combinations thereof [11]. Histologically, the aortic 
wall in BAVS is characterized by elastic fragmentation, loss of smooth muscle, and 
increased levels of matrix metallic proteinases. These proteinases, though necessary 
for normal extracellular matrix maintenance, can lead to elastic destruction when 
overproduced, resulting in histologic findings that precede aneurysm and dissection.

Histopathology of Acute Aortic Syndromes
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 Familial Thoracic Aortic Disease

It is estimated that 20% of patients with thoracic aortic aneurysms have a first degree 
relative with an aortic aneurysm, and similar associations among patients with aor-
tic dissection has been observed [3]. This demonstrates the presence of underlying 
genetic predispositions for aortic disease, beyond those that exist among patients 
with CTD. Although patterns of inheritance are quite variable, there are certain gene 
mutations that have been linked to aortic aneurysm and dissection, such as TGFBR1, 
TGFBR2, MYH11, and SMAD3. The histologic manifestations of these mutations 
result in similar phenotypes of disease, leading to often earlier surgical intervention 
in an effort to prevent AAS.

 Conclusion

Acute aortic syndromes remain a challenging clinical entity that carries significant 
morbidity and mortality. Improved understanding of the genetic, histologic, and 
pathology mechanisms behind these syndromes will lead to better patient specific 
management and novel clinical therapies.

References

 1. Ovalle WK, Nahirney PC.  Netter’s essential histology. 2nd ed. Philadelphia, PA: Elsevier/
Saunders; 2013.

 2. Hossler FE. Ultrastructure atlas of human tissues. Wiley-Blackwell: Hoboken, NJ; 2014.
 3. Cohn LH, Adams DH.  Cardiac surgery in the adult. 5th ed. New  York: McGraw-Hill 

Education; 2018.
 4. Buja LM, Butany J. Cardiovascular pathology. 4th ed. Amsterdam: Elsevier/Academic; 2016.
 5. Bode-Jänisch S, Schmidt A, Günther D, Stuhrmann M, Fieguth A. Aortic dissecting aneu-

rysms—histopathological findings. Forensic Sci Int. 2012;214(1–3):13–7.
 6. Patel HJ, Deeb GM.  Ascending and arch aorta: pathology, natural history, and treatment. 

Circulation. 2008;118(2):188–95.
 7. Halushka MK, Angelini A, Bartoloni G, Basso C, Batoroeva L, Bruneval P, et al. Consensus 

statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology 
and the Association For European Cardiovascular Pathology: II. Noninflammatory degenera-
tive diseases – nomenclature and diagnostic criteria. Cardiovasc Pathol. 2016;25(3):247–57.

 8. Tsai TT, Nienaber CA, Eagle KA. Acute aortic syndromes. Circulation. 2005;112(24):3802–13.
 9. Zanotti G, Vricella L, Cameron D. Thoracic aortic aneurysm syndrome in children. Semin 

Thorac Cardiovasc Surg Pediatr Card Surg Annu. 2008:11–21.
 10. Phillips HM, Mahendran P, Singh E, Anderson RH, Chaudhry B, Henderson DJ. Neural crest 

cells are required for correct positioning of the developing outflow cushions and pattern the 
arterial valve leaflets. Cardiovasc Res. 2013;99(3):452–60.

 11. Hiratzka LF, Creager MA, Isselbacher EM, Svensson LG, Nishimura RA, Bonow RO, et al. 
Surgery for aortic dilatation in patients with bicuspid aortic valves: a statement of clarification 
from the American College of Cardiology/American Heart Association Task Force on Clinical 
Practice Guidelines. J Thorac Cardiovasc Surg. 2016;151(4):959–66.

D. Ranney and R. P. Plichta



45© Springer Nature Switzerland AG 2021
J. S. Coselli et al. (eds.), Aortic Dissection and Acute Aortic Syndromes, 
https://doi.org/10.1007/978-3-030-66668-2_4

Genetically-Triggered Aortic Dissections
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 Introduction

Aortic aneurysm and aortic dissection are life-threatening events that can greatly 
influence a person’s life. Greater than 20% of all thoracic aortic aneurysms have 
been attributed to a genetic etiology [1]. The estimation of the genetic contributions 
to aortic dissection may actually be an underestimate secondary to silent thoracic 
aneurysms being undiagnosed and an under-utilization of genetic testing in the clin-
ical arena [2]. Therefore, it is imperative for the cardiologist and cardiovascular 
surgeon to have an understanding of the genetic conditions associated with an 
increased risk for aortic dissection.

The genetic conditions with a predisposition for aortic aneurysm and dissection 
can be classified into syndromic conditions versus non-syndromic alterations in 
gene expression that predispose to aortic aneurysm and dissection (Table 1). The 
syndromic conditions are typically autosomal dominant and have characteristic fea-
tures on history and physical exam that identify these individuals. The syndromic 
conditions include Marfan syndrome, Loeys-Dietz syndrome, vascular Ehlers- 
Danlos syndrome, Turner syndrome and bicuspid aortic valve aortopathy. In con-
trast, non-syndromic genetic conditions do not have any identifying systemic 
features. Modern genomic sequencing technology has identified pathogenic vari-
ants in genes important for functioning of vascular smooth muscle cells. The non- 
syndromic genetic conditions have familial aggregation. The non-syndromic genetic 
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conditions with increased risk for aortic dissection include pathogenic variants in 
ACTA2, MYH11, MYLK, PRKG1 and LOX [3].

This chapter will outline the major features and method of diagnosis for genetic 
conditions with a predisposition for aortic dissection. In addition, this chapter will 
highlight national and international recommendations on imaging surveillance, 
pharmacotherapy, prophylactic surgical guidelines and surgery recommendations in 
regards to these conditions.

 General Guidelines with Genetic Conditions 
with Predisposition for Aortic Dissection

Over the few decades, there have been tremendous medical advancements for some 
of genetically-triggered aortic dissections conditions with prophylactic aortic sur-
gery, revised methods for diagnosis with clinical criteria and genetic testing, and 
medical treatment.

The diameter of the enlarged aortic root is an important risk factor for future 
aortic dissection in the setting of monogenetic disorders where increased wall 

Table 1 Genetic conditions with predisposition for aortic aneurysm and dissection

Genetic condition
Gene 
affected Clinical features

Marfan syndrome FBN1 • Aortic root dilation
• Ectopia lentis
• Skeletal features

Loeys-Dietz syndrome TGFBR1
TGFBR2
SMAD3
TGFB2
TGFB3
SMAD2

• Aortic and arterial aneurysms
• Arterial tortuosiy
• Craniofacial features-hypertelorism, bifid uvula/
cleft, craniosynostosis
• Cutaneous features-translucent skin

Vascular Ehlers Danlos 
syndrome (type IV)

COL3A1 • Arterial, intestinal or uterine rupture
• Thin, translucent skin
• Easy bruising
• Characteristic facial appearance-pinched nose, 
thin lips, prominent eyes

Turner syndrome Karyotype 
XO

• Aortic dilation at root/ascending
• Short stature
• Premature ovarian failure

Bicuspid Aortic Valve 
Aortopathy

NOTCH1a None unless with underlying syndrome

Familial thoracic aortic 
aneurysm

ACTA2
MYH11
MYLK
PRKG1
LOX

None

aAssociation only in some cases
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tension in the presence of weakened connective tissues causes the aorta to enlarge 
slowly before dissection occurs. A majority of aortic aneurysms in these conditions 
arise at the aortic root or ascending aorta. The key points of optimal care include 
early diagnosis, close surveillance of aneurysms, eliminating modifiable risk factors 
and appropriate medical and surgical treatment.

 Diagnosis

• Early diagnosis is critical in order for individuals to have proper surveillance and 
treatment to slow aortic root growth and mitigate risk for aortic dissection.

• A clinical diagnosis is made after a thorough history and detailed physical exam 
focused on signs of connective tissue condition.

• Detailed three generation family history is recommended as some of these condi-
tions have reduced penetrance and variable expressivity. It is important to ask 
about family history of thoracic aortic aneurysm/dissection, aneurysms in any 
location, or sudden cardiac death before age 45 [5].

• Syndromic conditions have clinical criteria that will be reviewed in the individ-
ual sections and genetic testing is recommended to confirm diagnosis in 
most cases.

 Screening

• Once a diagnosis is made, serial imaging is recommended to assess the aortic 
root with transthoracic echocardiograms and assessment of the entire vascular 
tree is also recommended.

• Frequency of imaging surveillance will be reviewed in individual sections but 
generally is performed on a yearly basis.

• Screening other first relatives in a family is also recommended as a majority of 
these conditions are autosomal dominant in inheritance.

 Management

• Pharmacotherapy of beta-blockers, angiotensin receptor blockers or a combina-
tion of the two medications is recommended to slow aortic root growth. However 
their role in prevention of aneurysm is equivocal in some of the previous studies.

• Mitigation of risk with smoking cessation, treatment of dyslipidemia and hyper-
tension is a part of the treatment plan to prevent aortic dissection.

• Recommendations for prophylactic aortic root repair in genetic conditions based 
on aortic root threshold measurements have been put forth by national and inter-

Genetically-Triggered Aortic Dissections
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national societies (Table 2). Prophylactic surgery has been the main driving force 
that has increased life expectancy in some of these conditions.

• Individuals with these conditions are advised to avoid high-stress isometric exer-
cises, contact sports and competitive sports. However, there are no evidence- 
based guidelines for exercise in this population. Animal models have shown that 
some exercise is beneficial to prevent aortic root growth [6].

• Pregnancy is higher risk period for aortic dissection secondary to hemodynamic 
and hormonal changes of the physiological state of pregnancy. Therefore, it is 
important for providers to have a discussion about a person’s reproductive plans 
and ensure they understand the risks. It is also advisable to involve maternal-fetal 
medicine specialists in these discussions.

• For management of type A dissections in genetic conditions, open thoracic sur-
gery with resection of the affected part of the aorta and replacement with syn-
thetic Darcon vascular prosthesis is performed. If required, reimplantation of the 
coronary arteries can also be performed at this time. Secondary to these surgeries 
being performed earlier in life aortic root replacement sparing the aortic valve is 
preferred if possible.

• With type B dissections that require surgical intervention, thoracic endovascular 
aortic repair (TEVAR) is traditional approach in the general population. 
However, in individuals with weakened connective tissues, this approach may 
be problematic and is not generally recommended except for emergent cases. 
Open surgery for repair of type B dissections is preferred for this population 
currently.

Table 2 Recommended indications for prophylactic aortic surgery in genetic conditions

Genetic syndrome Indications for surgery (maximal aortic root diameter)

Marfan syndrome • >50 mm—No risk factors
• >45 mm—growth rate > 3 mm/year, desire for pregnancy, severe valve 
regurgitation

Loeys-Dietz 
syndrome

• >42 mm

Vascular Ehlers- 
Danlos syndrome

• Role of prophylactic surgery has not been established
• Surgery reserved for life-threatening complications
• May be considered for large aneurysm/rapid growth

Bicuspid Aortic 
Valve Aortopathy

• >55 mm—No risk factors
• >50 mm- growth rate > 3 mm/year, systemic hypertension, desire for 
pregnancy

Turner syndrome • ASIa > 27 mm/m2

Familial Thoracic 
Aneurysms

• No specific recommendations due to heterogeneity and lack of data on 
natural history-management individualized with attention to family 
history

aASI is Max aortic diameter/body surface area [17, 18]
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 Marfan Syndrome

Marfan syndrome is an autosomal dominant condition with FBN1 as the causative 
gene that encodes an extracellular matrix protein, fibrillin-1. There have been over 
1800 different mutations identified in FBN1 that cause Marfan syndrome. This 
genetic condition is highly penetrant and with variable expression between indi-
viduals and additionally there is variability in family members with the same patho-
genic mutation. Marfan syndrome affects 1 in 5000 individuals and is implicated as 
the cause in 3–5% of all aortic dissections [7, 8]. It mainly affects the cardiovascu-
lar, ocular and musculoskeletal systems. The primary cause of death in persons with 
Marfan syndrome is progressive aortic root dilatation that leads to subsequent aortic 
dissection. Advancements mainly in surgical management of aortic aneurysms cou-
pled with medical management have improved survival. The average life expec-
tancy historically was 45  years however now is 70  years, closer to the general 
population’s life expectancy [9, 10].

Fibrillin-1 is large extracellular matrix protein encoded by FBN1 and fibrillin-1 
microfibrils maintain connective tissue structural integrity. The original hypothesis 
was that pathogenic variants in FBN1 led to structural weakness of the aortic wall, 
however this was not the full story. In addition to its structural role, fibrillin-1 is an 
essential player regulating cell signaling by sequestering transforming growth 
factor- beta (TGFβ) in the extracellular matrix. The loss of fibrillin-1 leads to 
increased bioavailable TGFβ and activation of both canonical SMAD-dependent 
and non-canonical SMAD-independent TGFβ signaling pathways, which lead to 
aneurysmal dilation (Fig.  1) [11]. Increased TGFβ signaling has been shown in 
aneurysmal tissue from aortas in individuals with Marfan syndrome [12].
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Fig. 1 Mechanism of aortic aneurysm in Marfan syndrome
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 Diagnosis

• The Ghent nosology is a set of clinical criteria used to diagnose Marfan syn-
drome [13]. This was revised in 2010 to put more weight on the cardiovascular 
manifestations (Tables 3 and 4). With this nosology ectopia lentis and aortic root 
aneurysm are cardinal features and family history is taken into account.

• An FBN1 mutation is not necessary, nor sufficient for diagnosis, however is 
incorporated into the clinical criteria.

 Screening and Surveillance

• In the condition Marfan syndrome, 75% of cases are familial and 25% are spo-
radic, de novo mutations [4].

Table 3 Revised Ghent criteria for diagnosis of Marfan syndrome

In the absence of family history:
1. Ao (Z ≥ 2) and Ectopia lentis
2. Ao (Z ≥ 2) and FBN1 pathogenic variant
3. Ao (Z ≥ 2) and systemic score (≥7 points)
4. Ectopia lentis and FBN1 with known Ao
In the presence of family history:
5. Ectopia lentis and family history of Marfan syndrome
6. Systemic score of (≥7 points) and family history of Marfan syndrome
7. Ao (Z ≥ 2 above 20 years old and Ao Z ≥ 3 below 20 years old) and family history of 
Marfan syndrome

Loeys et al. 2010

Table 4 Systemic features scoring system from revised Ghent Nosology Score ≥  7 indicates 
systemic involvement

Wrist and thumb sign (3 points vs 1 point for wrist or thumb sign)
Pectus carinatum deformity (2 points)
Hindfoot deformity (2 points, 1 point for pes planus)
Pneumothorax (2 points)
Dural ectasia (2 points)
Protrusio acetabuli (2 points)
Reduced upper/lower segment AND increased arm span/height AND no severe scoliosis (1 
point)
Scoliosis or thoracolumbar kyphosis (1 point)
Reduced elbow extension (1 point)
Facial features- 3/5 dolichocephaly, enopthalmos, downslanting palpebral fissures, malar 
hypoplasia, retrognathia (1 point)
Skin striae (1 point)
Myopia >3 diopters (1 point)
Mitral valve prolapse (1 point)
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• Since a majority of cases are familial, with a new diagnosis for an individual, it 
is important to additionally screen first and second degree family members for 
this condition if they have any clinical signs genetic testing can be sent.

• Aortic root aneurysms should be followed with serial imaging. Annual imaging 
of the root and ascending aorta is recommended along with clinical visit with 
specialist on a yearly basis.

 Management

• The goal of beta-blockers and angiotensin-receptor blockers is to slow the growth 
of aneurysmal expansion. Beta-blockers have been shown to decrease the rate of 
aortic root growth however a meta-analysis has refuted the effect of this medica-
tion [14–16].

• Prophylactic aortic root surgery is recommended at >5 cm and lower diameter 
for additional risk factors of rapid growth, fam history of dissection, desired 
pregnancy, severe aortic or mitral regurgitation (Table 2) [17, 18].

 Loeys-Dietz Syndrome

Loeys-Dietz syndrome (LDS) is an autosomal dominant condition with variable 
expression. There can be variability among family members with the same gene 
mutation and there is wide clinical spectrum of disease [19]. The genes associated 
with Loeys-Dietz syndrome encode receptors, ligands and downstream signals in 
the TGFβ signaling pathway. Pathogenic variation in these genes lead to dysregula-
tion and increased signaling in the TGFβ pathway.

When this condition was first described, Loeys-Dietz syndrome was classified 
into two types with pathogenic genetic changes in the receptors TGFBR1 and 
TGFBR2. These individuals had manifestations of disease in the cardiovascular, 
craniofacial, neurocognitive and skeletal systems with features of arterial aneu-
rysms, congenital heart disease, craniosynostosis, cleft palate, and mental retarda-
tion. The tissues from these persons showed perturbation of TGFβ signaling [20]. 
One of the largest series of individuals with TGFBR1 and TGFBR2 mutations 
showed 80% survive until 60 years of age. In this cohort, 23% of individuals with 
TGFBR1 and TGFBR2 mutations had aortic dissections and of these cases 18% had 
prophylactic aortic surgery prior to rupture. Extra-aortic features in this population 
were hypertelorism (29%), cervical arterial tortuosity (53%), widened scars (27%). 
Aortic root diameter at dissection was smaller <4.5 cm and congenital heart defects 
(bicuspid aortic valve, atrial septal defect, patent ductus arteriosus) were also more 
common in TGFBR2 patients. The rate of aortic dissection in this cohort was 
1.7% [21].
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There are now six different sub-types of Loeys-Dietz syndrome (LDS I-VI) that 
have been described with pathogenic variants in six different genes (Table 5) [22, 
23]. Individuals with LDS type I (TGFBR1) have prominent craniofacial features 
including cleft palate, craniosynostosis, micrognathia and bifid or broad uvula [24]. 
Type II LDS has pathogenic variants in TGFBR2 and these individuals have less 
prominent craniofacial features, easy bruising, atrophic scars, thin translucent skin 
and visceral rupture events, similar to vascular Ehlers-Danlos syndrome. Type III 
LDS, also known as aneurysm-osteoarthritis syndrome, with pathogenic variants in 
SMAD3 typically have early onset joint abnormalities, arterial tortuosity, aneurysm 
and aortic dissections. LDS types IV, V and VI are less common and typically have 
milder phenotypic features and less severe clinical course [22].

 Diagnosis

• There are no formal criteria for clinical diagnosis, however MacCarrick et al. has 
suggested revised nosology of arterial aneurysm or dissection in combination 
with pathogenic variant in one of the Loeys-Dietz genes or family member with 
known diagnosis of Loeys-Dietz syndrome is sufficient for diagnosis [25]. This 
nosology reduces the emphasis on dysmorphic features and focuses on cardio-
vascular manifestations in conjunction with genetic information.

• Data has suggested that those with more prominent craniofacial features have 
more severe disease with cardiovascular complications at younger ages than 
those with less prominent facial features [24]. Similar observations about spe-
cific features being associated with worse cardiovascular outcomes were noted in 
another cohort with hypertelorism, translucent skin and arterial tortuosity being 
associated with higher odds ratio of prophylactic surgical aortic repair and aortic 
dissection [21].

• Another cardinal feature that should prompt consideration of Loeys-Dietz as a 
diagnosis is tortuous cerebrovascular vessels especially those of the head and 
neck seen on imaging [26].

• One third of individuals with Loeys-Dietz syndrome have skeletal features 
including joint contractures, talipes equinovarus (clubbed foot), camptodactyly, 
pectus deformity, arachnodactyly, joint hypermobility or scoliosis [19].

Table 5 Different types of Loeys-Dietz syndrome

Type Gene mutation

Type I TGFBR1
Type II TGFBR2
Type III SMAD3
Type IV TGFB2
Type V TGFB3
Type VI SMAD2
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 Screening and Surveillance

• With a new diagnosis of Loeys-Dietz, 25% of cases are familial thus first degree 
family members should also be screened for aneurysms and potential diagnosis 
of Loeys-Dietz syndrome [27].

• Baseline imaging of the aortic root and entire vascular tree is recommended as 
50% of individuals with have aneurysm distant from aortic root [23, 27]. The size 
of the aortic root can be monitored with transthoracic echocardiograms however 
the rest of the vascular tree is examined with CT or MRA. This cardiovascular 
surveillance is preliminarily every 6 months and once determined to be stable, 
imaging surveillance is recommended at 1–2 year intervals. MRA scans are used 
alternatively to CT scans to avoid long-term exposure to radiation [25].

• Individuals with Loeys-Dietz may have cervical spine abnormalities including 
cervical spine subluxation, instability, scoliosis or kyphosis. In order to assess 
the cervical spine, flexion/extension X-rays are recommended, especially prior 
to any planned procedure or surgery [28, 29].

 Management

• Pharmacotherapy with beta-blockers or angiotensin-receptor blockers is recom-
mended to avoid hypertension and also decrease shear forces on blood vessels 
[21, 25].

• Patients should be given exercise recommendations that include avoidance of 
contact and competitive sports, intense isometric exercise and exercise to the 
point of exhaustion [21, 25].

• The decision to proceed with prophylactic aortic surgery is based on the absolute 
dimension of the aortic root, rate of progression, valve function, severity of non- 
cardiac features, family history of dissection [25]. There are specific guidelines 
set forth by national and international organizations about guidelines for prophy-
lactic surgery (Table 2) [17, 18].

• Vascular surgery is generally well tolerated by individuals with Loeys-Dietz syn-
drome. One study stated survival after vascular surgery of 94% [30]. Another 
study showed fatal complications during vascular surgery or immediately after 
surgery were 1.7–4.8% in types I and II LDS [24].

• With aortic surgery, there is a long-term risk for need for a subsequent operation 
and this risk is higher if the original procedure was performed for a type A dis-
section and not prophylactic aortic surgery [31, 32].

• With type B dissections that require surgery, open repair is generally preferred in 
these patients over endovascular repair. Thoracic endovascular repair of aortic 
root (TEVAR) is relatively contraindicated secondary to progressive aortic dila-
tation and dissection at the landing zones of these devices. Nevertheless, TEVAR 
can be considered in an emergency situation as a bridge to later open surgical 
repair [25, 27, 31, 32].
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 Vascular Ehlers-Danlos Syndrome

Vascular Ehlers-Danlos syndrome (vEDS) is an autosomal dominant condition with 
features of thin, translucent skin, easy bruising and risk for rupture of arteries and 
hollow organs such as bowel, spleen or uterus. vEDS has been classified as type IV 
Ehlers-Danlos syndrome and there are currently 13 sub-types with vEDS subtype 
comprising 5–10% of the total Ehlers-Danlos population [33]. The prevalence of 
this condition is 1 in 10,000 to 25,000 [33]. Pathogenic variants in type III procol-
lagen (COL3A1) affect the amount and/or properties of normal type III collagen. 
This results in a loss of tensile strength of arteries, vascular fragility and affects 
walls strength of hollow organs.

With vEDS, the type III collagen produced is either defective from substitutions 
of glycine residues, exon skip or splice site mutations or, there is less type III col-
lagen produced with null/haploinsufficiency mutations. Substitution of glycine resi-
dues in Gly-X-Y repeats of a triple helical domain disturbs the type III collagen 
folding process, weakening the collagen, and these alterations account for a major-
ity of identified pathogenic variants in COL3A1. There are also variants in splice 
acceptor or donor site which lead to exon skipping or frameshift mutations and 
results in defective type III collagen. Complications are rare in childhood with 
vEDS however about one fourth of individuals have their first major adverse event 
by age 29 and greater than 80% have had a major adverse event by age 40. The 
median survival is 51 years old and most deaths result from arterial rupture [34–36]. 
Bowel rupture ultimately affects 20–30% of individuals but rarely leads to death. 
There is a milder form of vEDS in individuals with null mutations where a prema-
ture stop codon leads to nonsense-mediated decay and there is half of the normal 
type III collagen. These nonsense mutations result in a milder phenotype and indi-
viduals have a longer life span with the age of first vascular event delayed about 
15 years and complications are limited to vascular events [37, 38]. In this group, the 
median survival is 51 years and in those taken to surgery 70% survive.

 Diagnosis

• Traditionally, diagnosis has been based on clinical signs, non-invasive imaging 
of vascular system and identification of pathogenic variants in type III collagen 
(COL3A1) [33].

• The phenotypical features of vEDS include thin skin with visible veins, easy 
bruising, thin pinched nose, thin lips, prominent ears, hollow cheeks and tight 
facial skin [34].

• There has been revised nosology [39] suggested that clinical diagnosis should be 
considered with two of the following features:

 – Thin, translucent skin
 – Arterial, intestinal or uterine rupture

M. L. Russo and J. J. Ding



55

 – Easy bruising
 – Characteristic facial appearance

• In the absence of family history, the diagnosis of vEDS is not often considered 
until after a major event of arterial or hollow organ rupture.

• Confirmatory genetic testing is performed on cultured dermal fibroblasts to 
examine type III collagen mRNA or genetic testing for COL3A1 pathogenic 
variants.

• With vEDS, it has been suggested that genetic testing to confirm diagnosis is 
essential as clinical criteria alone are inadequate to establish diagnosis. The 
clinical features of vEDS overlap with other types of Ehlers-Danlos syn-
drome and other connective tissue conditions. In addition, the correct diagno-
sis of vEDS and the type of mutation of COL3A1 has serious implications on 
prognosis, lifelong surveillance, and medical/surgical management deci-
sions [40].

 Screening and Surveillance

• Individuals with vEDS have aneurysms, dissections, rupture, pseudoaneurysms, 
thrombosis or carotid cavernous malformations [40]. The most severe complica-
tions arise from arterial rupture or rupture of hollow organs. Unfortunately, there 
are no biomarkers or imaging criteria to accurately predict these events.

• Currently imaging surveillance and prophylactic surgery guidelines are less well 
established in this population with surgery typically being reserved for life- 
threatening vascular complications. This lack of guidance has led to programs 
and institutions varying in their approach to surveillance that ranges from no 
regular evaluations to arterial imaging on a yearly basis. Byers and colleagues 
have recommended if possible annual assessment of vascular system with ultra-
sound, CTA or MRA [36].

• Fifty percent of those with COL3A1 pathogenic variants have a de novo muta-
tion and the other half have an affected family member with vEDS [36]. 
 Therefore, it is important when a new diagnosis in made in a family to screen 
first degree family members examining clinical features, imaging findings and 
genetic testing.

 Management

• The major goal of pharmacotherapy is to maintain lower blood pressure and 
decrease arterial wall tension in an attempt to minimize the likelihood of arterial 
dissection. The medical therapy that is currently given as treatment includes 
beta-blockers, angiotensin receptor blockers or combination therapy.
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• There was a trial of the mixed β1antagonist and β2 agonist, celiprolol, that sug-
gested treatment with this drug extended time to vascular events compared to 
those not treated with this medication. The conclusion from this study are weak-
ened by the fact that a third of participants did not have COL3A1 mutations and 
there was a failure to ensure those in the comparison group were equivalent in 
disease severity to those in the treatment group [41]. Thus, there is not yet evi-
dence based guidance for medical treatment in vEDS.

• Some of the arterial events in smaller arteries are self-limiting and do not require surgi-
cal intervention. Typically the location of the arterial rupture determines the method of 
treatment. Surgery is typically reserved for life-threatening vascular complications

• Surgical morbidity has been historically described as high as 40%, attributed to 
tissue fragility, poor wound healing, excess bleeding, fistula formation, and 
adhesions [38]. However, more recent, larger studies in this population have 
shown improved surgical outcomes with cautionary measures in regards to tissue 
handling and open repair of aneurysms/dissection is well tolerated [40].

• Similar to other connective tissue recommendations, the use of TEVAR is generally 
not advised as this carries a significant risk of erosion at the fixation zones second-
ary to fragility of the aortic wall and concern for retrograde aortic dissection [40].

 Turner Syndrome

Turner syndrome is a sex chromosome disorder caused by partial or complete 
monosomy of the X chromosome in a female. It accounts for 1/2500 live female 
births. Women with Turner syndrome have a 100-fold increased risk for aortic dis-
section compared to the general population and this adverse cardiovascular outcome 
typically occurs in the third or fourth decade of life [42].

Individuals with Turner syndrome have an imbalance in TIMP and MMPs due to 
hemizygosity of TIMP1. This imbalance is further exacerbated by TIMP3 risk 
alleles. As a result, loss of inhibition of MMP 2 and 9 proteolytically degrade extra-
cellular matrix of the aortic wall. This degradation releases more active TGFβ which 
is normally sequestered by extracellular matrix proteins. As TGFβ activity increases, 
there is more fibrosis and inflammation and increased MMP activity which leads to 
aortic aneurysm [43, 44].

 Diagnosis

• Clinical features of short stature, early onset ovarian failure, metabolic and hor-
monal aberrations, aortic disease and congenital heart abnormalities suggest this 
diagnosis [45].

M. L. Russo and J. J. Ding



57

• Karyotype confirms the partial or complete monosomy X.
• Congenital heart abnormalities occur in up to 50% of individuals, mainly affect-

ing the left side of the heart including bicuspid aortic valve, coarctation of the 
aorta, and thoracic aortic aneurysm.

 Surveillance

• Because of the high prevalence of congenital and acquired cardiovascular dis-
ease in Turner syndrome, noninvasive cardiac imaging using echocardiogram, 
cardiac magnetic resonance and computed tomography is recommended for 
diagnosis, management and risk assessment [46].

• Unlike other connective tissue conditions, the predictors of aortic dissection risk 
have not been extensively studied.

• The ascending aortic diameter divided by body surface area is the aortic size 
index (ASI); the ASI has been used to assess risk for aortic dissection in the 
Turner syndrome population [47]. The ASI >2.3 and presence of congenital 
heart disease have been used to stratify individuals into higher versus lower risk 
groups for aortic dissection and defines the frequency of surveillance with 
imaging.

• It is important to note that women with Turner syndrome can have aortic dissec-
tion at smaller ascending aortic diameters than those with other genetic 
aortopathies.

 Management

• In contrast to other aortopathy conditions, the aortic size index (ASI), which 
takes into account stature and body surface area, is utilized to decide when 
someone should have prophylactic aortic surgery. However, there is not com-
plete consensus on what this threshold should be for prophylactic sur-
gery [46].

• Women with Turner syndrome are at increased risk to develop hypertension and 
should be treated medically if this develops. Treatment for aortic dilatation 
includes beta-blocker, angiotensin receptor blocker or combination of both.

• Women should be counseled that pregnancy may be a higher risk time for aortic 
dissection. In addition, contraception counseling should be given to reproductive 
age women.

• Similar to other genetic-aortopathy conditions, avoidance of intense weight 
training and competitive, contact sports are not recommended if there is aortic 
root dilation [46].
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 Bicuspid Aortic Valve Aortopathy

Bicuspid aortic valve (BAV) is one of the most common heart defects affecting 
approximately 1–2% of the U.S. population with male:female ratio of 2:1 [48]. Of 
those with a bicuspid aortic valve, 40–60% of these individuals have aortic root or 
ascending aorta dilatation [8, 49]. There is a six- to ninefold increases risk for aortic 
complications such as dissection and rupture with bicuspid aortic valve aortopathy 
compared to the general population [49]. There have been efforts to classify BAV 
based on location of aortic dilation versus morphological classification to define 
distinct patterns however to date no uniform classification exists [50].

Bicuspid aortic valve aortopathy is autosomal dominant however it has decreased 
penetrance and variable expressivity [51]. Despite knowledge of this being a heri-
table condition, the genetic pathogenic variants that results in BAV aortopathy have 
not been identified in a majority of cases however there are some genes including 
NOTCH1 that have been associated with predisposition for aortopathy [52, 53].

 Diagnosis

• BAV aortopathy is a clinical diagnosis from transthoracic echocardiogram and 
vascular imaging studies of CT and MRA

 Screening and Surveillance

• As mentioned earlier, this is a heritable condition but with reduced penetrance 
with this condition being present in 9% of first degree relatives [51].

• There are many risk factors that are taken into account along with aortic root and 
ascending aorta size and frequency and approach to surveillance has not been 
streamlined amongst providers. An individualized plan for surveillance based on 
aorta dimensions and other risk factors.

 Management

• Persons with BAV aortopathy are treated with beta-blockers to normalize blood 
pressure and decrease wall stress.

• There are national and international guidelines for surgical decision making 
about prophylactic aortic surgery with BAV aortopathy based on aortic root size 
measurements. Prophylactic surgery is to be considered with aortic root mea-
surements >5.5 cm or >5 cm with other risk factors present (Table 2) [54].
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• However, in clinical practice these decisions may be more complex than consid-
eration of the aortic root size [50]. In a survey of 100 surgeons, there were differ-
ences in surgical approaches and decisions based on attitude of surgeon about the 
disease and genetic versus hemodynamic etiology beliefs [55]. In addition, the 
threshold sizes suggested for prophylactic surgery are not based on conclusive 
data but instead expert opinion. Some authors suggest considerations of BSA, 
gender, age, lifelong growth of aortic root diameter and should be taken into 
account with aortic root measurements [50].

 Familial Thoracic Aortic Aneurysms

This is a group of conditions with heritable thoracic aortic aneurysms however there 
are no systemic signs of disease. A majority of these pathogenic variants are auto-
somal dominant with reduced penetrance and variable expressivity. A majority of 
altered genes are responsible for the contractile apparatus of smooth muscle cells 
including pathogenic variants in the genes: ACTA2, MYH11, MYLK, and PRKG1. 
The ACTA2 mutations account for 10–15% of familial thoracic aneurysms. MYH11 
encodes myosin heavy chain 11 and accounts for 2% of familial thoracic aneu-
rysms. These individuals have ascending thoracic aneurysms and there is an asso-
ciation with patent ductus arteriosus. MYLK encodes myosin light chain kinase and 
can lead to acute aortic dissection without preceding aneurysm. PRGKG1 encodes 
type I cGMP-dependent protein kinase that is responsible for smooth muscle relax-
ation. Pathogenic variants in this gene are associated with coronary aneurysms and 
aortic dissections at younger ages. These are very rare conditions and currently 
there are no formal recommendations for surveillance as aortic root dilation does 
not predict these events and no formal recommendations in management.

 Other Genetic Syndromes Associated with Aortic Dissection

There are some other syndromes or genetic conditions associated with aortic aneu-
rysm and dissection that should be mentioned. Arterial tortuosity syndrome is a rare 
autosomal recessive condition with loss of function mutations in SLC2A10 which 
encodes facilitative glucose transporter GLUT10 for glucose homeostasis. This syn-
drome is characterized by arterial tortuosity, stenosis of medium and large sized 
arteries and a propensity for aneurysm formation and dissection. They can have 
Marfanoid skeletal features or craniofacial features. Some of these individuals have 
poor prognosis with mortality as high as 40% in first 5 years of life or less severe 
phenotype [56]. Autosomal dominant polycystic kidney disease and Noonan syn-
drome have also been associated with higher risk for aortic dissection compared to 
the general population.
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 History

The majority of patients with acute aortic syndromes, especially those affecting the 
distal thoracic aorta, have a history of hypertension. Other conditions in the patient’s 
history that should increase the suspicion of an acute aortic syndrome are known 
thoracic aneurysm, pregnancy, repaired or unrepaired coarctation of the aorta, and 
aortic valve abnormalities. Moreover, connective tissue disorders and genetic 
defects (Marfan, Ehlers-Danlos, Noonan, and Turner syndrome) predispose to 
aneurysm and dissection.

 Signs and Symptoms

The most common presenting symptom of acute aortic syndromes is pain, regard-
less of whether the eventual diagnosis is aortic dissection, intramural hematoma, or 
symptomatic penetrating aortic ulcer. It is reported by 95.5% of acute dissection 
patients, and is usually described as severe or as the worst pain ever experienced, 
with a sudden onset (Table 1) [1]. The abrupt onset and unremitting nature of the 
pain may help to distinguish from myocardial infarction, in which the pain tends to 
be more crescendo in nature. The quality of the pain is most commonly described as 
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sharp, or as a tearing or ripping sensation [1]. Intensive physical activity or involv-
ing rapid movement, such as lifting weights, chopping wood with an axe, and play-
ing sports are sometimes mentioned as provoking factors [2].

The pain is reported in the chest, anterior and/or posterior, and in abdomen. A 
proximal dissection more typically starts as anterior chest pain that progresses down 
the back or even into the thighs, and a distal dissection as back pain that migrates 
down into the abdomen. However, these findings are not specific, as there is a sub-
stantial overlap in reported location of the pain. Another characteristic is radiating 
or migratory pain (Fig. 1) that should heighten suspicion of dissection, although this 
is reported in just 16.6% of patients [1]. Abdominal pain can be a symptom of mes-
enteric malperfusion, which may also cause watery or bloody defecation. It is pres-
ent in about 3.7% of type A dissection and 7% of type B dissection patients [3]. 
Increased lactate levels can help to confirm the diagnosis but take longer to develop, 
so in many cases, the decision to intervene will be based on high clinical suspicion. 
Abdominal pain may also be associated with renal ischemia, which is reported pre-
operatively in 18% of the patients, while leg pain points to peripheral malperfusion 
involving the iliac and femoral arteries, reported in 9.7% of cases [3].

A small minority of dissection patients, particularly those with Marfan syndrome 
or who are on steroid medication [2], as well as those with previous cardiac surgery 
[4], may present without pain. In these patients, syncope or focal neurologic deficits 
(“giving way or collapse of the legs”) are the main presenting symptoms [4].

Overall, syncope is reported by up to 10% of patients [1]. In slightly over half of 
patients, it indicates the presence of cardiac tamponade or extension of the dissec-
tion into the brachiocephalic vessels and stroke [5]. In the other half, the syncope 
may be related to other pathophysiologic mechanisms, including vasovagal reac-
tions. However, in contrast to myocardial ischemia, nausea or vomiting are less 
frequent in aortic dissection [2]. If the dissection leads to obstruction of a coronary 
artery, symptoms of myocardial ischemia are present. When dyspnea is present, this 
is usually caused by acute severe aortic valve insufficiency.

Table 1 Pain in aortic dissection, percentage of patients who report characteristic (adapted from 
Hagan et al. [1])

Type A dissection (%) Type B dissection (%)

Any pain 95.5 93.8
Abrupt onset 84.8 85.4
Chest pain 72.7 78.9
Back pain 53.2 46.6
Abdominal pain 29.6 21.6
Severe or worst ever pain 90.6 90.1
Sharp pain 64.4 62.0
Tearing or ripping pain 50.6 49.4
Radiating 28.3 27.2
Migrating 16.6 14.9
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Neurologic symptoms are related either to branch vessel obstruction, which may 
be expressed as stroke or reduced consciousness when the carotid artery is involved, 
and as acute paraplegia when the blood supply to the spinal cord is obstructed. The 
latter is more common in distal dissection, but is still rare. Even rarer neurologic 
symptoms are caused by a mass effect of the enlarging aorta, and include Horner 

a

b

Fig. 1 Radiating pain in 
(a) Stanford type A aortic 
dissection (b) Stanford 
type B aortic dissection
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syndrome, from compression of the superior cervical sympathetic ganglion, and 
hoarseness, from compression of the left recurrent laryngeal nerve.

 Physical Exam

On physical examination, the patient may give a restless, agitated or apprehensive 
impression, and appear shocked, cold, clammy, with the sensation of imminent 
death. Tachycardia is almost always noted [2]. The rest of the findings on physical 
examination depend on the location and extent of the dissection. While a history of 
hypertension is present in about 80% of patients, only 35.7% of type A dissection 
patients present with hypertension, while 24.6% are hypotensive, which can be 
caused by aortic valve insufficiency, cardiac tamponade, or less commonly, coro-
nary occlusion as a result of the dissection [1]. Moreover, if the dissection leads to 
malperfusion of the brachiocephalic vessels, brachial cuff pressures may be falsely 
depressed. Hypotension is rarely present in type B dissection, and is usually a sign 
of aortic rupture with hemothorax or hemoperitoneum.

On auscultation, a new onset diastolic decrescendo murmur points to the pres-
ence of aortic valve insufficiency. This is noted in 31.6% of dissections, most of 
which are ascending dissections [1]. Prolapse of the cusp due to a single commis-
sure being dissected affects leaflet coaptation, which in some cases returns when the 
dissection spreads further proximally into the annulus. Aortic insufficiency can also 
be due to a tear in the aortic root with prolapse of the entire valve. The murmur of 
dissection-related aortic valve insufficiency is most commonly heard along the right 
sternal border (in contrast to pre-existent aortic valve insufficiency, which is most 
commonly heard along the left sternal border). Auscultation might also reveal a 
pericardial rub or distant heart sounds, indicative of cardiac tamponade. Findings of 
pleural effusion, especially on auscultation of the left hemithorax, point to distal 
aortic rupture.

Obstruction of branch vessels by the dissection flap can lead to weak or absent 
peripheral pulses, which is noted in 15.1% of patients [1]. These pulse deficits of the 
carotid, brachial or femoral arteries are associated with upper or lower extremity 
and brain malperfusion, and are associated with an increased risk of mortality [6]. 
Leg ischemia is a marker of extensive dissection and may be accompanied by com-
promise of other vascular territories. On the other hand, it is well known that pulse 
deficits change in nature as the dissection expands distally and produces re-entries. 
Spontaneous return of pulses is noted in up to a third of patients with lower extrem-
ity malperfusion [7]. Moreover, pulse deficits are a quite specific finding and can 
thus lead to a swifter diagnosis of dissection. This could explain why pulse deficits 
do not always lead to higher mortality.

The electrocardiogram is generally normal or shows nonspecific changes, which 
is an important way to differentiate the cause of chest pain from myocardial isch-
emia. However, in proximal dissections extending into the coronary ostia, S-T 
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segment and T-wave changes may be observed. Heart block can result from exten-
sion of the hematoma into the aortic root, interatrial septum, and atrioventricu-
lar node.

Laboratory tests are usually normal, or have non-specific changes. Mild anemia 
and mild leukocytosis are not uncommon. In cases of hemothorax, important ane-
mia can be detected. Bilirubin and lactic acid dehydrogenase levels may be increased 
due to hemolization of blood trapped within the false lumen. In cases of malperfu-
sion syndrome, metabolic acidosis may be present, and renal malperfusion can lead 
to oliguria/anuria and microscopic hematuria. D-dimer is generally highly increased 
in acute dissection, so dissection can be reliably ruled out with D-dimer levels 
below a cut-off of 500 ng/ml [8].

 Differences in Presentation of Intramural Hematoma 
and Penetrating Aortic Ulcer

There are few, if any, differences in presentation between intramural hematoma and 
aortic dissection [9], although patients with any kind of intramural hematoma 
appear less likely to present with pulse deficits [10, 11]. Other differences with aor-
tic dissection are that those with type A intramural hematoma are less likely to pres-
ent with aortic regurgitation, and those with type B intramural hematoma are more 
likely to present with chest pain [10, 11]. Penetrating aortic ulcer (PAU) is still 
included in the acute aortic syndromes, although the typical PAU patient is elderly 
with hypertension, and generally does not present with symptoms, being diagnosed 
occasionally after CT scan. In these patients, pain can be present in those with 
impending PAU rupture, sudden diameter increase, or frank rupture. Due to the 
focal nature of the lesion, the thoracic pain, which is characteristic of all acute aortic 
syndromes, is usually not accompanied by signs of aortic valve insufficiency, pulse 
deficits, or neurologic deficits [12].
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 Introduction

Acute aortic syndromes (AAS) characterize closely related life-threatening clinical 
conditions that include aortic dissection, intramural hematoma, and penetrating aor-
tic ulcer. The suggested etiology of these conditions is pathologically different [1]. 
Although numerous classification systems have been proposed, rather than exhaus-
tively list them all, the objective of this chapter is to highlight the most commonly 
used and most recently described classifications that would be of greatest utility for 
those caring for patients with AAS.

 Anatomic Classification Systems

 Stanford and DeBakey Classifications

The most commonly used classification system for AAS are the DeBakey and the 
Stanford systems [2, 3] (Fig. 1). For these, the ascending aorta refers to the part of 
the aorta proximal to the brachiocephalic artery, the aortic arch extends from the 
brachiocephalic artery to the distal ostium of the left subclavian artery, and the 
descending aorta from left subclavian artery to the iliac bifurcation. Stanford type A 
dissection involves the ascending aorta and type B the descending aorta distal to the 
left subclavian artery (without involvement of the ascending aorta). DeBakey type I 
dissection involves the ascending aorta, the aortic arch and the descending aorta; 
DeBakey type II is limited to the ascending aorta only. DeBakey type III involves 

A. S. Jassar · R. Q. Attia · E. M. Isselbacher (*) 
Thoracic Aortic Center, Massachusetts General Hospital, Boston, MA, USA
e-mail: eisselbacher@mgh.harvard.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66668-2_6&domain=pdf
https://doi.org/10.1007/978-3-030-66668-2_6#DOI
mailto:eisselbacher@mgh.harvard.edu


70

the descending aorta, distal to the subclavian artery. DeBakey type III is further 
divided into IIIa (limited to the thoracic aorta) and IIIb (extending into the abdomi-
nal aorta).

These two classification systems have stood the test of time and are the most 
widely used classification methodologies. The simplicity of the Stanford classifica-
tion system has made it the most commonly used system by the non-surgical spe-
cialties, including those frequently making the initial diagnosis, i.e., radiologists 
and emergency medicine physicians. It has the advantage of stratifying treatment 
strategy based on the type A or B designation, with type A dissection patients treated 
with emergency aortic replacement, while patients with type B dissection are gener-
ally managed medically with aggressive blood pressure control unless there is end-
organ malperfusion, risk of aortic rupture, uncontrolled hypertension, or uncontrolled 
symptoms, in which case intervention can be considered.

Data from the International Registry of Acute Aortic Dissection (IRAD) suggest 
that the patients with type A dissection who were treated with surgery have a mor-
tality of 15–23%, whereas those treated medically have a mortality of 56–58% [4, 
5]. In most instances, the patients treated medically are those who are thought to 
carry a high risk of death prior to the operation and hence not offered surgery. 
Longer term survival in surgically managed patients is 97% to 90% at 1 and 3 years, 

De Bakey

Stanford

Type I

Type A

Type II

Type A

Type III

Type B

Fig. 1 Traditional classification of aortic dissection. Schematic drawing of aortic dissection sub-
divided into DeBakey types I, II, III and Stanford A and B. DeBakey type III may be further dif-
ferentiated into subtypes IIIa (limited to the thoracic aorta) and IIIb (extending into the abdominal 
aorta). (Figure courtesy of 2014 ESC guidelines on the diagnosis and treatment of aortic dis-
eases [4])
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respectively. The medically managed type A patients who survive the initial hospi-
talization have survival rates of 88% and 68% at 1 and 3 years [5, 6]. Mortality for 
type B aortic dissection is 7–10% for patients managed medically, 7–32% for 
patients treated with open surgery, and 1.5–8% for patients treated with endovascu-
lar techniques [7, 8]. Longer term survival at 1–3 years is approximately 77% in the 
medical, 85% in the surgical, and 77–98% in the endovascular cohorts [4, 7, 9].

 Dissections of the Aortic Arch: “Non-A, Non-B”

One important limitation of the Stanford and DeBakey classification systems is the 
lack of a clear and consistent designation for aortic dissections that involve the aor-
tic arch and the descending aorta but spare the ascending aorta. This has prompted 
some authors to coin the term “non-A non-B” dissection [10]. This entity can be 
further differentiated into the descending-entry type or the arch-entry type, based on 
the location of the intimal tear [11]. There is still debate regarding the optimal man-
agement of the non-A non-B dissections. In a series of 101 patients in the IRAD 
registry who had retrograde extension of a descending aortic dissection into the 
aortic arch, early mortality rate was 9%, 18%, and 13%, for patients treated medi-
cally, with open surgical repair, or with endovascular therapies, respectively 
(P = 0.51) [12, 13]. A favorable early mortality rate was observed in patients with 
retrograde extension limited to the arch at 9% vs. into the ascending aorta at 19%, 
P = 0.14.

In their series of 43 patients with non-A non-B dissection patients, Rylski et al. 
found that emergency open or endovascular aortic repair was necessary due to mal-
perfusion or aortic rupture in 29% of the 21 patients with an entry site in the 
descending aorta and 36% of the 22 patients with an entry in the aortic arch, with an 
in-hospital mortality of 1/6 and 3/8, respectively, of those undergoing aortic repair 
[11]. Moreover, at 2 weeks following the dissection, aortic repair was required (due 
to new organ malperfusion, rapid aortic growth, aortic rupture, or persistent pain) in 
43% of descending-entry and 36% of arch-entry patients. Indeed, by the end of the 
4.4 mean years of follow-up, 88% of patients had undergone aortic intervention.

 SVS/STS Classification

Recently, the Society for Vascular Surgery (SVS) and the Society of Thoracic 
Surgeons (STS) published reporting standards for acute type B dissection and pro-
posed a new anatomic classification system for thoracic aortic dissection. This novel 
SVS/STS classification is based on the proximal and distal extent of the dissection 
flap at various zones in the aorta (Fig. 2). This is akin to the well accepted classifica-
tion of the aortic arch into zones as proposed by Ishimaru [15]. According to this 
schema, the distinction between type A and type B is determined by the location of 
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the primary entry tear. Any dissection with an entry tear in zone 0 is classified as 
type A. In addition, a subscript is added to denote the most distal zone to which the 
dissection extends (AD). For example, a dissection with an entry tear in the ascend-
ing aorta that extends to the infrarenal aorta would be termed A9. Conversely, any 
dissection with an entry tear in Zone I or beyond is defined as a type B dissection, 
and the proximal and distal extents are denoted by a respective pair of subscripts (BP, 

D). For example, a dissection with its intimal tear just distal to the left subclavian 
artery and extending to the infrarenal aorta would be designated B3, 9. When consid-
ering the proximal and distal extent of a given dissection, any aortic segment that 
has true and false lumens, a thrombosed false lumen, or intramural hematoma 
(IMH) are to be included. This classification system designates dissections as inde-
terminate (rather than type A or B) when the location of the entry tear cannot be 
determined on diagnostic imaging; and, as with type B dissection, the letter I is fol-
lowed by a pair of subscripts denoting the proximal and distal extent of the dissec-
tion (IP, D). The SVS and STS also recommend that patients with IMH and penetrating 
atherosclerotic ulcers (PAU) also have the extent of their aortic pathology described 
in a similar manner, namely IMHP, D or PAUP, D. Finally, the classification scheme 
suggests that after a type A dissection repair, any residual distal dissection should be 
designated as such and include similar subscripts, e.g., residual BP, D (Fig. 2).
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Fig. 2 Society for Vascular Surgery/Society of Thoracic Surgeons Aortic Dissection Classification 
System. (Courtesy SVS/ STS standards reporting committee [14])
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While the SVS/STS classification system enables clinicians to accurately define 
the extent of a dissection, the authors acknowledge that this system is not indented 
to replace the Stanford or DeBakey classifications, which are both simpler and 
familiar to the broad medical and surgical community. Indeed, so ingrained is the 
clinical distinction between the Stanford type A and B dissections, if a patient pres-
ents to an emergency with a dissection that involves the ascending aorta but whose 
entry site is in zone 3, a radiology report that were to classify it as a type B rather 
than type A dissection could lead to confusion, at the least, and potential misman-
agement, at the worst.

Another limitation of the SVS/STS classification system is that although it takes 
onto account the location of the entry tear in distinguishing type A from type B dis-
sections, it oddly ignores the location of the entry tear in subtyping type B dissec-
tions. Indeed, the location of the entry tear is a key determinant of the feasibility of 
endovascular repair of type B dissections. These limitations suggest that there is 
ample opportunity to further refine this classification system before it is promoted 
for routine clinical use.

 Chronicity-Based Classification of Aortic Dissection

Historically, acute dissection has been considered to be “acute” when a patient pres-
ents 14 days or fewer from symptom onset and “chronic” when presenting more than 
14 days from symptom onset. This distinction has been derived from the seminal 
work of Hirst et al. in the 1950s [16], who observed that mortality in untreated patients 
with both type A and B dissection significantly declined after 14 days. The estimates 
of mortality were 21% at 24 h, 49% in the first 4 days, and 74% at 14 days from 
symptom onset [16]. After 14 days, although mortality continued to rise, the curve 
flattened significantly during the 2–6-week time frame. Nevertheless, by 3 years the 
mortality had risen to 95%, indicating that aortic dissection remained lethal well after 
entering the “chronic” phase. Since this temporal classification system predated the 
current advances in diagnostic imaging and medical, endovascular, and surgical treat-
ment of aortic dissection, several modifications have been proposed more recently.

 IRAD Classification: Hyperacute, Acute, Subacute and Chronic

In a study of over 1800 patients in the IRAD database, Booher et al. [17] examined 
time-related survival in patients presenting with acute aortic dissection. The sur-
vival estimates were stratified by dissection type (Stanford A vs. B) and treatment 
strategy (medical vs. surgical vs. endovascular). The authors noted that survival 
continues to decrease significantly for up to 30 days after presentation for both type 
A and B dissection and across treatment strategies. Based on the inflection points 
noted in survival (Fig. 3a–c), the time from symptom onset was divided into four 
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Kaplan-Meier Survival Curves
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(Booher et al. [17], used 
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periods and defined as: hyperacute (0–24 h), acute (2–7 days), subacute (8–30 days), 
and chronic (>30  days). Importantly, for both type A and B dissection, whether 
managed medically or with intervention, survival progressively declined during the 
subacute period.

 SVS/STS Classification

The SVS/STS recently proposed a modified classification for aortic dissection 
based on chronicity. They identify four distinct time periods, as did the IRAD group, 
but define the four as follows: hyperacute (<24  h); acute (1–14  days); subacute 
(15–90 days); and chronic (>90 days) (Table 1). Given the increasing role of endo-
vascular therapies in the treatment of type B dissection, a key consideration in 
designing this classification was the behavior of the dissection flap over time. In the 
acute phase, the dissection flap tends to be thin and mobile but, as time passes, the 
dissection flap becomes thicker and less mobile. A rigid flap is much less likely to 
re-approximate to the aortic wall after TEVAR, thereby reducing the odds of false 
lumen thrombosis and positive aortic remodeling. In a study of patients undergoing 
TEVAR for aortic dissection, there was no significant difference in thoracic aortic 
remodeling between those treated at <14 days and those treated between 15 and 
90 days. Thus, the European Society of Cardiology guidelines on the diagnosis and 
treatment of aortic disease also define the subacute phase of aortic dissection as 
15–90 days [4, 18].

 Classification Systems Based on Malperfusion and Other 
Complications at Presentation

The patient’s clinical presentation is also an important consideration in classifica-
tion of patients with acute aortic dissection, as malperfusion is a major determinant 
of the outcome. Indeed, the presence of malperfusion syndromes increases mortal-
ity rates several-fold, with an in-hospital mortality as high as 63% in patients with 
type A dissection complicated by mesenteric malperfusion [19]. As 30-day mortal-
ity following surgical repair of type A dissection remains relatively steady at ~20% 

Table 1 Society for Vascular Surgery/Society of Thoracic Surgeons (SVS/STS) Chronicity 
Classification of Aortic Dissection [14]

Chronicity Time from onset of symptoms

Hyperacute <24 h
Acute 1–14 days
Subacute 15–90 days
Chronic >90 days
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[7], there has been increasing attention on the prompt diagnosis and treatment of 
malperfusion to improve outcomes in these patients.

In recent years, advances in endovascular and hybrid (e.g., frozen elephant trunk) 
therapies have provided new approaches to address the complications of acute dis-
section [8, 20, 21]. Resolution of malperfusion may require restoration of flow 
using endovascular techniques such as intimal fenestration, targeted endografting to 
seal entry tears, and opening branch vessels central aortic reconstruction [22]. 
Several classification systems have been proposed that consider the patient’s clini-
cal condition and organ system malperfusion at initial presentation.

 Penn Classification

This classification system proposed by the group at the University of Pennsylvania 
is based upon the Stanford system of type A and type B dissection, but further clas-
sifies these according to the following: The “absence” of ischemic symptoms (class 
A), “branch” vessel malperfusion resulting in end-organ ischemia (class B), “circu-
latory” collapse that produces generalized ischemia (class C), or both regional isch-
emia from branch vessel malperfusion and generalized ischemia from circulatory 
collapse (class B and C), as summarized in Tables 2 and 3).

The mortality for acute type A dissection per the Penn classification is reported 
to be 3–6% for class A, 25–27% for class B, 15–17% for class C, and 40% for class 
B and C [23]. The mortality for acute type B dissection per the Penn classification 
is reported to be 6% for class A, 30% for class B, and 33% and B and C (no patients 
had class C) [25].

 TEM Classification

A novel classification system, modeled after the TNM staging system that is widely 
used for cancer, has recently been proposed for aortic dissection. This classification 
extends the Stanford classification to include “Type,” “Entry” location, and 

Table 2 University of Pennsylvania integrated classification of acute Stanford Type A 
dissection [23]

Penn class Clinical presentation

Class A Absent (no) ischemia
Class B Branch vessel malperfusion (presenting as stroke, paraplegia, mesenteric ischemia, 

and/or an ischemic limb)
Class C Circulatory collapse (due to cardiac tamponade, acute aortic regurgitation, coronary 

artery dissection, or free aortic rupture)
Class B 
and C

Both branch vessel malperfusion and circulatory collapse
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“Malperfusion” in a system known by the acronym TEM [26]. Notably, for the dis-
section type (T), the authors also added non-A non-B dissection to the traditional 
Stanford types A and B. The location of the primary entry tear (E) is designated as 
1, if the tear is in the ascending aorta; 2, in the arch; 3, in the descending aorta; and 
0, if the primary entry tear is not visible (i.e., E0, E1, E2, E3). Malperfusion, based 
on the vessels radiographically affected, is denoted by the letter M and designated 
as 1, for coronary arteries; 2, for supra-aortic vessels; 3, for visceral/renal and/or a 
lower extremity; and 0, if malperfusion is absent (i.e., M0, M1, M2, M3). A plus 
sign (+) is added if there is clinical evidence of malperfusion (abdominal pain, 
ileus, bloody diarrhea, anuria, chemical renal failure, or clinical symptoms of limb 
ischemia) and minus (−) if malperfusion is present only as an imaging finding 
(Fig. 4).

Table 3 University of Pennsylvania integrated classification of acute Stanford Type B 
dissection [24]

Penn class Clinical presentation

Class A 
(uncomplicated)

Absent branch vessel malperfusion or circulatory compromise
Type I: High risk for future aortic complications (false lumen diameter 
> 21 mm, patent or partially thrombosed false lumen, ulcer-like projections, 
aortic diameter > 40 mm, and intimal tear size and location—proximal, on 
concavity of the aortic arch)
Type II: Low risk for future aortic complications

Class B 
(complicated)

Branch vessel malperfusion with visceral, renal, lower limb, spinal 
hypoperfusion based on clinical or laboratory data

Class C 
(complicated)

Circulatory compromise
Type I: Aortic rupture with hemorrhage outside the aortic wall with/without 
cardiac arrest, shock and hemothorax
Type II: Threatened aortic rupture with heralded refractory pain and or 
hypertension

Class BC 
(complicated)

Branch vessel malperfusion combined with circulatory compromise

TEM Aortic Dissection Classification

T
type A

E0

M0 – no malperfusion (-) no clinical symptoms
(+) clinical symptomsM1 – coronary

M2 – supraaortic
M3 – spianl, visceral, iliac

E1

E
E

E E
E

E

E2 E3 E0 E3 E0 E2 E3

B non-A non-B

E

M

entry

malperfusion

Fig. 4 TEM aortic dissection classification based on dissection type, the site of entry tear, and the 
presence or absence of malperfusion. (Courtesy Sievers et al. [26], used with permission)
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The rationale for this classification is to help better plan treatment strategies, 
inform patients of their prognosis, and evaluate treatment results. The authors report 
in-hospital mortality rates of 16%, 5%, and 8% in patients with type A, type B, and 
non-A non-B dissection, respectively (P  =  0.01); 22%, 14%, 40%, and 0% in 
patients with type A E0, E1, E2, and E3, respectively (P = 0.023); and 10% and 23% 
in patients with type A M0 and M3, respectively (P = 0.13). The main limitations of 
this system are that primary entry tears are not always detectable on CTA. The prox-
imal and the distal extent of the dissection is not well defined in this system. 
Additionally, this classification has not been validated in larger cohort of clini-
cal cases.

 Classification of the Mechanism of Branch 
Vessel Malperfusion

Mortality for patients with aortic dissection and branch vessel malperfusion 
remains high. This has led to increasing use of TEVAR for acute type B dissections 
with malperfusion. In the cases of type A dissection, immediate central aortic 
repair remains the traditional standard of care, with the expectation that the closure 
of proximal entry tear and redirecting flow into the true lumen will resolve distal 
malperfusion. Studies have shown that while this strategy may be effective in 
majority of the patients, some patients will have ongoing malperfusion after surgi-
cal repair [27]. This is dependent on the morphology of the dissection flap in the 
branch vessel.

 Static vs. Dynamic Obstruction

The group from the University of Michigan have described “static” and “dynamic” 
pathophysiology of the dissection flap involving the visceral branch vessels 
(Fig. 5) [28]. Dynamic obstruction is said to occur when the true lumen is com-
pressed due to false lumen pressurization, which results in the occlusion of the 
branch vessel orifice by the dissection flap. Static malperfusion occurs due to the 
extension of the intimal flap into branch vessels, with subsequent thrombosis of 
the false lumen and occlusion of the true lumen (Fig. 5). In many cases, a combi-
nation of both static and dynamic components may be present. While central 
aortic repair may relieve dynamic obstruction, once end organ damage has 
occurred or static occlusion of the branch vessel due to thrombosis of the false 
lumen is present, malperfusion is not reliably resolved by proximal aortic 
repair alone.

A. S. Jassar et al.
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 Classification of Branch Artery Perfusion by Nagamine et al.

Nagamine and colleagues have proposed a more detailed classification system for 
branch artery perfusion pattern that emphasizes physiologic and perfusion charac-
teristics over anatomic and morphological criteria [29]. According to their classifi-
cation, the perfusion patterns can be categorized into three classes:

• Class I, dissection involving but not extending into the branch artery
• Class II, dissection extending into the branch artery
• Class III, dissection causing branch artery ostial avulsion

Each class is further categorized based on branch perfusion pattern and the pres-
ence or absence of branch blood flow obstruction due to compression by the dissec-
tion flap, or false lumen thrombosis (Fig. 6). After central aortic repair, the resulting 
perfusion patterns were compared to the pre-repair blood flow and categorized into 
four possible results: (1) improvement compared to baseline; (2) no change in low- 
risk patterns (3) no improvement or worsening in high-risk patterns, and (4) postop-
erative presence of Class II-a or III-a pattern (low-risk), as detailed in Fig. 7 [29]. 
High risk subtypes that are less likely to improve after central aortic repair alone 
were identified (Figs. 6 and 7). The authors recommend that for arch vessel malper-
fusion, preoperative high-risk perfusion patterns such as Classes I-b, I-c and II-b-2 
should be treated with immediate central surgical repair. For abdominal vessels, 
preoperative high-risk perfusion patterns such as Classes I-b, I-c, II-b-2, and III-b 
should be treated with central surgical repair, if there are no signs of visceral malp-
erfusion. If signs of visceral malperfusion are evident, Classes I-b and I-c should be 
treated with immediate central surgical repair, with evaluation for additional endo-
vascular repair. Classes II-b-2 and III-b should be treated with endovascular inter-
vention prior to aortic repair. The abdominal branch Class III-c pattern is best 
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F T

DYNAMIC

STATIC+DYNAMIC

Fig. 5 Static vs. dynamic 
compression as mechanism 
of branch vessel occlusion 
(Courtesy of Kamman 
et al. [28], used with 
permission)
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treated with simultaneous central repair and peripheral bypass, given that endovas-
cular intervention may not be feasible or effective.

Similar to the Michigan classification of static vs. dynamic obstruction, patients 
in the Nagamine classification who had direct branch vessel involvement by the dis-
section were at a higher risk of having persistent malperfusion after aortic repair. 
While the classification system by Nagamine et al. is more comprehensive than the 
Michigan system, and includes classification of the supra-aortic vessels in addition 
to the visceral vessels, it is cumbersome to remember. Both classification systems 
can be applied to each branch vessel individually and provide the care providers 
with an “index of suspicion” when caring for these often critically ill patients.

 DISSECT Classification

The DISSECT classification system is a mnemonic-based approach for evaluating 
aortic dissection that includes several of the characteristics that have been described 
above. The mnemonic “DISSECT” refers to: Duration, Intimal tear, Size of aorta, 

Fig. 6 Branch artery perfusion patterns in acute aortic dissection. Class I: blue-shaded back-
ground, Class II: red-shaded background, Class III: green-shaded background. Red lettering: high 
risk of developing end-organ malperfusion. T: true lumen, F: false lumen. (Adapted from Nagamine 
et al. [29], used with permission)
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Segmental extent of involvement, Clinical complications, and Thrombosis of the 
false lumen, as detailed in Table 4 [30].

The DISSECT system is comprehensive and allows evaluation of any patient 
with aortic dissection, highlighting the factors relevant to formulating a treatment 
plan [30]. The primary entry tear determines the intervention for the patient. Tear 
location in the aortic arch and the abdominal aorta are addressed. The extent of the 
aorta involved by the dissection is defined, which might affect the presentation, 
treatment and prognosis. This remains true when patients are followed up after aor-
tic dissection repair or when they are managed conservatively. The patency of false 
lumen, which influences late complications and is a risk factor for chronic aneurys-
mal degeneration of the dissection, is considered in this system. Following surgical 
repair for type A dissection, persistent flow in the distal false lumen predicts both 
late death and the need for subsequent treatment for the dissected descending aorta 
[31]. This has also been demonstrated in type B dissection, in which partial false 
lumen thrombosis is associated with increased mortality [32]. Less of a typical clas-
sification system, this system is more of a tool to facilitate the methodical evaluation 
of patients with aortic dissection.
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Table 4 The DISSECT classification system [30]

DISSECT Classification Subcategories

D = Duration Acute = <2 weeks from onset
Subacute = 2 weeks to 3 months
Chronic = after 3 months

I = Intimal tear (primary) location 
within the aorta

A = Ascending aorta
Ar = Arch
D = Descending aorta
Ab = Abdominal aorta
U = Unknown

S = Size Maximum transaortic diameter based on center line 
analysis (true lumen) in mm at any level within dissected 
segment of the aorta

SE = Segmental Extent of aortic 
involvement from proximal to distal 
boundary

A = Ascending aorta exclusively
Ar = Aortic arch exclusively
D = Descending exclusively
Ab = Abdomen exclusively
AAr = Ascending to arch
AD = Ascending to descending
AAb = Ascending to abdomen
AI = Ascending to iliac
ArD = Arch to descending
ArAb = Arch to abdomen
Arl = Arch to iliac
DAb = Descending to abdomen
DI = Descending to iliac

C = Complications related to 
dissection

C = Complicated
    • Aortic valve involvement
    • Cardiac tamponade
    • Rupture
    •  Branch vessel malperfusion—symptomatic branch 

vessel involvement as defined as anatomic and 
clinical manifestations of branch vessel compromise. 
This can be static or dynamic disruption to flow 
leading to stroke, paraplegia, coronary, mesenteric, 
renal and/or peripheral limb ischemia)

    •  Progression of aortic involvement with proximal or 
distal extension of dissection

    •  Uncontrollable hypertension or clinical symptoms, 
or rapid false lumen expansion due to 
pressurization and aortic diameter of >10 mm 
within 2 weeks of presentation

UC = Uncomplicated dissection
T = Thrombosis of aortic false 
lumen (evaluation of patency within 
the dissected aortic segments as 
assessed by CT, MRI or 
echocardiography)

P = Patent aortic false lumen as evident by flow or 
contrast into the false lumen of the entire dissected vessel
CT = Complete thrombosis of the aortic false lumen with 
no flow or contrast into the vessel segments
    A = Ascending aorta
    Ar = Arch
    D = Descending
    Ab = Abdominal
PT = Partial thrombosis of the aortic false lumen with 
segments of false lumen having flow with incomplete 
thrombosis
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 Conclusion

In this chapter we have summarized various systems of categorization of aortic dis-
section. Some are simple (DeBakey, Stanford), whereas others are complex but 
more comprehensive (SVS/STS, TEM, DISSECT). Each system has its own merits 
and limitations. While the simplicity of the earlier systems makes them universally 
adoptable, the greater anatomic detail in the newer systems facilitates targeted eval-
uation of patient eligibility for evolving treatment strategies and simplifies the uni-
versal reporting of results. It is likely that, as our understanding of aortic dissection 
pathology continues to expand, additional factors that impact patient outcomes are 
recognized, and newer treatment modalities are developed, these classification sys-
tems will be further refined.
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Medical Conditions Predisposing to Aortic 
Dissection and Preventive Strategies

Eduardo Bossone, Valentina Russo, Andrea Salzano, and Kim Eagle

 Introduction

Acute aortic dissection (AAD)—characterized by the presence of an intimal flap 
separating the true and false lumen—represents a life-treating medical condition 
affecting the aorta wall interesting predominantly media aorta layer (Fig. 1) [1–3]. 
Most frequently it affects men (~65%), in the sixth decade of life (mean age 
63 years) [4].

Overall incidence ranges from approximately 2.6 and 3.5 cases per 100,000 
person- years (6000–10,000 cases annually in the USA) [5, 6].

It is commonly classified by the Stanford system into two anatomic categories 
regardless of the site of origin: type A involving the ascending aorta, and type B not 
involving the ascending aorta (Figs. 2, 3 and 4) [1–3, 7–9]. If the elapsed time from 
symptoms onset to presentation is considered, three domains are identified: acute 
(<14 days), subacute (15–90 days), and chronic dissection (>90 days) [2, 3]. As 
etiology concerns, AAD may be caused by a wide spectrum of congenital or 
acquired diseases, either acute or chronic variably leading to increased aortic wall 
stress and/or aortic media abnormalities (Table 1) [1–3].
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Herein we discuss the conditions predisposing to AAD along with preventive 
strategies at individual and population levels.

 Conditions Associated with Increased Aortic Wall Stress

 Systemic Hypertension

History of systemic hypertension (mostly poorly controlled) is by far the most com-
mon AAD risk factor (observed in about 75–80% of cases), more frequent in type B 
AAD than in type A AAD (81% versus 74%) [1–4]. Interestingly it represents per 
se along with increasing age a predictor of AAD independent of aortic diameter size 
[10]. Thus, blood pressure should be tightly controlled (optimal blood pressure 
<120/80 mm Hg) in order to limit organ structural and/or functional damages (i.e. 
the heart, aorta, brain, retina, kidney) [11].

Aortic Dissection Aortic Intramural
Hematoma

Penetrating
Atherosclerotic

Ulcer

a b c

Fig. 1 Acute Aortic Syndromes. (a) Classic aortic dissection. (b) Aortic intramural hematoma. (c) 
Penetrating atherosclerotic aortic ulcer. Reprinted, with permission, from Braverman AC and 
Schermerhorn M.  Diseases of the aorta. In: Braunwald’s Heart Disease: A Textbook of 
Cardiovascular Medicine. 11th ed. Philadelphia, PA: Elsevier Inc.; 2018, p1295–1337 [1]. 
Definitions [2]: Acute aortic syndromes (AAS): Life-threatening medical conditions characterized 
by breakdown of the intima and media. They include classic acute aortic dissection (AAD), aortic 
intramural hematoma (IMH) and penetrating aortic ulcer (PAU). Classic Aortic Dissection (AAD): 
disruption of the media layer of the aorta with bleeding within and along the wall of the aorta 
resulting in separation of the layers of the aorta. Intramural Hematoma (IMH): hematoma devel-
ops in the media of the aortic wall in the absence of a false lumen and intimal tear. Penetrating 
Atherosclerotic Ulcer (PAU): ulceration of an aortic atherosclerotic plaque penetrating through the 
internal elastic lamina into the media
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Stanford Type A Type B

De Bakey Type I Type II Type III

Fig. 2 De Bakey and Stanford Classification of Aortic Dissection. The DeBakey classification 
system categorizes dissections on the basis of the origin of the intimal tear and the extent of the 
dissection [7, 8]. Type I Dissection tear in the ascending aorta propagating distally to include at 
least the aortic arch and typically the descending aorta. Type II: Dissection tear only in the ascend-
ing aorta. Type III: Dissection tear in the descending aorta propagating most often distally. The 
Stanford classification system divides dissections into 2 categories, those that involve the ascend-
ing aorta and those that do not. Type A: All dissections involving the ascending aorta irrespective 
of the site of tear. Type B: All dissections that do not involve the ascending aorta; note that involve-
ment of the aortic arch without involvement of the ascending aorta in the Stanford classification is 
labelled as Type B. Reprinted, with permission, from Hiratzka LF, et al. 2010 ACCF/AHA/AATS/
ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of patients 
with thoracic aortic disease: a report of the American College of Cardiology Foundation/American 
Heart Association Task Force on Practice Guidelines, American Association for Thoracic Surgery, 
American College of Radiology, American Stroke Association, Society of Cardiovascular 
Anesthesiologists, Society for Cardiovascular Angiography and Interventions, Society of 
Interventional Radiology, Society of Thoracic Surgeons, and Society for Vascular Medicine. J Am 
Coll Cardiol 2010;55:e27–129 [3]
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 Pheochromocytoma

Pheochromocytoma (rare usually benign tumor arising from the chromaffin cells of 
the adrenal medulla) may cause sudden uncontrolled substantial increase in arterial 
blood pressure (elevated catecholamines secretion) and in turn AAD or aortic aneu-
rysms rupture [1]. In literature, there are few cases reporting on pheochromocytoma 
revealed by an AAD and viceversa [12, 13].

 Cocaine and/or Other Stimulant Use

Several reports have documented the occurrence (~2.5% of type B AAD, ~ 1.4% of 
type A AAD) of AAD in cocaine—using subjects [14, 15]. It may be linked to the 
direct effects of cocaine on cardiovascular system as the increase in sympathetic 
output and catecholamines. The typical cocaine using AAD patient is usually young 
black male with a history of tobacco use and systemic hypertension. In addition to 
the standard therapeutic interventions it should be underlined the necessity to call 
for specific addiction counseling [14, 15].

a b

Fig. 3 Axial postcontrast computed tomography (CT) in a patient with type A acute aortic dissec-
tion (AAD). Axial postcontrast CT images (a and b) showing irregularity of the aortic wall with an 
intimal flap between the true and false aortic lumens. There is compression of the true lumen of the 
ascending aorta (white arrowheads, a and b) and of the descending aorta (white arrows, a and b) 
by expanding false lumen. (Courtesy of the Department of General and Emergency Radiology, 
A. Cardarelli Hospital, Naples, Italy). Reprinted, with permission, from Bossone E, et al. Acute 
Aortic Syndromes: Diagnostic and Therapeutic Pathways. Heart Fail Clin. 2020;16(3):305–315 [9]
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a

b

Fig. 4 Contrast-enhanced computed tomography (CT) scan with multiplanar reconstruction of 
type B acute aortic dissection (AAD) complicated by malperfusion before (a) and after thoracic 
endovascular aortic repair (b). (Courtesy of the Cardiac Surgery Department, Federico II Medical 
School University, Naples, Italy). Reprinted, with permission, from Bossone E, et al. Acute Aortic 
Syndromes: Diagnostic and Therapeutic Pathways. Heart Fail Clin. 2020;16(3):305–315 [9]
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Table 1 Risk factors for development of aortic aneurysms and aortic dissections

1. Conditions associated with 
increased aortic wall stress

1.1 Hypertension, particularly if uncontrolled
1.2 Pheochromocytoma
1.3 Cocaine or other stimulant use
1.4 Weight lifting or other Valsalva maneuvers
1.5 Coarctation of the aorta
1.6 Traumatic aortic injuries (partial or complete 
transection of the aorta)
   1.6.1 High-speed motor vehicle accident
   1.6.2 Falling from a great height

2. Conditions associated with 
aortic media abnormalities

2.1 Genetic
   2.1.1 Syndromic

    2.1.1.1 Marfan syndrome
    2.1.1.2 Loeys-Diez syndrome
    2.1.1.3 Ehlers-Danlos syndrome, vascular form
    2.1.1.4 Turner syndrome
    2.1.1.5 Arterial tortuosity syndrome
    2.1.1.6 Aneurysms-osteoarthritis syndrome
    2.1.1.7 Others
   2.1.2 Non syndromic familial thoracic aortic aneurysm 

and dissection syndrome

    2.1.2.1 Known gene mutations
    2.1.2.2 Known gene mutations
     2.1.2.2.1 Fibrillin
     2.1.2.2.2 Tumor growth factor-beta receptor
     2.1.2.2.3 SMAD3
     2.1.2.2.4 MYH11
     2.1.2.2.5 ACTA2
     2.1.2.2.6 MYLK
     2.1.2.2.7 PRKG1
   2.1.3 Bicuspid aortic valve (including prior aortic valve 

replacement)

2.2 Non genetic
   2.2.1 Inflammatory vasculitis

    2.2.1.1 Takayasu arteritis
    2.2.1.2 Giant cell arteritis
    2.2.1.3 Behçet arteritis
2.3 Other
    2.3.1 Atherosclerosis
    2.3.2 Pregnancy
    2.3.3 Polycystic kidney disease
    2.3.4 Chronic corticosteroid or immunosuppression 

agent administration
    2.3.5 Fluoroquinolones exposure
    2.3.6 Infection involving the aortic wall (from 

bacteremia or adjacent infection extension)
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 Weight Lifting and/or Other Valsalva Maneuver

Sudden increase in systemic arterial blood pressure associated with weight lifting 
and/or Valsalva manoeuvres may trigger AAD or aortic aneurysms rupture [3]. 
Indeed, the substantial sudden elevation in intrathoracic and systolic blood pressure 
(it may reach very high value) put a great stress on the aortic wall increasing dra-
matically the risk of AAD. In this regard individuals with known aortic aneurysm 
should avoid isometric physical activities (i.e. weight lifting, carrying heavy objects, 
pushing, etc.). Furthermore it is advised athletes engaging in heavy strength training 
should undergo routine echo—cardiovascular screening [16].

 Coarctation of the Aorta

Coarctation of the aorta is a complex disease (prevalence of isolated forms is 3 per 
10,000 lives births with a 2:1 ratio in males versus females) occurring as a discrete 
stenosis or a long hypoplastic aortic segment, typically located at the area of ductus 
arteriosus [1–3]. It is characterised by upper body systolic hypertension and lower 
body hypotension, with a difference >20  mm Hg. If not treated, about 80% of 
patients die for its complication, with at least 25% of these for AAD or rupture [1–3].

 Traumatic Aortic Injuries

Traumatic aortic injurie (TAI)—partial or complete transection of the aorta—is an 
emergency and life-threatening condition causing death in the majority of cases 
(80%) [1–3]. It is usually associated with high-speed motor vehicle crashes (20% of 
road accident victims have evidence of ruptured aorta on autopsy), or falling from a 
great height [2, 3]. The aortic isthmus being the less mobile aortic segment represents 
the most frequent TAI anatomic site (90% of cases, Fig.  5) [1–3, 9]. Due to no 

Table 1 (continued)

3. Iatrogenic Cardiac surgery, coronary angiography and/or intervention, 
other

ACTA2 smooth muscle alpha-actin 2, MYH11 smooth muscle cell–specific myosin heavy chain 11, 
MYLK myosin light chain kinase, PRKG1 protein kinase cGMP-dependent 1, SMAD3 mothers 
against decapentaplegic homolog 3
Modified from Hiratzka LF, et al. 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM 
guidelines for the diagnosis and management of patients with thoracic aortic disease: a report of 
the American College of Cardiology Foundation/American Heart Association Task Force on 
Practice Guidelines, American Association for Thoracic Surgery, American College of Radiology, 
American Stroke Association, Society of Cardiovascular Anesthesiologists, Society for 
Cardiovascular Angiography and Interventions, Society of Interventional Radiology, Society of 
Thoracic Surgeons, and Society for Vascular Medicine. J Am Coll Cardiol 2010;55:e27–129 [2].
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specific symptoms and signs (often covert by the co-existent thoracic or abdominal 
injuries) an high clinical suspicion is needed by the treating team in order to prompt 
an imaging test [2, 3]. In this regard computed tomography (CT) angiography (high 
accuracy, widely available, rapid and non invasive assessment of all aorta along with 
the skeletal system and all internal organs) is considered to be diagnostic technique 
of choice [transoesophageal echocardiography (TEE) second choice taking into 
account polytrauma patients contraindications] [2, 3]. Urgent endovascular (thoracic 
endovascular aortic repair/ endovascular aortic repair) rather than surgical repair is 
recommended if the anatomy is favorable and local expertise available [2, 3].

 Conditions Associated with Aortic Media Abnormalities

Conditions associated with aortic media abnormalities can be categorized in genetic 
and non-genetic.

 Genetic Conditions

Genetic conditions can be categorized in syndromic (Marfan syndrome, Loeys-Diez 
syndrome, Ehlers- Danlos syndrome, Turner syndrome) and non-syndromic. 
Furthermore a non-syndromic familial aortic aneurism and dissection syndrome has 

a b c

Fig. 5 Postcontrast computed tomography (CT) of aortic traumatic injury. (a) Axial postcontrast 
CT image showing a posttraumatic aortic dissection at the level of the aortic isthmus. An intimal 
flap is present with aortic contour irregularity and extravasation of contrast medium (white arrow) 
associated with a mediastinal hematoma. (b) Axial postcontrast CT image showing a posttraumatic 
aortic pseudoaneurysm at the level of the aortic isthmus (white arrow) associated with a mediasti-
nal hematoma. (c) Oblique sagittal postcontrast CT reconstruction showing a posttraumatic aortic 
pseudoaneurysm at the level of the aortic isthmus with contrast agent outpouching extending 
beyond the aortic wall (white arrow). (Courtesy of the Department of General and Emergency 
Radiology, A. Cardarelli Hospital, Naples, Italy). Reprinted, with permission, from Bossone E, 
et  al. Acute Aortic Syndromes: Diagnostic and Therapeutic Pathways. Heart Fail Clin. 
2020;16(3):305–315 [9]
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been described. Aortic diseases associated with the presence of a bicuspid aortic 
valve (BAV) should also be considered [1–3].

 Syndromic Conditions

Marfan Syndrome

Marfan syndrome (MFS) (prevalence 15/100,000; incidence 25/100,000; 
male:female = 1:1) is the most frequent heritable (autosomal dominant) disorder 
of the connective tissue [1–3, 17]. It results from the mutation of the FBN1 gene 
encoding for fibrillin-1, a glycoprotein in the extracellular matrix [1–3]. Moreover, 
a second locus for MFS has been identified to be caused by mutations in the trans-
forming growth factor-beta type II receptor (TGFBR2) [3]. The diagnosis of MFS 
relies on a set of clinical criteria (the Ghent nosology) along with DNA for 
sequencing. MFS patients may present cardiovascular, skin and skeletal, ocular, 
pulmonary, and dura mater abnormalities [1–3]. Among cardiovascular manifes-
tations, MFS highly predisposes to thoracic aortic aneurysm/dissection with all 
patients having evidence of aortic disease at some point [2, 3]. It is mostly 
observed a dilatation of the aortic root or the ascending aorta or type A AAD [2, 
3]. A subset of patients may also present with type B AAD, rarely with abdominal 
aortic aneurism making mandatory a clinical-imaging surveillance program [2, 3]. 
Current guidelines recommend a 2D transthoracic echocardiography (TTE) color 
doppler at the time of MFS first diagnosis and 6 months after, in order to estimate 
the rate of aorta enlargement [3]. In the case of a stable aortic dimensions, annual 
imaging is recommended [3]. Conversely if there is a significant growth from 
baseline or if the maximal aortic diameter is 4.5  cm, more frequent imaging 
should be considered [3].

Loeys-Dietz Syndrome

Loeys-Dietz syndrome (reported in 52 families) is an autosomal dominant very 
aggressive syndrome (mean age of death of 26 years) resulting from mutations in 
the transforming growth factor receptor type 1 or type 2 (TGFBR1/2) [1–3, 17]. 
Diagnosis is based on DNA testing and a clinical triad characterized by arterial 
tortuosity (most commonly observed in the head and neck vessels) and aneurysms 
(98% at the level of aortic root) throughout the arterial tree, hypertelorism and bifid 
uvula [1–3].

Notably, acute aortic dissection may occur at younger ages and smaller sizes as 
compare to MFS [18–20]. A comprehensive aortic imaging [TTE + CT or magnetic 
resonance imaging (MRI)] at initial diagnosis and 6 months thereafter is recom-
mended [2, 3].
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Ehlers- Danlos Syndrome, Vascular Form or Type IV

Type IV of Ehlers- Danlos syndrome, or vascular form, is a rare autosomal domi-
nant disorder (prevalence 1/100,000; incidence 1/10,000–25,000) caused by the 
mutation of the COL3A1 gene, coding for type III procollagen [1–3, 17]. Diagnosis 
is based on clinical signs and DNA testing [1–3]. The clinical features consisted of 
easy bruising, thin/premature skin aging with visible veins and characteristic facial 
appearance (pinched and thin nose, thin lips, prominent ears, hollow cheeks, and 
tightness of skin over the face) [1–3]. Patients have also a significantly increased 
risk of rupture of visceral organs (usually not fatal) or blood vessels (high mortality) 
[1–3]. In particular, there is a tendency in alterations of the large and medium arter-
ies with involvement of the aorta and arterial tree [1–3]. Notably, arteries may dis-
sect without previous dilatation [1–3].

Turner Syndrome

Turner syndrome (prevalence 5.5/100,000; incidence 1/2000–2500) is characterised 
by the partial or complete monosomy of the X chromosome (karyotype 45X0) [1–3, 
17]. Diagnosis is based on clinical findings and cytogenetic analyses [1–3]. The 
incidence of AAD in Turner syndrome is higher than in general population [21], 
occurring in the third-forth decade of age, with a very high mortality (about 50%); 
however, it is lower if compared to MFS or Loeys-Dietz syndrome [2, 3].

Arterial Tortuosity Syndrome

This rare autosomal recessive syndrome (prevalence <1/100,000; incidence 
unknown) is caused by mutations in the SLC2A10 gene, encoding for the facilita-
tive glucose transporter GLUT-10 [1–3, 17]. Firstly reported in families from Italy, 
Morocco, and the Middle East, it is characterized by tortuosity, elongation, stenosis, 
and aneurysms of the large and middle-sized arteries [2]. Patients also show altered 
facial features (elongated face, blepharophimosis and down-slanting palpebral fis-
sures, a beaked nose, a highly arched palate and micrognathia) and signs of skin 
(soft, hyperextensible skin) and skeleton (arachnodactyly, chest deformity, joint lax-
ity, and contractures) and connective tissue disorders [2]. The prognosis of this syn-
drome, initially reported as very poor with mortality rate up to 40% before 5 years 
of life, seems to be less severe than estimated [2].

Aneurysms-Osteoarthritis Syndrome

This autosomal dominant syndrome (prevalence <1/100,000; incidence unknown) 
is caused by a mutation of SMAD3 gene, which encodes for an intracellular effec-
tor of the TGF-beta signalling [1–3, 17]. It is characterised by tortuosity, 

E. Bossone et al.



95

aneurysms, and dissection of all the arteries [2]. Patients may present also mild 
craniofacial-, skin-, and skeletal features [2]. Aneurysm-osteoarthritis syndrome 
represents at least 2% of all the syndromic familial thoracic acute aortic dissec-
tions [2].

Other Syndromic Conditions

Aortic root dilatation has been described in patients with other forms of Ehlers- 
Danlos syndrome, but the progression to AAD is rare. Furthermore aortic root 
enlargement (without progression to dissection) may be present in congenital con-
tractural arachnodactyly or Beals syndrome (mutation in FBN2). Similarly to 
Noonan syndrome and Alagille syndrome, patients with autosomal dominant poly-
cystic kidney disease have vascular complications including AAD [3].

 Non Syndromic Familial Thoracic Aneurysm and Dissection 
Conditions [22]

Non syndromic familial thoracic aneurysm and dissection conditions can be catego-
rized in those without and with known gene mutation. One on five of those without 
known genetic mutation shows a familial aggregation, with a first degree relative 
affected. These patients have an autosomal dominant transmission, with a great 
clinical variability and a decreased penetrance.

On the other hand when a mutation is recognised the followings are the most 
important genes identified: MYH11: encoding a myosin heavy chain produced in 
smooth muscle cell (SMC), is associated also with patent ductus arteriosus; 
ACTA2: encoding the SMC-specific alpha actin, is associated also with coronary 
artery disease, stroke and Moyamoya disease; MYLK: encoding myosin light 
chain kinase. Patients with this mutation usually experience AAD without aortic 
enlargement; TGFB2: encoding TGF-beta Type 2, has some features overlapping 
MFS; PRKG1: encoding PKGI, a type I cGMP-dependent protein kinase that con-
trols SMC relaxation. Patients present aortic aneurysm and acute ADs at relatively 
young ages [1, 2].

 Bicuspid Aortic Valve

Bicuspid aortic valve (BAV) is the most common congenital cardiac defect (preva-
lence at birth of 1–2%; the male:female ratio ranges from 2:1 to 4:1) [1–3]. It has 
been associated with Notch1 gene mutations, with a high rate of familial cluster-
ing, resulting in an autosomal dominant inheritance with reduced penetrance [2, 
3]. BAV in the majority of cases (70%) is the result of a fusion between left coro-
nary cusp (LCC)—with right coronary cusp (RCC) [2]. Patients with BAV may 
have a higher risk of develop an aortic dilatations [2]. In particular, LCC-RCC 
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fusion is associated with dilatation in both ascending and aortic root [2]. Notably 
the prevalence of BAV in patients with AAD is only slightly higher than in the 
general population [2]. Among 3393 patients with AAD enrolled in the IRAD 
registry, 113 (3.3%) had BAV of which 82.3% type A AAD and 17.7% type B 
AAD [23].

 Non Genetic Conditions

 Inflammatory Vasculitis

Takayasu Arteritis

Takayasu arteritis is an idiopathic vasculitis, characterised by a T-cell-mediated 
panarteritis, involving the aorta and its branches [1–3]. With an overall rate of 2.6 
per million of inhabitants, the most common onset of the disease is in the third 
decade, with a more prominence in the female sex [1–3]. Firstly described in Japan, 
it has been demonstrated to affect all ethnic groups, even if with an Asian overrep-
resentation, with two specific disease distribution (Japanese and India), which differ 
for vessels involved. Indeed, thoracic aorta and great vessels are prevalently involved 
in Japanese distribution, whereas abdominal aorta and renal arteries are typical in 
Indian one [3]. Clinically it may be distinguished an acute phase (characterised by 
systemic symptoms) and a chronic phase (with vascular symptoms, such as upper 
extremity claudication, dizziness, vision loss, stroke, carotid artery pain) [3]. 
Malignant hypertension suggests involvement of the renal arteries [3]. Different 
cohort studies have reported different localisation of the aneurysm formation (in 
about 30% of the population) [3]. Also stenosis of the aorta are very common (in 
about 53% of patients) [3]. In this regard it is important to obtain an imaging assess-
ment of the entire aorta (TTE + CT or MRI). Positron Emission Tomography (PET)/
CT or MRI is useful to visualise active disease [3].

Giant Cell Arteritis

Giant cell arteritis, also known as temporal arteritis, affects the aorta and its second-
ary and tertiary branches in about 20–25% of the patients (Fig.  6) [1–3, 24]. 
Typically, giant cell arteritis affects patients over 50 years, with a trend in older 
population (around 80 years) [3]. When the aorta is involved, dilatations of the aor-
tic root and of the ascending aorta are the typical features, with a risk of aneurysms 
rupture or AD [25]. Epidemiological studies suggest a genetical predisposition, 
with a higher incidence for patients with northern Europe ancestry (e.g. higher in 
Scandinavian than in Southern Europe) [3]. However, when compared to Takayasu 
arteritis, aortic involvement is less common [3].
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Behçet Arteritis

One third of the patients affected with Behçet disease (characterised by the classic 
triad of oral ulcerations, recurrent genital ulceration, uveitis or retinal vasculitis or 
skin lesions) have a vascular involvement [3]. Any vessels can be affected, and 
aneurysms formation may occur in multiple and different sites over follow-up [3]. 
Even if not common, aortic aneurysm rupture can be a fatal event [3].

 Other

 Atherosclerosis

Atherosclerosis along with systemic hypertension and advance age is considered to 
be a major determinant of the AAD pathophysiologic process [1–3]. Lipid accumu-
lation in the aortic intima-media layer may lead to aortic plaque formation and in 
turn weaken the underlying media [1–3]. Thus it remains “conditio sine qua no” to 
adopt preventive measures targeting cardiovascular risk factors [1–3].

 Pregnancy

Due to substantial hemodynamic changes and related increase in wall stress, AAD 
may rarely occur during pregnancy mostly in the last three months and in the peri-
partum period [3]. In this regard, among 6,566,826 pregnancies in 4,933,697 

Fig. 6 18F-FDG positron emission tomography (PET) scan of a woman with giant cell arteritis. 
The PET scan reveals aortitis affecting the whole aorta. Reprinted, with permission, from Bossone 
E, et al. Aortitis. Vascul Pharmacol. 2016;80:1–10 [24].
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women, only 36 cases of AAD or rupture have been identified [26]. Thus it is 
advised all pregnant women with known aortic root or ascending aortic dilatation 
should undergo monthly (or bimonthly) clinical -imaging (two dimensional echo-
cardiography doppler exam) surveillance [3]. If clinically indicated, MRI (without 
contrast agents) has to be preferred to CT in order to avoid exposing both the mother 
and fetus to ionizing radiation [3].

 Polycystic Kidney Disease

Autosomal dominant polycystic kidney disease may present AAD as a complica-
tion, although AAD is less common than cerebral aneurysms in these patients [3]. 
However, to date there is no enough evidence to recommend a focused screening in 
this population [3].

 Chronic Corticosteroid or Immunosuppression Agent Administrations

Chronic corticosteroid or immunosuppression agents represent risk factors for 
infective aortitis (in particular, tuberculosis and fungal infections). In addition, oral 
steroid usage per se have been associated with abdominal aortic aneurysm expan-
sion and aortic dissection [27].

 Fluoroquinolones Exposure

Fluoroquinolones (one of the most commonly prescribed class of antibiotics) treat-
ment seems to increase the risk of aortic aneurysm and dissection. For this reason, 
clinicians should consider alternative class of antibiotics in patients with connective 
tissue disorder or pre-existing aortic aneurysm [28].

 Infections Involving the Aortic Wall

Several microorganisms have been associated with aortic aneurysms namely 
Staphylococcus aureus, Salmonella species, Escherichia coli, Streptococcus spe-
cies, Neisseria species, and gram negative bacilli [1]. Tertiary syphilis (caused by 
Treponema pallidum) may involve the cardiovascular systems including ascending 
aorta aneurysms, coronary arterial stenosis and aortic valvulitis with mitral regurgi-
tation in ~40%, ~30% and ~29% of cases respectively. However it should be point 
out that over the last decades the prevalence of tertiary syphilis is dramatically 
decreasing due to early stage antibiotic treatment [1]. Fungal (e.g. Candida or 
Aspergillus) are more frequent in the setting of impaired immunity (such as patients 
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affected with human immunodeficiency virus, or under immunosuppressive  therapy) 
[2, 24, 29, 30].

 Iatrogenic

Iatrogenic AAD may occur (although rarely) during cardiac catheterization, coro-
nary artery bypass graft surgery (CABG), or other invasive vascular procedures [4, 
31]. The Registry on Aortic Iatrogenic Dissection (RAID) reported only 74 cases 
(0.07%) of ascending AAD (66.9 ± 10.8 years, 67.6% male) among 108,083 con-
secutive cardiac catheterizations (62% diagnostic and 38% therapeutic procedures) 
[31]. Interestingly they had favourable in hospital (only 2 deaths due to cardiogenic 
shock) and long term outcome (no deaths and/or major dissection-related complica-
tions) with conservative approach (36 underwent only medical treatment, 35 angio-
plasty with stenting, and 3 cardiac surgery) [31].

 Preventive Strategies

Despite diagnostic and therapeutic exponential progress, the aortic diseases burden 
remains still high [32]. Thus, there is an increasing need to promote at individual 
and population levels healthy lifestyles including no exposure to tobacco in any 
form, low saturated fat diet, regular vigorous physical activity (30–60  min most 
days) optimal LDL-C and blood pressure levels, HbA1c <7%. Population screening 
programs should also be design and implement in relation to systemic hypertension 
and abdominal aneurysm [2, 7, 33]. In addition the usefulness of screening patients 
at risk of MFS (positive family history and/or the presence of characteristic clinical 
physical features) is well recognized [2, 3]. On the other hand the value of screening 
first-degree relatives of BAV patients remains debatable (no data support the cost- 
effectiveness of a screening programme) [2].

 Population Screening Programs

Systemic Hypertension

Systemic hypertension is frequently an asymptomatic condition (silent killer) war-
rants population screening programmes or opportunistic blood pressure measure-
ments in all adults (18  years or older). In fact a substantial number (>50%) of 
screened subjects are unaware to have hypertension. An optimal office blood pres-
sure is defined as systolic <120 mmHg and diastolic <80 mmHg [11, 33].
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Abdominal Aortic Aneurysm

Current evidence supports cost effectiveness abdominal ultrasound (A-US) popula-
tion screening for abdominal aortic aneurysm (AAA) in all men >65 years of age 
[2]. It may be considered in women >65 years of age with history of current/past 
smoking and in first-degree siblings of a patient with AAA [2]. In the absence of 
structured screening programs it is suggested among above high risk cohorts to 
perform during TTE an A-US “opportunistic glimpse” for AAAs [2].

AAD: Long Term Follow Up

AAD is a lifelong disease affecting the entire aorta (holistic approach). Thus, 
patients with AAD need close clinical and imaging follow-up regardless of the ini-
tial therapeutic strategy [2, 3]. MRI (in addition to TTE/A-AUS) should be consid-
ered the first imaging technique choice (CT second choice) being radiation free [2, 
3]. Medical treatment “cornerstone” includes an optimal blood pressure and heart 
rate control (blood pressure <120/80 mmHg, heart rate <60 bpm (first line: beta-
blockers) as well as HDL-C <1.4 mmol/L (<55 mg/dL), or a reduction of at least 
50% if the baseline (first line: statins) [11, 34]. Furthermore the patient should avoid 
isometric exercise while may perform mild to moderate aerobic exercise (walking, 
slow jogging, and recreational cycling) (Table 2) [7, 33, 35–38].

Table 2 Acute aortic dissection: long-term follow-up

Ten-year survival rate from 30% to 60%

Late complications

   Progressive aortic insufficiency.
   Progressive diameter increase, aneurysm formation, and rupture.
   Recurrent dissection or progression of dissection.
   Leakages/haemorrhage at surgical anastomoses/stent-grafted sites.
   Malperfusion.
Patients at particularly high risk

   Those with Marfan syndrome—very high risk of recurrent dissection or aneurysm formation 
with rupture.

   Those with a patent false lumen—increased incidence of late complications and death.
Medical treatment

   A. Optimal blood pressure (<120/80 mmHg) and heart rate (<60 b.p.m.) control.
    First line: beta-blockers.
    Second line: ACE-inhibitors or ARBs.
    Third line: calcium channel blockers (long-acting dihydropyridine).
   B. Lipid-lowering therapy: target <1.4 mmol/L (<55 mg/dL), or a reduction of at least 50% if 

the baseline.
    First line: statins.
    Second line: statins + ezetimibe.
    Third line: statins + ezetimibe + PCSK9 inhibitors.
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 Guidelines in General

Before delving deeply into the guidelines that exist regarding acute aortic syn-
dromes, a few general concepts about guidelines are in order. First, it is important to 
clarify our terminology. Clinical practice guidelines are commonly defined as “sys-
tematically developed statements to assist practitioner and patient decisions about 
appropriate healthcare for specific clinical circumstances” [1]. Typically, the stan-
dards of evidence and the formality of the process for constructing guidelines is 
more rigorous than that for “consensus documents” or “expert opinion” pieces. 
Still, there can be considerable confusion generated around these terms, motivated 
in no small measure by the high citation rates such publications achieve, benefiting 
both editors and authors. Hybrid terms such as “consensus guidelines” have even 
been proffered [2].

The drive to produce guidelines is understandable. Clinical practice guidelines 
exist as tools to provide evidence-based decision support for busy clinicians in the 
face of an ever-accelerating volume literature on almost any subject. In the current 
era, with a proliferation of cardiovascular techniques, technologies and pharmacol-
ogies, it is impossible for an individual to keep truly up-to-date on all aspects of 
cardiovascular care. The deluge of information, good and bad, and the focus on 
evidence-based care has generated such an appetite for guidelines that we now find 
ourselves with the second-order problem of being inundated with guidelines them-
selves. A current PubMed search of the word guidelines results in close to 15,000 
published manuscripts.
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Not infrequently, multiple guidelines on the same topic will be produced by 
medical and surgical subspecialty groups with disturbingly frequent disagreements 
and discrepancies. Moreover, the language used and the process employed in creat-
ing these guidelines, including issues as fundamental as the specific level of evi-
dence acceptable is not standardized and the processes used to develop them varies 
significantly from one society to another. With numerous organizations of multina-
tional origin and multidisciplinary composition writing about complex topics each 
from its own perspective, both inconsistencies in specific recommendations and 
glaring gaps are inevitable [3]. Shaneyfelt et al. conducted a structured review of 
279 guidelines focused on the process whereby they were constructed. They con-
cluded that guidelines published in the peer-reviewed medical literature do not 
adhere well to established methodological standards. They went on to say that the 
greatest improvement is needed in the identification, evaluation and synthesis of the 
scientific evidence [4].

In response to this chaos, guidelines for guidelines have been established. The 
Institute of Medicine (Clinical Practice Guidelines We Can Trust. Report Brief 
2011) has published standards [5]. They state specifically that practice guidelines 
must be based on a systematic review of the evidence, be developed by a multidis-
ciplinary panel of experts, consider important patient subgroups, be based on a 
transparent process that minimizes biases and conflicts of interest, explain clearly 
alternative care options and be revised as appropriate. In particular, there is a focus 
on the composition of the writing group and management of conflicts of interest. 
As adopted by the American College of Cardiology, this includes a requirement 
that the chairperson and at least 51% of the members have no relationships with 
industry. Attention to the importance of including methodologists is also 
increasing.

One of the major problems guideline writing groups face is the paucity of “high 
quality” evidence. Accordingly, an explicit system of grading evidence is employed 
by the American Heart Association and American College of Cardiology Task Force 
on Clinical Practice Guidelines. The classification of recommendations and level of 
evidence is shown in Table 1. The class represents the strength of recommendation 
and ranges from Class I (strong) to Class III (harm), with many recommendations 
being IIa (“it is reasonable to consider”) and IIb (“may be considered”). The level 
of evidence is based not on the strength of opinion of the authors, but on the quality 
of evidence ranging from level A (multiple high quality randomized clinical trials) 
to level C-EO (consensus based on expert opinion). In this way, there is transpar-
ency about the evidence base for the recommendation. It should be apparent that 
there should be few Class I recommendations based on Level C evidence.

A final note should be made regarding the application of guideline recommenda-
tions to individual patients in the clinical setting. Since the data on which the recom-
mendations are based are, of necessity, derived from application of statistical 
methodologies to populations of patients, the statistical probabilities are informa-
tive for the population as a whole but not directly for individuals [3]. The guidelines 
cannot account for all of the comorbidities and risk factors of the individual patient. 
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Accordingly, guideline recommendations can only be considered a foundation upon 
which a patient specific recommendation can be made. They are the beginning of 
the conversation, not the end.

 Societal Guidelines

Acute aortic syndromes consist of three related conditions with similar clinical 
characteristics and include aortic dissection, intramural hematoma and penetrating 
aortic ulcer. Current societal guidelines pertaining to these entities include the 2010 
US ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM [6], the 2011 
Japanese Circulation Society (JCS) [7], the 2014 European Society of Cardiology 
(ESC) [8] and the 2016 Canadian CCS/CSCS/CSVS guidelines [9]. All of these 
guidelines define Acute AD as occurring within 14 days.

The ACCF/AHA, JCS and ESC guidelines are categorized by the Class of 
Recommendation (COR) and Level of Evidence (LOE) (Table  1). While COR 
reflects the magnitude of benefit over risk and corresponds to the strength of the 
recommendation, the LOE denotes the confidence in or certainty of the evidence 
supporting the recommendation based on quality of pertinent research findings. 
Therefore, COR and LOE are assessed independently. When a recommendation is 
designated as LOE C, that does not imply that the recommendation itself is weak. 
In some cases, clinical benefit is self-evident and the intervention is unlikely to 
undergo randomized study [10].

The guidelines from the Canadian panel were developed using Grading of 
Recommendations Assessment, Development and Evaluation (GRADE) methodol-
ogy, with “Values and Preferences” to provide context to the recommendations [11].

Table 1 Definitions of classification of recommendations and level of evidence

Classification of recommendation

Class I Conditions for which there is evidence and/or general agreement that a given treatment 
is useful or effective

Class 
II

Conditions for which there is conflicting evidence and/or a divergence of opinion about 
the usefulness/efficacy of a procedure or treatment
IIa: Weight of evidence is in favor of usefulness/efficacy
IIb: Usefulness/efficacy is less well established by evidence/opinion

Class 
III

Conditions for which there is evidence and/or general agreement that the procedure 
treatment is not useful/effective, and in some cases may be harmful

Level of evidence
LOE 
A

Data derived from multiple randomixed clinical trials

LOE 
B

Data derived from a single randomized trial or non-randomized studies

LOE 
C

Consensus opinion of experts
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 Acute Type A Aortic Dissection (AAD), Intramural Hematoma 
(IMH) and Penetrating Aortic Ulcer (PAU)

The most widely utilized classification scheme for acute aortic dissection (AAD) is 
the Stanford classification system in which any aortic dissection involving the 
ascending aorta is an AAD [12, 13]. The alternative DeBakey scheme subdivides 
those AAD involving the ascending and descending aorta as Type I and a dissection 
involving only the ascending aorta as Type II [12, 13].

The recommendations for initial management of AAD are fairly uniform across 
society guidelines (Table 2). All societies advocate for therapeutic reduction in wall 
stress to limit the extension of the dissection and reduce the risk of developing end- 
organ damage and rupture. Both the US and European guidelines specifically 
recommend titrating intravenous beta-blockers as first-line agents (Class I LOE C) 

Table 2 Summary table of guidelines for the management of acute aortic syndromes from the 
discussed international societies

Recommendations
ACCF/
AHA 2010 JCS 2011

ESC 
2014 CCS 2016

Any thoracic 
aortic 
dissection 
regardless of 
anatomic 
location

Urgent surgical 
consultation 
recommended

Class I, 
LOE C

No specific 
recommendation

Class I, 
LOE C

No specific 
recommendation

Type A acute 
dissection

Initial 
management 
with medical 
therapy 
including pain 
relief and blood 
pressure control 
is recommended

Class I, 
LOE C 
(vasodilator 
therapy 
should not 
be initiated 
prior to rate 
control: 
Class III, 
LOE C)

No specific 
recommendation

Class I, 
LOE C

No specific 
recommendation

Definitive 
management 
with urgent 
surgery 
recommended

Class I, 
LOE B

Class I, LOE C Class I, 
LOE C

Strong 
Recommendation, 
Low-Quality 
Evidencea

With organ 
malperfusion—a 
hybrid approachb 
should be 
considered

Class I, 
LOE Cc

Class IIa, LOE 
C

Class 
IIa, 
LOE B

Type A IMH, 
PAU

Urgent treatment 
recommended is

Surgery 
Class IIa, 
LOE C

Medical, Class 
I, LOE C

Surgery 
Class I, 
LOE C

(continued)
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and non-dihydropyridine calcium channel-blocking agents as second line (Class I, 
LOE C) to a heart rate of 60 beats per minute or less. Both societies suggest adding 
additional agents such as other vasodilators or angiotensin-converting enzyme 
inhibitors if necessary, to reduce systolic blood pressure less than 120 mm Hg (Class 
I, LOE C). Both societies warn that beta blockers should be used cautiously in the 
setting of acute aortic regurgitation because they will block the compensatory 
tachycardia (Class I, LOE C).

Table 2 (continued)

Recommendations
ACCF/
AHA 2010 JCS 2011

ESC 
2014 CCS 2016

Uncomplicated 
type B aortic 
dissection

Medical therapy 
is always 
recommended

Class I, 
LOE B

Class I, LOE C Class I, 
LOE C

Strong 
Recommendation, 
Medium Quality 
Evidence

Consider 
TEVAR

n/a Class IIb, LOE 
C
Surgery: Class 
III, LOE C

Class 
IIa, 
LOE B

First-line
Strong 
Recommendation, 
Medium Quality 
Evidence

Complicated 
type B aortic 
dissection

TEVAR is 
recommended

n/a Class I, LOE C Class I, 
LOE C

n/a

Surgery is 
recommended

n/a Class I, LOE Cd Class 
IIb, 
LOE C

n/a

Uncomplicated 
type B IMH, 
PAU

Initial approach 
is medical 
treatment

n/a n/a Class I, 
LOE C

n/a

Repetitive 
imaging (MRI/
CT) is indicated

n/a n/a Class I, 
LOE C

n/a

Complicated 
type B IMH/
PAU

TEVAR should 
be considered

n/a n/a Class 
IIa, 
LOE C

n/a

Surgery may be 
considered

n/a n/a Class 
IIb, 
LOE C

n/a

aExtended distal arch repair, if presenting with primary intimal tear or significant aneurys-
mal disease
bHybrid approach—Ascending aorta and/or arch replacement associated with any percutaneous 
aortic or branch artery procedure
cFor patients with ascending thoracic aortic dissection, all of the aneurysmal aorta and the proximal 
extent of the dissection should be resected. A partially dissected aortic root may be repaired with 
aortic valve resuspension. Extensive dissection of the aortic root should be treated with aortic root 
replacement with a composite graft or with a valve sparing root replacement. If a Debakey Type II 
dissection is present, the entire dissected aorta should be replaced
dWith severe complications directly related to aortic dissection where surgery is expected to 
achieve improvement or stop progression
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The recommendations for definitive management of AAD are also similar across 
the society guidelines. The US guidelines recommend urgent surgical consultation 
for all patients diagnosed with thoracic aortic dissection regardless of the anatomic 
location (ascending versus descending) as soon as the diagnosis is made or highly 
suspected (Class I, LOE C). All three societies recommend emergency surgical 
intervention for acute thoracic aortic dissection involving the ascending aorta 
because of the high risk of associated life-threatening complications such as rupture 
(Class I, LOE B). The Canadian guidelines specifically recommend replacement of 
the ascending aorta during systemic circulatory arrest with an open distal anastomo-
sis to be used routinely for repair of acute type A dissections (Strong Recommendation, 
Low-Quality Evidence). They go on to recommend that an extended distal arch 
repair technique be considered for patients who present with acute type A dissection 
and one of the following:

 (a) Primary intimal entry tear in the arch or descending aorta
 (b) Significant aneurysmal disease of the arch (Strong Recommendation, Low- 

Quality Evidence).

According to the US guidelines, in patients with ascending thoracic aortic dis-
section all of the aneurysmal aorta and the proximal extent of the dissection should 
be resected. A partially dissected aortic root may be repaired with aortic valve resus-
pension. Extensive dissection of the aortic root should be treated with aortic root 
replacement with a composite graft or with a valve sparing root replacement. If a 
DeBakey Type II dissection is present, the entire dissected aorta should be replaced. 
(Class I, LOE C).

There are certain scenarios where non-operative management of AAD is recom-
mended. The JCS guidelines suggest medical treatment to be started under certain 
conditions for type A dissection without complications or persistent pain where the 
false lumen of the ascending aorta is thrombosed (Class IIa, LOE C). The European 
guidelines suggest that a ‘wait-and-watch’ strategy (optimal blood pressure and 
pain control with serial imaging) may be an option to be considered on an individual 
patient basis, particularly in the case of substantial surgery risk (advanced age and 
severe co-morbidities), smaller aortic dimensions (<50 mm), and decreased IMH 
thickness (<11 mm) (Class I, LOE C).

 Type A Intramural Hematoma and Penetrating Aortic Ulcers

ACC and ESC recognize IMH as separate but related conditions, however JCS does 
not use the term IMH, and instead considers it to be a non-communicating aortic 
dissection and apply those treatment guidelines to IMH.

The ACC and ESC guidelines conclude that the guidelines for treatment of Type 
A IMH and PAU correspond to the treatment guidelines described for Type A 
AAD. Therefore, emergency surgery is indicated in complicated cases of with peri-
cardial effusion, periaortic hematoma, or large aneurysms and urgent surgery (<24 h 
after diagnosis) is required in most Type A IMHs (Class I, LOE C). It is worth 
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noting that PAUs are less frequently located in the aortic arch and involvement of 
the ascending aorta is rare. Surgical intervention is recommended in case of Type A 
PAU (Class IIa, LOE C).

 Acute Type B Aortic Dissection (AAD), Intramural Hematoma 
(IMH) and Penetrating Aortic Ulcer (PAU)

Aortic dissection isolated to the descending aorta is classified as Type B according 
to the Stanford system, or Type III according to the Debakey system [14]. Ascending 
aortic dissections are almost twice as common as descending dissections. Aortic 
IMHs more commonly involve the descending aorta [15]. Most penetrating ulcers 
are also located in the descending thoracic aorta (85–95%) [16]. This section will 
discuss management and treatment guidelines for Type B dissections, intramural 
hematomas and penetrating aortic ulcers.

 Initial Management

As with Type A dissections, the ACCF guidelines recommend that Type B aortic 
dissections are also initially managed medically with the goal of decreasing aortic 
wall stress and controlling pain (Class I, LOE B). While the ACCF guidelines do not 
offer detailed recommendations for management of TBAD, the ESC and JCS offer 
more detailed guidelines regarding endovascular and surgical repair. An urgent sur-
gical consult is recommended as soon as the diagnosis is made or suspected (Class 
I, LOE C).

Contrary to Type A AD, surgical intervention is typically reserved for patients 
with dissection associated complications—including end-organ malperfusion, 
recurrent and refractory pain or refractory hypertension, rapid expansion of the false 
lumen found during imaging surveillance, or dissection expansion and impending 
rupture (Class II, LOE C). Broadly, the recommendations for treatment overlap 
across the guidelines with minor differences in the level of evidence.

 Uncomplicated Type B AD

Medical therapy is unequivocally recommended for all uncomplicated TBAD (Class 
I, LOE B by ACC, Class I, LOE C by JSC and ESC, Strong Recommendation, 
Medium Quality Evidence by CCS).

There remains some controversy with regard to the beneficial role of early 
Thoracic endovascular aortic repair (TEVAR) in uncomplicated TBAD compared to 
medical therapy alone (Class IIa, LOE B by ESC and Class II, LOE C by JCS). The 
CCS suggests that TEVAR may be considered for patients with uncomplicated dis-
ease to improve aorta-specific endpoints (Weak Recommendation, Low Quality 
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Evidence). Two trials have been conducted to assess the benefit of elective TEVAR 
in uncomplicated TBAD.

The INSTEAD trial randomized 140 patients with sub-acute (>14 days) type 
B AD. Two year follow up indicated that TEVAR is effective in aortic remodel-
ing (91.3 vs. 19.4% with medical therapy, P < 0.001), however, no survival ben-
efit was observed [17]. The INSTEAD-XL trial included extended follow up of 
the INSTEAD trial, and showed that aorta related mortality (6.9 vs. 19.3%, 
respectively; P = 0.04) and disease progression (27.0 vs. 46.1%, respectively; 
P = 0.04) were lower after 5 years in TEVAR patients compared to those receiv-
ing medical therapy. As with the initial trial, no difference was found in overall 
mortality [18].

The ADSORB trial compared medical therapy alone vs. medical therapy + 
TEVAR in acute complicated TBAD and showed that TEVAR conferred benefits in 
terms of aortic remodeling and lower rates of incomplete false lumen thrombosis. 
This trial was underpowered to draw conclusions regarding survival benefit [19]. 
Further studies are required to determine predictors of complications in patients 
presenting with uncomplicated TBAD.

 Complicated Type B AD

Based on IRAD data, a significant one-third of patients with acute TBAD present 
with complications such as malperfusion or hemodynamic instability. ESC and 
JCS recommend TEVAR for complicated Type B AD (Class I, LOE C). The CCS 
also recommends that endovascular repair be first-line therapy for these patients 
(Strong Recommendation, Medium Quality Evidence). TEVAR helps to close the 
primary entry tear and perforation sites in the descending aorta, redirecting blood 
flow into the true lumen. This leads to improved distal perfusion by decompres-
sion. It also helps resolve malperfusion of visceral or peripheral arteries and pro-
motes thrombosis of the false lumen, which is the initiation for aortic remodeling 
and stabilization.

There are no RCTs comparing TEVAR with open surgery in patients with 
acute complicated TBAD.  In a propensity analysis from IRAD, open surgical 
repair was associated with an independent increased risk of in-hospital mortality 
(OR: 3.41, 95% CI, 1.00–11.67, P  =  0.05) [14]. In-hospital complications 
occurred in 20% of patients subjected to endovascular techniques, and in 40% 
after open surgical repair. In-hospital mortality was significantly higher after 
open surgery (33.9%) than after endovascular treatment (10.6%, P = 0.002) [15]. 
Additionally, in the IRAD series, endovascular treatment seems to offer better 
short term outcomes in terms of mortality and associated complications com-
pared to open repair [16].

Results from the single arm, STABLE trial suggests that TEVAR therapy is asso-
ciated with increased true lumen size, and favorable clinical and anatomic results 
[20]. Subsequently, 1 year follow up from STABLE II demonstrated that 
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TEVAR + medical therapy is associated with favorable clinical and anatomical out-
comes for rupture and malperfusion in acute complicated TBAD [21]. TEVAR 
might therefore offer better outcomes compared with open surgical approaches in 
complicated cases.

Indications for open surgery in acute complicated TBAD include—lower extrem-
ity artery disease, severe tortuosity of iliac arteries, sharp angulation of the aortic 
arch, and the absence of a proximal landing zone for the stent graft (Class 
IIb, LOE C).

The aim of open surgical repair is to replace the descending aorta with a Dacron 
prosthesis and redirect the flow into the true lumen of the downstream aorta by clos-
ing the false lumen at the distal anastomotic site, thereby improving perfusion and 
TL decompression, which may resolve malperfusion [22].

Although the results of open surgical repair have improved over the last decades, 
they still have an in-hospital mortality rate of about 25–50%. Predictors of poor 
prognosis include patient age > 70, hypotension/shock, severe visceral malperfu-
sion and spinal cord ischemia preoperatively. In addition, extensive co-morbidity, 
such as end stage malignant disease and severe chronic obstructive pulmonary dis-
ease are considered contraindications for surgical aortic repair.

 Type B Intramural Hematoma and Penetrating Aortic Ulcers

As with TBAD, the initial approach to Type B IMH and PAU is medical treatment 
(Class I, LOE C). The recommendations for endovascular therapy (Class IIa, LOE 
C) and surgery (Class IIb, LOE C) are similar to those for Type B ADs as well. The 
subgroup of patients with aortic dilation or ulcer-like projection (ULP) should be 
followed up closely and treated more aggressively if symptoms persist or reappear, 
or if progressive aortic dilation is observed [23] (Class I, LOE C). For patients pre-
senting with expansion of the IMH despite medical therapy, or disruption of intimal 
tear on CT with contrast enhancement in the acute phase, the recommended inter-
vention is TEVAR rather than surgery.

The most common location of PAU is the middle and lower descending thoracic 
aorta. The aim of treatment for PAU is to prevent propagation of the ulcerative pro-
cess, leading to IMH, pseudoaneurysm or aortic rupture and progression to acute 
AD. Studies have suggested that indications for intervention include refractory or 
recurrent symptoms, penetration of the lesion through the aortic wall, expansion of 
aortic diameter and PAU diameter > 20 mm and depth > 10 mm [24, 25]. While 
unrelenting pain and rupture are clear indications for repair, the other indications are 
not as absolute [26].

As for IMH, there are no RCTs directly comparing TEVAR vs. open surgery in 
patients with acute PAU. Since these patients are more likely to be older and with 
comorbidities, TEVAR is increasingly being used, with encouraging results 
[27, 28].
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 Future Directions

Further studies are required to clarify the association of aortic remodeling with 
improved mid and long-term outcomes. Newer therapy such as proximal covered 
stents and distal bare metal stents as used in the STABLE trial, as well as adjunctive 
techniques like fenestration or branched graft stenting are in development. 
Consensus regarding optimal timing for endovascular therapy in uncomplicated dis-
section in terms of patient selection and timing is required.
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Initial Medical Management of Acute 
Aortic Syndromes
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 Introduction

Acute aortic syndrome encompasses three life-threatening diseases: aortic dissec-
tion, intramural hematoma, and penetrating atherosclerotic aortic ulcer. When 
symptom onset is within 14  days of inciting event, the presentation is deemed 
‘acute.’ All diseases within the acute aortic syndrome eventually lead to the break-
down of the aortic intima and media [1]. Lesions are classically described based on 
their location within the thoracic aorta. A lesion involving the ascending aorta is 
Stanford A (DeBakey type I–II); those not involving the ascending aorta are Stanford 
B (DeBakey type III). For this chapter, we will use the Stanford nomenclature.

Acute aortic dissection (AAD) occurs when an intimal tear results in formation 
of a dissection plane and disruption of the medial layer. This results in separation of 
the aortic wall layers and subsequent formation of true and false lumens [2]. The 
false channel is contained by the outer medial and adventitial layers. However, the 
intimal tear (dissection flap) can extend both proximally and distally with each car-
diac cycle, potentially compromising flow within branch arteries. When the outer 
aortic wall weakens, aortic rupture is possible. The International Registry of Acute 
Aortic Dissection (IRAD) reports that of patients presenting with AAD, 67% pre-
sented with type A dissections (TAAD) [3]. The mortality of type A dissection is 
1–2% per hour after early symptom onset, and survival appears to depend upon the 
degree of communication and the wall stress present in the false lumen [4].

Intramural hematoma (IMH) most commonly occurs in the descending aorta and 
is characterized by rupture of the vaso vasorum into the aortic media, with subse-
quent hematoma formation [3]. Functionally, the hematoma within the aortic wall 
does not freely communicate with the lumen and has restricted flow [5]. The absence 
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of an intimal lesion distinguishes aortic IMH from a peri-aortic hematoma that may 
be associated with a penetrating aortic ulcer (PAU). IMH accounts for 10–25% of 
acute aortic syndromes and the overall long-term prognosis is more favorable than 
that of patients with AAD [2]. However, several studies suggest that 30–40% of 
IMH evolve into AAD, with the greatest risk at 8 days from symptom onset [2].

Penetrating aortic ulcer (PAU) refers to ulceration of an atherosclerotic plaque, 
which penetrates through the elastic lamina and into the aortic media. The location 
of PAU is predominantly in the descending aorta (85–90%). While the true preva-
lence of the disorder is unknown, it is estimated to represent 2–7% of all acute aortic 
syndromes [3]. These lesions, left untreated, can lead to progressive aortic enlarge-
ment and aneurysm development. Propagation of the ulcerative process may lead to 
IMH, pseudoaneurysm, AAD, or aortic rupture [2].

 Presentation and Diagnosis

Given the high mortality associated with missed and delayed diagnoses of acute 
aortic syndromes, a high clinical suspicion and diagnosis as early in the disease 
process as possible is paramount.

 Acute Aortic Dissection

The most important risk factor precipitating acute aortic dissection is systemic 
hypertension, which increases the stress on the aortic wall. Seventy-seven percent of 
patients presenting with AAD have co-morbid hypertension [3]. Aortic dissection 
most commonly occurs in men, representing two-thirds of affected patients. Women, 
when affected, tend to be older (mean 67 vs. 63 years) [3]. Less common precipitat-
ing risk factors include atherosclerosis, known aortic aneurysm, previous cardiac 
surgery, connective tissue disorders (Marfan’s, Loeys-Dietz), and cocaine use.

Patients commonly present with a chief complaint of acute onset severe chest or 
back pain. The pain is typically abrupt in onset and is at its most severe at the time 
of onset. Most frequently described as sharp [3], it can also be tearing, ripping, and 
stabbing in nature. In TAAD, the pain is usually retrosternal, whereas in distal dis-
sections the pain is more often localized interscapular and in the back. Of note, 
symptoms can deceptively be intermittent [1]. Up to 30% of patients later found to 
have AAD were initially suspected to have other conditions such as myocardial 
infarctions or pulmonary embolus. Therefore, acute aortic dissection should remain 
on the differential diagnosis for patients presenting with unexplained syncope, 
stroke, acute onset congestive heart failure, and acute ischemia of extremities or 
viscera, even when the typical chest pain is not the leading symptom [4]. Recurrent 
chest or back pain typically indicates extension, expansion, or rupture of the 
dissection.
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Physical examination should focus on findings that help increase suspicion for 
dissection and represent high-risk features, as well as signs of end-organ dysfunc-
tion. A detailed pulse examination, including carotid, radial, and femoral pulses can 
indicate the extent of disease. Syncope, stroke, and other neurologic symptoms may 
occur in up to 40% of patients with proximal aortic dissection, yet these initial 
symptoms can often mask the diagnosis [3]. Differential upper extremity pulses 
suggest involvement of the brachiocephalic branch arteries. Iliofemoral involve-
ment can result in lower extremity pulse loss, the most drastic of which is pulseless 
bilateral lower extremities in the case of complete obstruction of the iliac bifurca-
tion. A complete cardiac exam should be completed, with particular attention to 
whether there is new-onset diastolic (aortic regurgitation) murmur or signs of peri-
cardial involvement including presence of pericardial friction rub, jugular venous 
distension, or pulsus paradoxus consistent with tamponade. After aortic rupture, 
aortic regurgitation is the second most common cause of death, with patients fre-
quently presenting with heart failure and cardiogenic shock [2]. Branch artery com-
promise can also lead to malperfusion of the bowel (acute abdomen and acidosis) 
and kidneys (rising blood urea nitrogen/creatinine and oliguria).

 Intramural Hematoma

The clinical presentation of IMH is similar to that of AAD. Distinguishing between 
the two entities cannot be made clinically and requires tomographic imaging [6].

 Penetrating Aortic Ulcer

Clinical manifestations of PAU are similar to AAD. However, patients tend to be 
older and more frequently have a history of tobacco abuse, hypertension, coronary 
artery disease, chronic obstructive pulmonary disease, and concurrent abdominal 
aneurysms. Symptoms typically occur once the PAU reaches the adventitia; there-
fore, symptoms are assumed to indicate an emergency.

 Initial Medical Management

There remains a lack of evidence for initial targeted medical management of acute 
aortic syndromes. As there are no randomized controlled trials or meta-analyses, the 
recommendations that follow are provided by a consensus of opinions (Class I, 
Level C).

The aim of medical management in acute aortic syndromes is to prevent aortic 
rupture, and in the case of IMH and PAU, to prevent progression to AAD. While 
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definitive interventions vary based upon the classification and type of acute aortic 
syndrome, all patients presenting with acute aortic syndrome are initially managed 
medically. Upon suspicion of diagnosis, the primary goal is to reduce blood pres-
sure, heart rate, and force of cardiac ejection (dp/dt). Carefully monitored and 
aggressive management is essential to prevent rupture, as the main cause of death is 
not the initial tear, but related to the extension of the dissection with ultimate rupture 
and death due to hemorrhage or cardiac tamponade [1, 7].

 Anti-impulse Therapy

Current medical management is largely derived from the seminal work of Wheat 
et al. [7] as well as Simpson and Taylor [8]. Wheat et al. constructed an ex vivo 
model of aortas using Tygon tubing coated internally with rubber cement to demon-
strate the primary goals of pharmacological management of acute aortic syndromes 
[7]. The contractile force of the myocardium, expressed as change in pressure over 
time (dp/dt) or as the initial upstroke of the arterial pressure curve, is largely respon-
sible for the initiation and propagation of the dissection. The strength of the pulsa-
tion, rather than hypertension or high blood flow alone, leads to progression. Thus, 
the goals of medical management are to reduce blood pressure, as well as to reduce 
the left ventricular ejection force (dp/dt) and shear stress [7]. When fed 
B-aminopropionitrile fumarate (BAPN), a drug that mediates reduction in the ten-
sile strength of the aorta by inhibiting lysyl oxidase, the Broad-Breasted White tur-
key develops iatrogenic aortic dissection. Simpson et al. investigated the effects of 
various pharmacologic strategies on the risk of aortic rupture in this model [8]. 
These studies demonstrate that blood pressure control alone is not adequate to pre-
vent aortic rupture. Rather, beta-blocker therapy acts to reduce both blood pressure 
as well as chronotropy and inotropy, subsequently reducing dp/dt and the risk of 
rupture.

Initial medical therapy should aim to decrease wall stress (anti-impulse therapy) 
in order to limit extension of the dissection and reduce the risk of developing end- 
organ damage and rupture. Heart rate and blood pressure should be lowered to the 
lowest tolerable levels while ensuring adequate cerebral, coronary, and renal perfu-
sion; typical heart rate goals are <60  bpm and systolic blood pressure goals are 
100–120  mmHg. Intravenous short-acting agents should be administered and 
titrated using electronic monitoring of blood pressure, heart rate, and EKG. Consistent 
with European Society of Cardiology Guidelines, IRAD observed that over a period 
of 17 years, patients with both type A and type B AAD received significantly greater 
use of beta blockers (88% and 91%, respectively) [9].

First-line management is with intravenous (IV) beta-blocker therapy, with dos-
ing as seen in Table 1. In patients with potential intolerance to beta-blockers (asthma, 
bradycardia, signs of heart failure), esmolol is a reasonable choice due to its short 
half-life (9 min) [1]. In patients who are truly beta-blocker intolerant, verapamil or 
diltiazem may be useful to decrease blood pressure without causing reflex 
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tachycardia. If the systolic blood pressure is still greater than 120 mmHg after beta- 
blocker therapy, vasodilator therapy is recommended. This should only be done 
once heart rate is consistently less than 60 bpm. Agent options include nitroprusside 
and nicardipine, with dosing as seen in Table 1. In patients with an emergent or 
urgent indication for operation, anti-impulse therapy for hypertensive patients 
should be continued as the patient progresses to the operating room. In those patients 
who do not have an indication for immediate intervention and will be treated medi-
cally, such as those with an uncomplicated Type B aortic dissection (TBAD), the 
initial goal of therapy is to eliminate pain. In addition to anti-impulse therapy, 

Table 1 Intravenous agents for initial medical management of acute aortic syndromes [1, 10]

Medication
Mechanism 
of action Formulation Bolus dose

Maintenance 
dose Notes

First line: beta-blockers
Esmolol • 

Cardio- 
selective
• Negative 
inotropy and 
chronotropy

2.5 g/250 mL 250–
500 mcg/kg

50–200 mcg/
kg/min 
titrated to 
maximum 
dose of 
300 mcg/kg/
min

•  Caution in 
patients with 
heart failure, 
asthma, or 
concomitant 
calcium channel 
blocker therapy

•  Use cautiously 
in setting of 
acute aortic 
regurgitation as 
will block 
compensatory 
tachycardia

•  Onset of action: 
2 min. Duration 
of action: 
10–20 min

Labetalol •  Both alpha 
and 
beta- 
blockade, 
plus 
vasodilation

•  Negative 
inotropy and 
chronotropy

200 mg/200 mL 20 mg over 
2 min; then 
20–80 mg 
bolus every 
10 min 
(max 
300 mg)

0.5–2 mg/min •  Caution in 
patients with 
lung disease or 
concomitant 
calcium channel 
blocker therapy

•  Adverse events 
include 
vomiting, throat 
burning, heart 
block, 
orthostatic 
hypotension

•  Onset of action: 
5 min. Duration 
of action: 6 h

(continued)
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Table 1 (continued)

Medication
Mechanism 
of action Formulation Bolus dose

Maintenance 
dose Notes

If resistant to beta-blockers
Verapamil •  Reduces 

SVR
•  Depresses 

contractility

120 mg/250 mL 0.1 mg/kg 
over 2 min

2–5 mcg/kg/
min

•  Onset of action: 
1–5 min

Diltiazem •  Reduces 
SVR

•  Negative 
inotropy

250 mg/250 mL 0.25 mg/kg 
over 2 min, 
then 
0.35 mg/kg 
over 2 min

5–15 mg/h •  Caution in 
patients with 
heart failure or 
concomitant 
beta-blocker 
therapy

•  Adverse events 
include liver 
dysfunction

•  Onset of action: 
2–5 min

Vasodilators
Nitroprusside •  Relaxes 

arterial 
smooth 
muscle

•  Reduces 
SVR and 
PVR

50 mg/250 mL 0.25–0.5 mcg/
kg/min 
titrated to 
maximum 
8 mcg/kg/min

•  Adverse effects 
include reflex 
increase in 
contractility and 
dp/dt; in a 
patient with 
aortic dissection, 
this mandates 
concomitant use 
of beta-blocker

•  Caution in 
patients with 
hepatic or renal 
dysfunction

•  Can cause 
cyanide toxicity

•  Effect dissipates 
in 1–2 min

Nicardipine •  Selectively 
relaxes 
arterial 
smooth 
muscle

•  Reduces 
SVR

50 mg/250 mL 5 mg/h 2.5–5 mg/h 
titrated to 
maximum 
15 mg/h

•  No effect on AV 
conduction

•  Has long 
duration of 
action: 4–6 h

•  Can increase 
V/Q mismatch 
and produce 
hypoxemia
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proper management of pain is an important factor in management. Morphine sulfate 
is typically the drug of choice due its reliable and predictable effects, safety profile, 
ease of reversibility and ease of titration with the intravenous formulation.

A toxicology screen should be considered in all patients presenting with acute 
aortic syndrome, particularly if there are no known predisposing factors. Patients 
who develop aortic dissection as a result of cocaine intoxication should not receive 
non-selective beta blockers alone as this may lead to unopposed alpha stimulation, 
thus worsening hypertension [2]. Treatment of cocaine-related acute aortic syn-
dromes should aim to reverse the centrally mediated nervous system stimulation.

After initial therapy with IV agents for a period of 12–24 h, the goal of medically 
managed dissection patients is to transition them to an effective oral anti- hypertensive 
regimen. The patients are transitioned to an oral regimen consisting of beta block-
ers, calcium channel blockers, and/or alpha antagonists as the IV regimen is weaned 
in a monitored setting with the same blood pressure and heart rate goals as above. 
In addition, all medically managed aortic syndrome patients should undergo repeat 
cross-sectional imaging (CT scan) at approximately 24–48 h after presentation. A 
small percentage of aortic pathology managed medically may progress to diagnoses 
requiring surgical intervention. For example, an ascending IMH may progress to 
TAAD, or a TBAD may have retrograde extension and evolve into a TAAD. This 
progression of disease is usually signified by a change in the patient’s 
symptomatology.

While there are no high-quality data on the efficacy of initial medical manage-
ment for all patients with acute aortic syndrome, anti-impulse therapy remains a 
Class I recommendation. Anti-impulse therapy addresses the primary precipitating 
risk factor (hypertension) leading to acute aortic syndromes, as well as reduces the 
aortic shear stress and risk of disease propagation in the initial period following 
presentation. Prior to definitive intervention for type A disease, reduction of propa-
gation to further branch arteries reduces associated morbidity and mortality. 
In-hospital mortality rates are less than 10% for medically managed uncomplicated 
acute type B dissection [10] and as many as 10% of type B IMH lesions may com-
pletely resolve with appropriate beta-blockade [11]. However, long-term data from 
IRAD demonstrate that the 3-year survival rate for patients managed medically is 
only 78% [12]. Recently, the trend has favored endovascular intervention even for 
acute uncomplicated TBAD, though this is not supported by randomized data.

 Volume Management

For patients who present with hypotension, the cause should be evaluated prior to 
fluid volume resuscitation. Alternative causes include hemopericardium with tam-
ponade, valvular dysfunction, or left ventricular systolic dysfunction, all of which 
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require further intervention. Pseudohypotension, which occurs when blood pressure 
is measured in an extremity with circulation compromised by the dissection, should 
be ruled-out prior to initiation of medical therapy. In the case of aortic rupture or 
cardiac tamponade, the initial management includes rapid volume resuscitation as a 
temporizing measure prior to immediate operative management. Despite high cen-
tral venous pressure with cardiac tamponade, volume administration will improve 
cardiac filling against the external pressure within the pericardial space. 
Pericardiocentesis is associated with adverse outcomes, potentially due to rebound 
increase in intra-aortic pressure, but may be performed for those who cannot survive 
until surgery [13].

 Complication-Specific Approach

Acute aortic syndromes are described as ‘complicated’ when there is malperfusion 
of a vascular bed. Complicated dissections account for approximately 15–20% of 
cases and can result in malperfusion of the brain, heart, viscera, spinal cord, and 
limbs [10]. Complicated disease portends a poor prognosis; in patients with limb 
ischemia or renal/mesenteric malperfusion versus those without, mortality is twice 
as high [13]. Malperfusion syndromes can be further classified as dynamic or static 
based on the mechanism of impaired blood flow. Dynamic occlusion occurs when 
the orifice of the aortic branch vessel is occluded by the mobile aortic dissection 
flap, thus leading to occlusion of the true lumen by the false lumen. In this case, 
fenestration of the intimal flap and/or treatment of the primary tear with thoracic 
endovascular aortic repair (TEVAR) can depressurize the false lumen and restore 
flow [10]. Static malperfusion occurs when the dissection flap extends into the aor-
tic side branch, thus occluding the distal vessel. Branch vessel stenting in addition 
to TEVAR is typically necessary in this case to resolve the malperfusion syn-
drome [10].

In cases of malperfusion, a ‘complication-specific approach’ is recommended. 
Patients presenting with an acute TAAD, in whom the associated malperfusion is a 
more significant threat to life, restoration of flow to the occluded vascular bed is 
recommended prior to repair of the dissection. When considering delay of TAAD 
repair, all factors related to the presentation must be taken into account in order to 
judge the risk of rupture and death associated with the delay. These factors include 
the acuity of symptoms, the presence of continual chest or back pain despite ade-
quate anti-impulse therapy, the degree of aortic insufficiency or tamponade, and the 
presence of heart failure. In the scenario of complicated acute TBAD, medical man-
agement alone is not sufficient, and these dissections should be treated immediately 
(usually by endovascular therapy or extra-anatomic bypass). Figures 1 and 2 display 
the algorithms for management of complicated acute aortic syndromes.

Following is a discussion of initial management of patients presenting with vari-
ous manifestations of complicated dissection.
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 Neurologic Complications

Among patients within IRAD, 6% of patients with TAAD also presented with a 
stroke. These patients commonly presented with syncope, shock, or pulse deficit 
[3]. Patients presenting with altered sensorium and delirium are common, how-
ever these symptoms do not necessarily indicate a cerebrovascular accident 
(CVA). If these patients have a non-focal neurologic exam, immediate repair of 
TAAD should not be delayed in order to investigate a possible CVA. However, a 
dense hemi- paretic CVA is a particularly poor prognostic sign that may make 
operative repair prohibitively risky. Management of patients with an acute aortic 
syndrome complicated by CVA remains controversial as immediate surgical 
repair carries a risk of hemorrhagic conversion, while conservative management 
is associated with a high incidence of early mortality [14]. Paraplegia and spinal 
cord malperfusion is a presenting manifestation in 2–5% of patients with AAD 
[15]. Prior to repair, there is no specific way to revascularize the spinal cord. 
These patients should undergo immediate repair of TAAD as resolution of 

Type A Aortic Dissection

Complicated

Neurologic Malperfusion

Non-focal

Surgical repair

Dense hemiparesis

Medical management

Visceral malperfusion

Viable bowel

Endovascular repair +/-
branch vessel 

revascularization, followed
by surgical repair

Necrotic bowel

Medical management

Extremity malperfusion

Pulseless and insensate

Restore extremity blood 
flow

Pulseless but sensorimotor
intact

Type A dissection repair

Uncomplicated

Surgical repair

Fig. 1 Management approach for patients presenting with acute type A aortic dissection

Type B Aortic Dissection

Uncomplicated

Medical Management +/-
elective TEVAR

Complicated

Visceral malperfusion

TEVAR +/-
fenestration/stenting

Extremity malperfusion

TEVAR + extra-anatomic
bypass/stenting

Fig. 2 Management approach for patients presenting with acute type B aortic dissection
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paraparesis and even paraplegia after repair is possible. Resolution of paraparesis 
or paraplegia with immediate endovascular therapy of acute TBAD is less likely 
but should still be considered.

 Visceral Malperfusion

Visceral malperfusion should be suspected in any patient with acute dissection who 
presents with absent unilateral or bilateral femoral pulses. The presence of intact 
femoral pulses does not guarantee adequate visceral blood flow, but it does make the 
presence of visceral malperfusion much less likely. One strategy for management of 
visceral malperfusion entails taking the patient to a hybrid operating room with both 
the general and cardiac surgery teams. Exploratory laparotomy is performed first: if 
the bowel is ischemic and unlikely to recover, no further intervention is performed. 
If the bowel is viable, blood flow is restored via TEVAR of the thoracic aorta (and 
potentially branch vessel revascularization). The abdomen is then left open, fol-
lowed by a second-look operation to assess the bowel integrity. Intensive medical 
management of systolic blood pressure and resuscitation to correct metabolic 
abnormalities then allows for resolution of end-organ failure prior to open repair of 
the acute dissection. This does place the patient at risk for rupture in the intervening 
period, and is a challenging situation if the patient has severe aortic insufficiency 
and heart failure associated with the dissection. In a single center, retrospective 
study of patients with mesenteric malperfusion syndrome, 38% died prior to open 
repair: 24.4% from organ failure and 13.4% from aortic rupture. A multivariable 
logistic regression revealed that independent risk factors for death from organ fail-
ure were acute stroke, gross bowel necrosis at laparotomy, and serum lactate greater 
than 6 mmol/L [16].

Isolated renal malperfusion without other visceral malperfusion (intact celiac 
and superior mesenteric arteries) is exceedingly rare. TAAD repair should not be 
delayed in this rare scenario as isolated renal malperfusion is not immediately life- 
threatening. Immediate therapy for TBAD should also be considered in this 
scenario.

 Limb Malperfusion

Lower limb malperfusion syndrome is present in 40% of complicated dissections 
and in up to 71% of patients with another malperfusion syndrome [17]. The degree 
of limb ischemia and duration of symptoms are important parameters to consider. A 
pulseless, cold, and insensate leg with no motor function should be revascularized 
prior to dissection repair. Traditional approaches include endovascular repairs and 
extra-anatomic bypass grafting. However, a leg with diminished pulse, but with 
intact sensorimotor function, will often improve with repair of the dissection. In the 
latter case, immediate dissection repair is recommended.
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Imaging of Aortic Dissection: CT, MRI, 
and Angiography

Albree Tower-Rader, Lars G. Svensson, and Venu Menon

Imaging is integral to the initial diagnosis, management, and follow-up of patients 
with a suspected aortic dissection. In contrast to acute coronary syndrome where an 
ECG and presence of biomarkers indicative of myocardial necrosis can be diagnos-
tic, acute aortic syndrome requires imaging to confirm the diagnosis. The patient 
with a suspected acute aortic syndrome should undergo immediate imaging with 
multi-detector computed tomography (MDCT), transesophageal echocardiogram 
(TEE), or magnetic resonance imaging (MRI) based on the stability of the patient 
and institutional availability and expertise since there are advantages and disadvan-
tages to each modality [1–3] (Table 1). For most patients MDCT is the diagnostic 
test of choice to evaluate the aorta. A well-performed study enables immediate con-
firmation of the suspected diagnosis, as well as information regarding the patho-
physiology and prognosis. The use of echocardiography in the evaluation of patients 
with acute aortic syndrome is discussed in depth in subsequent chapters. The major-
ity of acute aortic syndromes, 80–90%, are aortic dissections [4], with the minority 
classified as intramural hematoma or penetrating aortic ulcers, the imaging for both 
of which will be discussed in subsequent chapters. An ideal imaging study would 
provide a rapid and accurate, noninvasive diagnosis of the presence and extent of an 
aortic dissection allowing for classification under the DeBakey or more commonly 
used Stanford system. Patients with involvement of the ascending aorta, Stanford 
type A, are managed as a surgical emergency; however, it is equally important to 
identify patients with a complicated type B dissection who are often managed by 
stent-graft endovascular repair (TEVAR) in the acute setting [5, 6]. Imaging can 
detect some features of a complicated type B dissection, such as the involvement of 
aortic branch vessels resulting in end-organ malperfusion, or signs of rupture, such 
as a pericardial effusion, hemothorax, or mediastinal blood products. Additionally 
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the status of blood flow in the false lumen, as well as involvement of other structures 
including the aortic valve and coronary arteries, or proximity of cardiovascular 
structures to the sternum for patients with prior sternotomy, is often useful in deter-
mining the management strategy. Current guidelines recommend that  measure-
ments of the aorta by either MDCT or MRI should be taken at reproducible 
landmarks in a plane perpendicular to the axis of the flow of blood utilizing either 
multiplanar reconstruction or the centerline of flow [1, 2, 7] (Fig. 1a, b). The 2015 

Table 1 Comparison of available imaging techniques of the aorta

Multidetector 
computed 
tomography 
(MDCT)

Magnetic 
resonance imaging 
(MRI) Angiography

Transesophageal 
echocardiogram 
(TEE)

Advantages • Rapid
• Easily accessed 
and performed
• May reveal 
alternative/
additional 
diagnoses
• Able to assess 
for evidence of 
end-organ 
malperfusion

• No radiation 
exposure
• Potential to be 
performed without 
gadolinium 
contrast
• Able to assess 
for aortic 
regurgitation
• Able to assess 
for left ventricular 
function and wall 
motion 
abnormalities
• Able to assess 
for evidence of 
end-organ 
malperfusion

• Often 
performed during 
endovascular 
treatment of a 
dissection
• Able to assess 
for aortic 
regurgitation
• Possible to 
evaluate patency 
of aortic branches

• May be performed 
at bedside for 
unstable patients
• Immediate 
interpretation
• Able to assess for 
aortic regurgitation
• Able to assess for 
pericardial effusion 
with tamponade 
physiology
• Can assess left 
ventricular function 
and wall motion 
abnormalities
• Used peri- 
procedurally in the 
operating room

Disadvantages • Radiation 
exposure
• Uses iodinated 
contrast
• Pulsation 
artifact in aortic 
root and 
ascending aorta 
without 
ECG-gating

• Longer 
acquisition time
• Difficult to 
perform 
hemodynamic 
monitoring during 
study
• May not be 
readily accessible
• Implanted 
devices may not 
be compatible or 
may create 
artifacts
• May require 
sedation for 
claustrophobic 
patients

• Invasive
• Need for an 
experience 
operator
• Longer 
acquisition time
• Radiation 
exposure
• Uses iodinated 
contrast
• False negatives 
in setting of 
intramural 
hematoma and 
thrombosed false 
lumens

• Semi-invasive
• Need for an 
experienced operator
• Requires sedation
• Distal ascending 
aorta obstructed 
from view by 
airways
• Limited 
assessment of 
abdominal aorta and 
branches
• Contraindicated in 
patients with 
cirrhosis, 
gastrointestinal 
bleed or dysphagia
• Reverberation 
artifacts may mimic 
an intimal flap
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Multimodality Imaging of Diseases of the Thoracic Aorta guidelines do not specify 
which technique should be undertaken for measuring the aortic dimensions, though 
prior guidelines including the 2010 ACC/AHA and the 2014 ESC guidelines had 
suggested measuring outer edge-to-outer edge on MDCT and MRI, as opposed to 
the recommendation for echocardiographic measurements of leading edge-to- 
leading edge [1, 2, 7]. Care should be taken to access available prior imaging, espe-
cially for patients who have had prior repairs, because it may be difficult for the 
medical team to interpret whether acute changes are present without direct compari-
son to prior images potentially leading to false positive findings of an acute dissec-
tion or concerning new aortic dilation [8]. Patients with a confirmed aortic dissection 
may be transferred to a specialized center and the images obtained at the primary 
facility need to be able to be rapidly accessible to the receiving care team, either by 
CD or secure digital image transfer.

 Multidetector Computed Tomography

 Protocol Considerations

As technology has developed over the past few decades, multidetector computed 
tomography (≥64 detector rows, MDCT) angiography has evolved as the preferred 
modality for imaging due to the widespread availability, quality of studies, ease of 
interpretation, and rapid speed of study acquisition. A meta-analysis examining 16 
studies found a very high sensitivity of 100% and specificity of 98–99% for the 

a b

Fig. 1 (a) An example of measurement of the descending thoracic aorta at the level of the dia-
phragmatic hiatus on axial imaging. (b) Measurement of the dimensions of the descending thoracic 
aorta at the level of the diaphragmatic hiatus following multiplanar reconstruction to align the 
plane of the image to be perpendicular to the axis of blood flow. In this case, failure to reconstruct 
the plane for measurement of aorta dimensions would result in an erroneous measurement
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diagnosis of aortic dissection by MDCT angiography [9]. Standard acquisition 
times for MDCT with short gantry rotation times are 3–4 s for the chest and <10 s 
for the chest, abdomen, and pelvis, often accomplished in a single breath-hold [7]. 
Though protocols vary by institution, ideally they are designed to allow for ade-
quate diagnosis while minimizing radiation if possible. During the cardiac cycle, 
the aortic root (including the valve and sinuses) and proximal ascending aorta are in 
motion and thus prone to motion artifacts, which may be erroneously interpreted as 
intimal flaps [10] (Fig. 2a, b). In fact, studies have shown that the most frequent 
reason for a false positive diagnosis of an aortic dissection was the use of a non- 
ECG gated CT [8]. For this reason, synchronizing image acquisition of the chest to 
the cardiac cycle via ECG-gating should be performed to allow for careful assess-
ment of the aortic root. ECG-gating may be performed either prospectively or retro-
spectively. With prospective gating, images are acquired only during the desired 
portion of the cardiac cycle, typically diastole as cardiac motion is limited; however, 
this requires a fairly regular rhythm. Retrospective gating, however, allows for 
image acquisition throughout the entire cardiac cycle with subsequent reconstruc-
tions at different phases of the cardiac cycle if necessary, which is useful in the 
setting of arrhythmias, though at the expense of increased radiation exposure. Care 
should be taken with automated bolus tracking to ensure proper opacification of the 
aorta. With automated bolus tracking, a region of interest (ROI) is placed on refer-
ence image on the descending thoracic aorta and the acquisition is triggered when 
the predetermined threshold Hounsfield unit (HU) is surpassed. If the ROI spans the 
true and false lumens, and particularly if the false lumen is thrombosed, the thresh-
old might be reached too late if the operator waits for complete opacification of the 
false lumen, thus resulting in inadequate opacification of the true lumen. Instead it 
is recommended that the operator carefully monitor to ensure the location of the 
ROI is correctly placed over the true lumen as the aorta begins to enhance and be 

a b

Fig. 2 (a) Non-gated CT angiography of the chest demonstrating a central contrast-filled lumen 
in the ascending aorta with a component of the lumen both anterior and posterior (arrows), which 
is less intensely opacified. This may be mistaken for a dissection, but the presence of both anterior 
and posterior segments of the ascending aorta lumen, which are less intensely opacified, is charac-
teristic of a motion artifact. (b) ECG-gated CT angiography of the chest performed in the same 
patient demonstrating the absence of a dissection of the ascending aorta
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prepared to manually trigger the scan, if necessary, when the true lumen is well 
opacified with a goal of ≥250 HU [3]. Use of a saline flush is recommended to help 
tighten the contrast bolus, resulting in a higher peak contrast opacification [3, 4]. 
Contrast should be administered via the right arm to limit the appearance of streak 
artifacts obscuring the head and neck vessels, including the left subclavian artery. 
Following acquisition of an ECG-gated chest, a continuous scan extending from the 
lung apices to the groin should be performed in order to obtain a continuous dataset, 
which is often necessary when planning for an endovascular repair, instead of sub-
sequently obtaining a separate acquisition of the abdomen and pelvis, effectively 
splitting the aorta into two separate datasets. Acquisition of thin slice axial images 
(0.5–2.0 mm) is recommended [11]. A triple-rule-out (TRO) protocol is intended to 
assess the aorta, coronary arteries, and pulmonary arteries in a single ECG-gated 
scan utilizing a biphasic contrast injection designed for simultaneous arterial (>300 
HU) and pulmonary arterial (>200 HU) enhancement [12]. In practice, TRO scans 
have been shown to be associated with higher radiation exposure and contrast doses 
and non-diagnostic images, and thus for patients with a high-risk feature of aortic 
dissection, a dedicated study should be performed for instead [7, 13]. In general, 
careful attention should be paid to adjusting the tube voltage and current, as well as 
any other scanner-specific features in order to minimize the radiation dose to the 
patient.

 CT Findings of Aortic Dissections

 Non-contrast CT Findings

Non-contrast CT is not diagnostic for aortic dissection, though it may be performed 
in some centers prior to CTA to aid in the detection of an intramural hematoma or 
may have been performed for another indication. Findings on non-contrast CT, 
which are suggestive of aortic dissection, include displacement of intimal calcifica-
tions into the lumen (Fig. 3a, b), as well as a hyperattenuating fluid collection within 
the pericardium, pleural cavity, or mediastinum suggestive of aortic rupture.

 CTA Findings

Diagnosis of an aortic dissection includes identification of a true and false lumen 
separated by an intimal flap. The true lumen is often smaller, while the false lumen 
is often crescent-shaped with a “beak” sign, or acute angle between the intimal flap 
and the aortic wall. The typical appearance of an intimal flap or “double barrel” is 
noted in approximately 70% of cases, thoughif there is circumferential separation of 
the intima, the true lumen may have a more cylindrical or “windsock” appearance 
due to intussusception of the flap [14] (Fig. 4a, b). The true lumen typically will run 
along the inferomedial aspect of the arch and descending thoracoabdominal aorta, 
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though variation is common [15]. Identification of the true lumen may be difficult 
in the setting of an extensive dissection, but can be determined with the aid of the 
pattern of intimal calcifications and tracking the lumens. By scrolling through the 
axial images, or using reconstructions, a reader can identify and track a portion of 
unaffected aorta to identify the true lumen since they remain in continuity. 
Additionally, the false lumen may be less intensely opacified than the true lumen 
due to either differential timing of contrast opacification, a finding that can be con-
firmed by delayed imaging. Thrombus may be present within the false lumen at the 
time of presentation in approximately 40% of patients with a type B dissection [16]. 
Depending on the pressure differential between the true and false lumens, the false 

a b

Fig. 3 (a) Non-contrast gated CT chest with a dilated ascending aorta and evidence of intimal 
calcifications within the lumen of the descending thoracic aorta (arrow) concerning for possible 
aortic dissection. (b) ECG-gated CT angiography of the chest in the same patient confirming the 
presence of a Type A dissection with an intimal flap present in the ascending and descending tho-
racic aorta (arrows)

a b

Fig. 4 (a) ECG-gated CT angiography of the chest demonstrating a Type A aortic dissection with 
an intimal flap present in the ascending and descending thoracic aorta with a typical “double bar-
rel” lumen appearance of the descending thoracic aorta with a less intensely opacified false lumen 
with a “beak” appearance at the intersection of the intimal flap and aorta wall (arrow). (b) ECG- 
gated CT angiography of the chest demonstrating a Type A aortic dissection with an intimal flap 
present in the ascending and descending thoracic aorta with near complete separation of the intima 
within the descending thoracic aorta, which results in a “windsock” appearance
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lumen may compress the true lumen. Compression of the true lumen by an expand-
ing false lumen is more likely to occur in the absence of distal reentry tears. The 
location of calcifications in relation to the intimal flap may also aid in differentiating 
the true and false lumens because in the acute setting, intimal calcifications will 
remain on the true lumen side of the displaced intimal flap, whereas in the setting of 
a chronic dissection, calcifications may be seen on either side because mural calci-
fications may form within the false lumen in the setting of a chronic dissection [14]. 
Additionally, the intimal flap is often curved in the setting of an acute dissection due 
to mobility, whereas in chronic dissections, the intimal flap is often flat and fixed 
[14]. These features, which can help to distinguish an acute from a chronic dissec-
tion, are important to note, since it is possible for patients to present with a different 
etiology for their symptoms in the setting of either a known chronic dissection, or a 
previously unknown chronic dissection.

In addition to identifying of the presence of an acute dissection and the status of 
the true and false lumens, one must next determine whether there is involvement of 
the ascending aorta and the site of the entry tear. In practice, identification of the 
true and false lumens often occurs at the same time as identification of the proximal 
and distal aspects of the dissection. The most common sites of entry tears, account-
ing for ~90% of cases, are within the first 2 cm of the ascending aorta and at the 
isthmus near the ligamentum arteriosum, which is thought to be because these two 
areas are under the greatest hemodynamic stress [17]. The entry tear is found by 
tracing the intimal flap and looking for an area where the flap is interrupted, often in 
a transverse orientation to the lumen. The ends of the discontinuous intimal flap are 
often visible at the site of the entry tear with the ends pointed in the direction of flow 
between the lumens. Often the ends are oriented from the true into the false lumen, 
and with variation, may occur throughout the cardiac phase or due to the relative 
pressure differences between the lumens. The site of the entry tear is important to 
note since it can affect the type of repair, especially if the tear is located in the arch 
with retrograde extension into the ascending aorta [15]. Identification of the head 
and neck vessel branching pattern and involvement by the dissection flap is impor-
tant because it may affect procedural planning in regards to the cannulation site for 
cardiopulmonary bypass or endovascular stent graft placement (Fig. 5). During car-
diopulmonary bypass, antegrade cerebral perfusion is often performed by cannulat-
ing of the right axillary or subclavian artery and clamping the brachiocephalic trunk, 
diverting blood flow to the right common carotid artery [18]; however, an alternative 
mechanism must be considered in the presence of an aberrant right subclavian artery 
since the right common carotid artery instead has a separate origin from the aortic 
arch. Extension of the dissection flap into the iliac or femoral arteries should also be 
noted, as this may affect arterial access for procedural planning, especially endovas-
cular stent graft repair. Reports should include details regarding the location of the 
intimal tear, extent of aortic involvement, dimensions of the aorta, status of the false 
lumen (i.e., patent or thrombosed), and whether the true lumen is compressed 
(Table 2).

For patients with involvement of the ascending aorta, particular attention should 
also be paid to the ostia of the coronary arteries, the relation of the flap to the aortic 

Imaging of Aortic Dissection: CT, MRI, and Angiography



138

valve, and the pericardium, all which are best examined on an ECG-gated study. 
Aortic regurgitation has been reported in approximately 40–70% of cases of a type 
A dissection [1]. Aortic regurgitation may occur in a dissection due to one of three 
possible mechanisms: (1) acute enlargement of the aortic root, resulting in lack of 
coaptation, (2) extension of the dissection into the aortic root, resulting in leaflet 
prolapse from disruption of the commissures, or (3) prolapse of the dissection flap 
through the aortic valve in diastole, preventing valve closure [19]. Myocardial isch-
emia may occur due to extension of the dissection into the coronary artery ostia, or 
due to external compression by the false lumen (Fig. 6a–c). As previously noted, the 

Table 2 Features to include in imaging reports in an Acute Aortic Dissection

• Extent of dissection
    – Proximal and distal aspects of the dissection
    – Involvement of the ascending aorta
• Dimensions of the aorta
• Status of the true and false lumens
    – i.e., perfused, partial/complete thrombosis, compression
• Site of the entry tear
• Evidence of rupture
    – i.e., hemorrhagic pericardial effusion, pleural effusion, mediastinal hematoma
• Involvement of the coronary arteries
• Arch and abdominal branch vessel pattern and patency
• Evidence of end-organ malperfusion
    – Origin of each branch from true or false lumen
    – Evidence of dissection flap extending into the ostium
    – Evidence of static or dynamic obstruction
    – Decreased organ perfusion
• Patency and/or dissection involvement of the iliac and femoral arteries
• Proximity of cardiovascular structures to the sternum with prior sternotomy
• Presence/location of reentry tears (if present)
• Type of aortic valve, and presence/mechanism of aortic regurgitation (if possible)
• Features associated with underlying connective tissue disease

Fig. 5 ECG-gated CT angiography of the chest in a patient with a Type A aortic dissection dem-
onstrating extension of the intimal flap into the aortic branch vessels, in particular with compres-
sion of the true lumen of the innominate artery by a thrombus-filled false lumen. In this case, the 
operative plan was adjusted to provide antegrade cerebral perfusion via an interposition graft
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presence of a hyperattenuating (>40 HU) fluid collection within the pericardium, 
pleural space, or mediastinum is suggestive of aortic rupture on both non-contrast 
and contrast studies (Figs. 7 and 8) [4]. With contrast administration, irregularity of 
the aortic wall may be noted, or frank extravasation of vascular contrast into the 
fluid collection [20].

The identification of features suggestive of a complicated dissection with end- 
organ malperfusion or evidence of rupture is of almost equal importance to diagnos-
ing the presence of an aortic dissection. In up to 30% of patients with an aortic 

a

b c

Fig. 6 (a) ECG demonstrating an inferoposterior ST elevation myocardial infarction in a patient 
presenting with chest pain. (b) Invasive aortography was performed following activation of the 
cardiac catheterization lab for an ST elevation myocardial infarction and non-obstructive coronary 
angiography. In this case, aortography demonstrated a double lumen with an intimal flap (arrow) 
and differential opacification of the two lumens within the ascending aorta. (c) ECG-gated CT 
angiography of the chest (shown), abdomen, and pelvis was subsequently performed to confirm the 
diagnosis and evaluate the extent of the dissection. An intimal flap is present in the aortic root 
extending into the ostium of the right coronary artery
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dissection, and approximately 10% of patients with a type B aortic dissection, evi-
dence of end-organ malperfusion is apparent at the time of initial presentation [2, 5]. 
While the most common description is of the celiac trunk, superior mesenteric and 
right renal arteries arising from the true lumen, and the left renal artery arising from 
the false lumen, significant variation has been noted in the pattern of abdominal 
branch vessel involvement [15]. It is important to examine whether each branch, 
including the head and neck vessels, arises from the true or false lumen, as well as 
the presence and mechanism of end-organ malperfusion for each branch vessel ter-
ritory. End-organ malperfusion may be due to one of four mechanisms: (1) static 
occlusion of the branch artery by extension of the dissection flap into the ostium or 
proximal segment, (2) dynamic due to the dissection flap prolapsing over and inter-
mittently occluding the ostium of the non-dissected branch vessel, (3) mixed static 
and dynamic, or (4) ostial disconnection and avulsion from the true lumen [10, 14, 
21]. The mechanism of occlusion is important to identify since it influences 

Fig. 7 ECG-gated CT 
angiography of the chest 
with a large 
hyperattenuating (~54 
Hounsfield units) 
pericardial effusion 
(asterisk), concerning for 
hemopericardium and 
aortic rupture in the setting 
of a Type A aortic 
dissection

Fig. 8 ECG-gated CT 
angiography of the chest 
with a large 
hyperattenuating (~62 
Hounsfield units) 
mediastinal fluid collection 
(asterisk) compressing the 
main pulmonary artery 
(arrow), concerning for 
mediastinal blood products 
due to aortic rupture in the 
setting of a Type A aortic 
dissection
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management: static occlusion is often treated with a stent, whereas dynamic occlu-
sion may be managed by creating fenestrations in the intimal flap to reduce the 
pressure within the false lumen [10, 14]. Additionally, the evaluation of the ostia 
and proximal segment of each branch vessel of the aorta is crucial to understanding 
which organs may be at risk for ischemia. Regardless, careful inspection of the 
abdominal organs for evidence of decreased perfusion should also be performed 
(Fig. 9). Delayed phase imaging may be helpful in differentiating complete versus 
delayed perfusion of a vascular territory in the setting of a chronic dissection; how-
ever, in the setting of acute symptoms, organ hypoperfusion on arterial phase imag-
ing is presumed to represent an area at risk and delayed phase imaging is typically 
not included in the protocol in order to decrease both the acquisition time and radia-
tion dose of the study. Reports should include a detailed description of whether the 
aortic branch vessels are involved in the dissection, patency of the ostia and proxi-
mal aortic branch vessels, and evidence of decreased organ perfusion or infarction 
(Table 2).

 Additional Findings on CT Imaging

In addition to obtaining data regarding the aorta itself, additional information is 
obtained regarding both cardiovascular and non-cardiovascular structures, which 
may give clues to an underlying syndrome or predisposition for aortic dissection, 
alternative diagnosis, or may help guide surgical planning. As is discussed in depth 
in the sections regarding long-term imaging of the aorta and management of chronic 

Fig. 9 CT angiography of the abdomen demonstrating an aortic dissection with the left renal 
artery arising from the true lumen and an intimal flap extending to the ostium of the right renal 
artery, resulting in occlusion by the false lumen (arrow). Additionally there is hypoperfusion of the 
right kidney (asterisk), which is readily apparent, especially in comparison to the well-perfused 
left kidney

Imaging of Aortic Dissection: CT, MRI, and Angiography



142

dissections, several imaging features have been identified that  are predictive of 
future aortic dilation and adverse aortic events (Table  3). With the use of ECG- 
gating MDCT, it is possible to identify the aortic valve as well as the anatomy of the 
sinotubular junction. The identification of a bicuspid aortic valve carries additional 
implications for follow-up for the patient, as well as first degree relatives. In the case 
of syndromic connective tissue disorders, including Marfan, vascular type Ehlers- 
Danlos and Loeys-Dietz syndromes, additional associated features may be identi-
fied including pectus deformity of the chest wall, scoliosis or kyphosis, dural ectasia, 
or lung bullae. One of the other main benefits of MDCT in comparison to other 
imaging modalities is that in the absence of an aortic dissection other etiologies of 
chest pain may be identified, including pulmonary embolus, pneumothorax, or pul-
monary or chest wall mass. In patients who have undergone prior sternotomy it is 
important to detail the proximity of cardiovascular structures to the sternum, par-
ticularly bypass grafts and whether they cross the midline, since this may affect 
planning for a redo sternotomy. Reports should include information regarding prox-
imity of cardiovascular structures to the sternum, as well as features that may sug-
gest an underlying syndrome since the management of these patients in the acute 
and chronic phases, and the implications for screening of family members varies 
(Table 2).

 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is best reserved for stable patients, or those 
with chronic dissections. Prior studies have demonstrated a sensitivity and specific-
ity of 95–98% and 94–98%, respectively, for the detection of an aortic dissection 
[9]. Several different types of MRI sequences are available for imaging the aorta 
including cine (dynamic) imaging, MR angiography, and respiratory navigator- 
gated 3D acquisitions. In addition to assessment of the aorta, cine MRI imaging 
allows for the assessment of aortic regurgitation, left ventricular function, and peri-
cardial effusions, offering the potential to obtain additional data regarding cardiac 
function and potential complications of a type A dissection as part of the study. 

Table 3 Imaging features predictive of aortic dilation and adverse aortic events

• Partially thrombosed false lumen > patent false lumen > thrombosed false lumen
• Maximal aortic diameter ≥ 40 mm
• Fusiform index ≥ 0.64
• False lumen diameter ≥ 22 mm in the proximal descending aorta
• Crescent shape of the true lumen
• Thrombosed false lumen with ulcer-like projections (especially in the proximal descending 
aorta)
• Entry tear ≥ 10 mm in the proximal descending aorta

Fusiform index = Maximum diameter of descending aorta/(diameter of the distal aortic arch + diam-
eter of the descending aorta at the level of the pulmonary artery)
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Unfortunately, despite these benefits, the relatively long acquisition time (approxi-
mately 20–30 min), as well as the inability to adequately monitor patients who are 
potentially hemodynamically unstable, makes the use of MRI for diagnosing an 
acute dissection far less appealing [3]. However, MRI may be used in select sce-
narios where an acute aortic dissection is suspected, for instance in a hemodynami-
cally stable patient with a severe allergy to iodinated contrast, or in a facility that 
does not have immediate access to transesophageal echocardiography. Instead, MRI 
is often used for monitoring patients with a chronic dissection due to the lack of 
radiation exposure, and, with newer techniques, the ability to avoid contrast admin-
istration altogether. MR angiography is also ill-suited for patients with advanced 
renal dysfunction and pregnancy since gadolinium chelate contrast agents are con-
traindicated. Implantable medical devices may be problematic either because the 
device is not MRI compatible, or due to artifacts created by the device interfering 
with image interpretation.

 MRI Findings

As with CT, a dissection is often identified on MRI with the presence of a double- 
barrel lumen on axial images. In particular, spin-echo black-blood sequences allow 
for the rapid identification of an intimal flap [22] (Fig. 10). The true lumen can be 
identified using the same anatomic considerations as with MDCT; the true lumen is 
usually smaller and in continuity with the unaffected aorta. Thrombus within the 
false lumen is hypointense on T1 and T2 imaging [22]. Again, the status of all of the 
aortic arch and abdominal aortic branches should be described. Pericardial and 
pleural effusions may be recognized by their high signal intensity on axial imaging. 
ECG-gated gradient echo sequences can be displayed as cine images with areas of 

Fig. 10 Magnetic 
resonance imaging with 
spin-echo black blood 
imaging demonstrating an 
intimal flap (arrow) with 
partial thrombosis of the 
false lumen (asterisk)
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turbulent flow creating dephasing and resulting in a signal void, which may be use-
ful in identifying aortic regurgitation or flow between the true and false lumens. MR 
angiography utilizes 3D spoiled gradient echo sequences and a gadolinium-chelate 
contrast agent and is rapidly acquired during a single breath-hold with high- intensity 
signal localized to the intravascular space (Fig. 11). Typically unenhanced, arterial 
and delayed phase images are obtained. MR angiography results in the reconstruc-
tion of a 3D dataset, which may then be manipulated to allow for multiplanar recon-
struction of cross-sectional sections to the lumen to measure aortic dimensions in a 
similar fashion to CT [11]. Non-contrast techniques for acquisition and reconstruc-
tion of a 3D dataset, including respiratory navigator-gated, ECG-gated 3D whole 
heart balanced steady state free precession, have a long acquisition time (10–12 min) 
and are thus ill-suited for imaging in the acute setting [23].

 Angiography

Prior to the advent of non-invasive techniques for evaluating the aorta, aortography 
was considered the standard for diagnosis for an aortic dissection. As a primary 
diagnostic tool angiography has fallen out of favor compared to other modalities 
because it is invasive, time-consuming, requires an experienced operator, and 
exposes the patient to both iodinated contrast and radiation. Digital subtraction 
angiography (DSA) is still utilized in a few clinical scenarios and thus, it is still 
important to understand the appearance of a dissection on DSA, as well as the dis-
advantages of the technique. For instance, DSA is often utilized during endovascu-
lar treatment of a dissection, and may be useful as a diagnostic tool for patients 
presenting to the cardiac catheterization lab for chest pain with a suspected acute 
coronary syndrome who are found to have non-obstructive coronary arteries and an 
alternative diagnosis of aortic dissection is suspected. Aortography may also be 

Fig. 11 Magnetic 
resonance imaging with 
contrast enhanced 
angiography, revealing an 
intimal flap (arrow) and 
double barrel lumen in the 
abdominal aorta
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necessary to diagnose an aortic dissection for institutions without access to nonin-
vasive imaging (MDCT or MRI) or transesophageal echocardiography. Aortography 
involves the placement of a pigtail catheter placed within the aortic lumen, with 
injection of iodinated contrast initially by hand to confirm catheter placement fol-
lowed by injection via a hydraulic power injector with digital subtraction cine fluo-
roscopic imaging [24]. Initially aortography was thought to be associated with a risk 
for propagation of the dissection, but further study demonstrated the procedure to be 
relatively safe, thus becoming the standard for diagnosis around 1970 [25]. The 
sensitivity and specificity of angiography are also lower than with MDCT and MRI 
at 88% and 94%, respectively [26].

 Angiography Findings

Following injection of iodinated contrast within the aorta lumen, the lumen of the 
aorta, as well as its branches, become opacified. The presence of double lumen with 
an intimal flap and communication between the two lumens is diagnostic for an 
aortic dissection [24] (Fig. 6a–c). Either flow reversal or stasis of contrast within the 
false lumen is often seen. Indirect signs of an aortic dissection include compression 
of the true lumen, thickening of the aortic wall, out-pouchings along the aortic wall, 
failure of aortic branches to fill, and aortic regurgitation [24, 26–28]. Injection of 
contrast alters the pressure dynamics between the true and false lumen and thus the 
assessment of malperfusion syndromes proves more complicated. False positives 
may occur when the true and false lumens opacify simultaneously [29]. Additionally, 
angiography is not capable of identifying intramural hematoma or patients with a 
completely thrombosed false lumen, especially if there is no aortic branch vessel 
involvement [27].

 Conclusions

In conclusion, the sensitivity and specificity of MDCT and MRI for the detection of 
an aortic dissection are similar [9], though the relative length of MRI and inability 
to fully monitor patients hemodynamically make it less ideal for the evaluation of 
an acute aortic dissection unless the patient is stable and unable to receive iodinated 
contrast. Angiography, previously the standard for diagnosis, is less sensitive and 
specific for aortic dissection, though it does still play a role during endovascular 
procedures, or for further evaluation of patients with chest pain who are already in 
the cardiac catheterization laboratory for assessment of chest pain. Choice of imag-
ing modality is influenced by institutional accessibility and expertise, though the 
advantages and disadvantages of each modality should be recognized by providers.
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 Introduction

Intramural hematomas (IMH) and penetrating atherosclerotic (or aortic) ulcers 
(PAU) are two lesions on the spectrum of acute aortic syndromes (AAS), and their 
timely, accurate diagnosis is paramount for appropriate triage and management. 
Among all AAS, IMH constitutes ~4–11% of cases in North American and European 
populations and ~ 28–32% of cases in Asian populations—highlighting geographic 
differences—while PAU accounts for less than 10% of such injuries [1–5]. Aortic 
dissection remains the leading cause of AAS, accounting for 65–75% of all cases 
[4–7], and is discussed in another chapter.

Imaging is essential for the prompt diagnosis of IMH and PAU. This chapter 
aims to describe the imaging protocols, lesion characteristics, and diagnostic 
challenges regarding both IMH and PAU, specifically focusing on computed 
tomography (CT) and magnetic resonance imaging (MRI). These two cross- 
sectional imaging modalities provide complementary approaches to the diagnosis 
and management of AAS including the identification of associated findings and 
complications. CT is generally preferred in the acute setting due to its high accuracy, 
ease of use, speed, and ready-access in most emergency departments.

This chapter will: (1) briefly review normal aortic anatomy, (2) discuss the basic 
pathophysiology of IMH and PAU, (3) describe pertinent MRI and CT techniques 
and the salient imaging findings of PAU and IMH—along with potentially useful 
prognostic features and diagnostic pitfalls—and finally (4) briefly mention 
management options that are covered in greater detail elsewhere.
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 Normal Aortic Anatomy

Familiarity with aortic anatomy is important to understanding the pathophysiology 
and in turn the imaging appearances of AAS. There are three discrete layers of the 
aortic wall: the tunica intima (or intima), tunica media (or media), and the adventitia 
(Fig. 1a). The intima is the luminal layer of the aorta and is in direct contact with the 
blood pool by which it is nourished. It is the thinnest of the three layers, consisting 
of only a single layer of endothelial cells, supporting connective tissue, and a very 
thin internal elastic lamina that separates it from the media. The media (middle 
layer) is the thickest of the three layers and consists of smooth muscle, collagen, and 
elastic tissue, and is responsible for the vascular tone of the aorta. Consisting chiefly 
of connective tissue, the outermost layer, the adventitia, provides additional 
structural support [3, 8]. The blood supply to the mid and outer aortic wall comes by 
way of the vasa vasorum which is a network of small arteries that enter through the 
adventitia before terminating in the media [8–10]. Coronary and brachiocephalic 
arteries supply the vasa vasorum of the ascending aorta and intercostal arteries 
supply those of the descending thoracic aorta. Lumbar and mesenteric arteries 
supply the vasa vasorum of the abdominal aorta [3, 11]. Normal aortic wall thickness 
is <3 mm [8]. The cross-sectional imaging methods described in this chapter and 
routinely used in clinical imaging are not typically able to resolve these layers in the 
normal aorta.

For descriptive purposes, the aorta is typically divided into longitudinal seg-
ments (Fig. 2). The ascending segment extends from the aortic annulus to the origin 
of the brachiocephalic artery. The aortic root is the most proximal portion of the 
ascending segment and spans from the annulus through the sinuses of Valsalva to 

a b c

Fig. 1 Diagram of the aortic wall in cross-section. (a) Normal. The innermost layer—the thin 
tunica intima (light blue)—is nourished directly from luminal blood (L). The middle layer—or 
tunica media (light brown)—is the thickest of the 3 layers, contains smooth muscle cells, and 
provides vasomotor tone to the wall. The outer adventitial layer (dark blue) consists chiefly of 
connective tissue and provides structural support. Vasa vasorum (branching black lines) are small 
blood vessels that provide blood flow to the mid and outer wall. These small vessels penetrate 
through the adventitia and terminate in the media. (b) Intramural hematoma (IMH). A proposed 
mechanism of IMH is rupture of the vasa vasorum with the formation of crescentic or circumferential 
hematoma (burgundy crescent). Typically, both the lumen and the outer wall of the aorta remain 
smooth at imaging. (c) Penetrating atherosclerotic ulcer (PAU). Rupture through an atheromatous 
plaque (yellow) leads to a focal outpouching through the intima and into the media of the aortic 
wall. This results in focal outward bulging of the outer wall, often with surrounding periaortic 
edema and inflammation. IMH and PAU may coexist
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the sinotubular junction just distal to the coronary artery origins. The aortic arch is 
a short segment that gives rise to the vessels of the head, neck, and upper extremities 
and extends from the brachiocephalic artery to the left subclavian artery. The 
descending aorta continues from the left subclavian artery to the iliac bifurcation 
and is further subdivided by the diaphragm into thoracic and abdominal components.

 Pathophysiology of IMH and PAU

Aortic intramural hematoma was first described in 1920 as “dissection without an 
intimal tear” [12], yet a century later our understanding of its pathophysiology 
continues to evolve. It has historically been attributed to the spontaneous rupture of 
the vascular supply to the aorta itself, the vasa-vasorum (Fig. 1b). This in turn has 
been felt to result from a combination of factors including hypertension, chronic 

1

2

3

4

asc

roo
t

arch
desc

Fig. 2 Oblique views of the heart and aorta using reconstructed data from computed tomography. 
Segments of the thoracic aorta are delineated as follows: The root extends from the virtual basal 
ring of the aortic valve (1) to the sinotubular junction (2). The ascending aorta (asc) extends above 
this to the origin of the brachiocephalic artery (*) (3). The aortic arch consists of the short segment 
between the brachiocephalic artery and left subclavian (#) arteries. The remainder of the aorta—
the descending (desc) aorta—extends to the iliac bifurcation and is divided by the diaphragm into 
thoracic and abdominal components. The coronary arteries (arrows) arise from the aortic root. This 
patient has an ectactic ascending aorta measuring 44 cm in diameter
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inflammation, wall stress, and connective tissue weakening [2, 13]. While in some 
cases this may be an accurate representation of the underlying pathophysiology, 
there is an emerging body of literature suggesting that micro-intimal tears may 
represent a sentinel event for these lesions, and rupture of the vaso-vasorum a 
secondary process [14–17]. In any case, a common denominator across a broad 
range of non-traumatic aortic injuries seems to include medial degeneration 
(formerly ‘cystic medial necrosis’), characterized by fragmentation of elastic fibers, 
increased deposition of proteoglycans, and loss of smooth muscles cells in the 
media [18–20].

Penetrating atherosclerotic (or aortic) ulceration is caused by a rupture of an 
atheromatous plaque that compromises the intima, probably through local 
inflammatory factors, and creates a focal communication between the lumen and the 
media (Fig. 1c). This resulting outpouching or ulceration into the weakened wall 
causes a focal outward bulge of the aorta, often with surrounding periaortic edema 
and inflammation. The injury to the media may propagate locally or distally in the 
form of an IMH or a frank dissection. In fact, all three lesions may coexist and PAU 
often has at least a small associated IMH. Conversely, IMH may be seen in the 
absence of significant atherosclerosis—a prerequisite of PAU—and may demonstrate 
small luminal outpouchings that protrude into the media. These lesions are referred 
to as intramural blood pools (IBP) and ulcer-like projections (ULP). The former are 
pseudoaneurysms of intercostal, bronchial, or lumbar artery origins within the aortic 
wall. Although a ULP demonstrates a clear communication with the lumen owing to 
a frank intimal disruption, direct continuity of the lumen with IBPs, which are usu-
ally small, are typically not evident at imaging. ULPs may also be referred to as 
focal intimal disruptions (FIDs). These IMH-associated microlesions are mimickers 
of PAU but are not related to atheroma.

The typical patient risk factors, demographics, aortic location, and basic imaging 
characteristics of IMH and PAU are presented in Table 1. In addition to characterizing 
the primary lesion, the imaging description of acute aortic syndromes is based on 
the layer(s) and segment(s) involved (including the presence and size of intimal 
tears and intramural blood sacs such as ULPs and IBPs), the aortic diameter and 
wall thickness, and associated complications.

 Stanford Classification

All acute aortic syndromes are classified according to the Stanford classification 
scheme. This system is based on lesion location and helps guide management 
decisions. According to the original description, any lesion involving the ascending 
aorta was recognized as Stanford Type A, and any lesion limited to the descending 
aorta was classified as Stanford Type B [21]. This description left unclassified those 
lesions confined to or originating in the aortic arch. The surgical repair of Type A 
lesions involves interposition graft replacement of the ascending aorta to prevent 
complications related to coronary artery and aortic valve involvement or rupture 
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into the pericardium. In this context, a lesion beginning in the arch has come to be 
recognized as a Type B lesion since surgery is not usually warranted. Despite this, 
the controversy has lingered with many manuscripts, book chapters, and textbooks 
adhering to the original classification description. Offering recognition of this 
controversy and a descriptive remedy, some authors have suggested an additional 
classification of “type B with arch involvement” [22]. In general, the simplest 
distinction is ‘Type A’ or ‘not Type A’. The majority of IMH lesions are type B (up 
to 63%) and similarly for PAU [3, 4, 19, 23].

 CT and MRI for AAS: Imaging Techniques and Findings

Imaging for AAS needs to be fast, readily available, and straightforward to perform 
and interpret. Imaging these lesions is critical for prompt, accurate diagnosis, 
identification of associated complications, risk stratification, and ultimately 
formulating a management plan. While there are several imaging modalities 
available for imaging the aorta, CT and MRI are the primary tools used for the ini-
tial diagnosis, risk-stratification, and subsequent follow-up of AAS. Initial diagno-
sis of AAS by CT and MRI have sensitivities and specificities ranging from 90% to 
100% [6, 24–26]. Owing to their 3-dimensional nature these modalities permit 
multi-planar reconstruction, and as warranted a more complete assessment of the 
entire aorta and surrounding structures.

 Computed Tomography: Techniques

Although CT and MRI are generally complementary techniques, CT is usually pre-
ferred over MRI for the initial evaluation of suspected AAS in the acute setting as it 
is faster, more straightforward to perform, and more widely available, usually within 
or a short distance from an emergency department. Radiation is an inevitable con-
cern associated with any CT scan, especially in young patients, but widely available 
and ever-improving dose reduction strategies are usually implemented to minimize 
patient risk. As an additional concern, a small percentage of patients are allergic to 
iodinated contrast, with an incidence of approximately 0.2–0.7% [27]. The admin-
istration of intravenous contrast to patients with impaired renal function has histori-
cally been controversial owing to a possible contrast-associated exacerbation. 
However, according to the most recent literature and joint statements from the 
American College of Radiology (ACR) and National Kidney Foundation (NKF) 
intravenous iodinated contrast is not felt to cause nephrotoxicity, and this should not 
be a principle consideration in the imaging of AAS [28]. This is particularly true 
given the necessity of a timely and accurate diagnosis. The sensitivity and negative 
predictive value of CT for the diagnosis of AAS are very high, both approaching 
100% in optimal settings [29–31]. As will be discussed, in some cases subtle 
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abnormalities may be missed and normal findings may be misinterpreted due to a 
variety of patient and technical factors (such as motion artifact and poor contrast 
opacification). These constitute diagnostic pitfalls of which an interpreting physi-
cian must be aware.

A CT protocol for suspected AAS virtually always includes a contrast enhanced 
CT angiography (CTA) acquisition. This is typically obtained as a standard helical 
(or ‘spiral’) acquisition conducted without ECG-gating and with exogenous 
intravenous iodinated contrast injected at a relatively high rate (~4–5 cc/s) to densely 
opacify vascular structures of interest. Contrast opacification will ultimately be 
determined by a host of imaging and injection parameters that are typically preset 
in the protocol and include X-ray tube current (mA) and voltage (kVp), scanner 
table speed, contrast injection rate and timing strategy (e.g. bolus tracking, bolus 
trigger, or fixed delay), as well as by patient-related parameters such as body-mass 
index, cardiac output, and breath-holding capability. Imaging data are then 
reconstructed in multiple imaging planes for improved diagnostic clarity. Additional 
reconstructions methods, such as maximum intensity projection and volume- 
rendering, can be implemented as needed. A comprehensive CT protocol may 
benefit from an initial noncontrast scan, but it comes at the cost of additional 
radiation. Importantly, the specific diagnosis of intramural hematoma can commonly 
be made on noncontrast CT imaging (as will be discussed), and the lesion can often 
be seen to better advantage on the noncontrast series than on the post-contrast series. 
Therefore, in the setting of suspected AAS, a noncontrast series is usually 
advised [32].

Since the imaging acquisition of standard helical CT is not synchronized to the 
ECG, some degree of cardiac-related motion will be present around the heart and 
the aortic root, potentially reducing the accuracy for detecting short or subtle lesions 
in the ascending aorta. If the initial CT study is inconclusive or demonstrates 
spurious findings, a repeat CT with ECG-gating or an MRI with ECG-gating may 
be performed. (ECG-gating is not typically performed at the outset because of 
slightly increased technical complexity and increased radiation dose relative to a 
non-gated helical acquisition.)

An ECG-gated CT can be performed using a non-helical, prospective acquisi-
tion—also colloquially referred to as ‘step-and-shoot’—during which the x-ray 
tube is active for only a short period of the cardiac cycle and sequential sections 
have no or minimal irradiation overlap, or a helical, retrospective acquisition during 
which the X-ray tube output peaks during a predetermined phase of the cardiac 
cycle, but is active at a nominal output throughout the remainder of the acquisition. 
In retrospective mode, scanners usually use low pitch meaning that there is substan-
tial overlap of sequential acquisition volumes. Broadly, this means that the radiation 
dose of the former method is considerably less than that of the latter, but the latter 
permits image reconstruction at multiple cardiac phases throughout the cardiac 
cycle. Multiphase availability enables cine imaging if desired or simply evaluation 
of different regions of the aorta at different points in the cardiac cycle, potentially 
confirming pathology or reducing artifact. Moreover, unlike non- or even prospec-
tively ECG-gated CT, retrospectively gated CT can provide limited functional 
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information regarding the ventricles and valves, like echocardiography and MRI, 
but with poorer temporal resolution—akin to a slower camera shutter speed. 
Typically, patients with tachycardia or high normal heart rates are better served with 
retrospective gating (versus prospective gating) to reduce motion- related artifacts. 
Newer scanner technology, such as that offered by dual-source scanners employing 
ultra-high pitch acquisition, overcomes some of these motion and radiation dose 
related issues.

 Magnetic Resonance Imaging: Techniques

For reasons stated above, CT is preferred for suspected AAS in the acute setting. 
However, for stable patients, patients with iodinated contrast allergy, those with 
questionable imaging findings on initial CT, or patients requiring follow-up, MRI is 
often the modality of choice. MRI offers improved soft tissue contrast compared to 
CT, does not involve ionizing radiation, and has sensitivity and negative predictive 
values comparable to that of CT [13, 30, 31]. Unfortunately, MRI is not as widely 
available, takes longer, and is more technically challenging than CT, usually 
requiring patient cooperation for compliance with breath-holding and staying-still. 
Furthermore, monitoring unstable to marginally stable patients or those with MRI 
compatible instruments/hardware can be cumbersome and challenging. An 
additional consideration is that gadolinium based contrast agents have been linked 
to cases of nephrogenic systemic fibrosis (NSF). It is important to recognize that for 
the newer contrast agents there have been no reported cases of NSF across patients 
with a wide range of renal function [33]. Nevertheless, it remains a consideration 
and the ACR guidelines advise caution and thoughtful risk-benefit analysis for 
patients with impaired renal function (GFR < 30) [34]. Finally, there is also a risk of 
MRI contrast allergy, but this risk is very low, occurring in approximately 0.08% of 
administrations [35]. Importantly, it is even possible to diagnose AAS by MRI with-
out contrast using standard imaging methods as described below.

While the specifics of MRI methodology are beyond the scope of this text, there 
are important imaging techniques that when utilized appropriately can substantially 
assist in the diagnosis and management of AAS. MRI uses ‘bright-blood’ and ‘dark- 
blood’ pulse sequences with ECG-gating (and with and without fat-suppression) in 
combination with 3-D MR angiography (MRA) to optimally visualize the aorta and 
branch vessels. Often patients have been imaged by other modalities prior to MRI, 
allowing the MRI to focus on a specific area of interest. As with CTA, MRA requires 
a high contrast injection rate and specifically timed data acquisition to best visualize 
the vascular region in question. MRA is performed over several seconds without 
ECG-gating. (ECG-gating cannot be employed with MRA because of the necessity 
for acquiring a large volume of 3-D data during a single breath-hold as the contrast 
bolus transits the vascular system.) As a consequence, motion artifacts in the aortic 
root are again a common problem. However, although MRA with its high spatial 
resolution is preferred for detailing branch vessel pathology and identifying 
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intramural outpouchings/ulcerations, AAS can frequently be diagnosed and accu-
rately characterized using noncontrast MR techniques. ECG-gated MRI can reveal 
intramural aortic injuries such as hematomas, ulcerations, and intimomedial flaps 
with high accuracy. Importantly, bright-blood cine MR imaging, like that used in 
cardiac imaging and generically referred to as ‘steady-state free precision’ (SSFP), 
can be readily implemented for visualization of the aorta and adjacent structures 
throughout the cardiac cycle. If present a dissection flap can be identified and dis-
tinguished from common artifacts that are typically associated with cardiac pulsa-
tion or blood flow. There is a limited, possibly beneficial role for cine imaging in the 
detection of IMH and PAU. These particular lesions are frequently best visualized 
using dark-blood pulse sequences (“T1-” and “T2-weighted fast spin- echo”) that 
are sensitive to intramural blood, and by virtue of the changing magnetization states 
of hemoglobin over time may even assist in IMH dating. As with CT, ECG-gated 
MRI provides more optimal visualization of the aortic root.

 Imaging Findings

Both noncontrast and postcontrast CT images can be helpful when diagnosing IMH 
and distinguishing it from other acute aortic pathologies. Noncontrast images 
demonstrate smooth crescentic or circumferential thickening of the aortic wall with 
increased mural attenuation relative to the vessel lumen (Fig.  3). The thickened 
hyperdense wall is virtually diagnostic of IMH. Visualization of this hyperdense 
crescent may be aided through the use of thicker slice reconstruction (e.g. 5 mm)—
due to reduced image noise—and a narrow display window (e.g. width 100–200 
HU, level 40 HU). Although the wall density is the same on pre- and postcontrast 
imaging, increased lumen density on postcontrast images may visually obscure the 
intramural hyperattenuation rendering it less conspicuous, especially in subtle cases 
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Fig. 3 Noncontrast (a-b) and postcontrast contrast (c-d) coronal (a, c) and axial (b, d) CT images 
demonstrate a large type A IMH in a 97-year old woman with chest pain. Noncontrast images show 
the high-density crescent of IMH (arrows) that is even evident, but subtle, in the anteromedial 
descending aorta (DA) (b, d). As noted in the text section ‘Predictors of Outcome’, the maximal 
wall thickness of 17 mm and maximum ascending aortic diameters of 56 mm seen in this case 
would generally be considered high risk features of IMH. AA ascending aorta; DA descending 
aorta; MPA main pulmonary artery
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(Fig.  4). In addition, the postcontrast appearance of IMH may appear similar to 
mural atheroma, though the latter is usually irregular and demonstrates a lower den-
sity. Attenuation in the aortic wall of >45 HU on postcontrast CTA images has been 
proposed as an accurate threshold for IMH diagnosis [36]. Medial displacement of 
intimal atheromatous calcification in IMH may aid in this distinction (Figs.  5a 
and 6e).

Although intimal injuries have not classically been a hallmark of IMH, improve-
ments in imaging techniques—especially spatial resolution—combined with care-
ful scrutiny at surgery have revealed micro-intimal tears in up to 80% of IMH cases. 
These small injuries may in some cases represent a sentinel insult [14, 17, 23, 37]. 
There has been a growing consideration in fact that IMH may represent a subset of 
aortic dissection, with little or no flow within the false lumen, rather than a dis-
cretely separate entity [14, 37–39]. On the other hand, intimal defects not apparent 
on initial imaging may develop and become evident at follow-up. Noting the 

a b c d

AAAA
MPA MPA
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Fig. 4 Noncontrast (a, b) and postcontrast (c, d) axial (a, c) and coronal (b, d) CT images dem-
onstrate a type A IMH in a 76-year old man with chest pain. Noncontrast images show a subtle, 
thin high-density crescent of IMH (white arrows) that is even evident in the posterolateral descend-
ing aorta (DA) (a, c). Addition findings of hemopericardium (yellow arrow) and blood in the 
mediastinum around the main pulmonary artery (MPA) (dotted arrows) are consistent with rupture. 
AA Ascending aorta

AA
MPA

LSP
V

DA

a b c d

Fig. 5 Sequential transaxial CTA images (a–d) demonstrate a ruptured type A IMH (arrows) in an 
88-year old woman with chest pain. Mediastinal hemorrhage (dotted arrow) tracks into the shared 
adventitia between the aorta and pulmonary arteries causing severe narrowing of the main pulmo-
nary artery (MPA) and occlusion of the right PA (RPA). The left PA (*) is narrowed but patent. 
Poor cardiac output results in diminished contrast in the descending aorta (DA). Note the ulcerlike 
projection arising from the posterior ascending aorta (AA)(arrowhead) and the displaced intimal 
calcification in the DA (yellow arrow) (a). LSPV Left superior pulmonary vein
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presence and size of these defects may be important for prognosis (Figs. 5, 6, and 
7). ULPs (or FIDs) occurring in the first two weeks of diagnosis in type B IMH and 
a broad neck >3 mm are associated with a higher risk of pseudoaneurysm formation 
and rupture than those lesions with tiny intimal defects (TIDs) < 3 mm, no defects 
at all, or larger defects occurring after two weeks [40, 41]. Moreover, the likelihood 
for progression to aneurysm, dissection, and rupture increases with lesion size, and 
lesions having a diameter of >20 mm and a depth of >10 mm, as well as those in the 
ascending aorta and arch, are particularly ominous [42, 43]. ULPs can resemble 
PAUs but can usually be distinguished by the appearance of the surrounding aorta. 
Unlike the latter, ULPs commonly protrude through a smooth intima and are not 
specifically associated with ulceration through an atheromatous plaque (Fig. 7).

As mentioned earlier, intramural blood pools (IBPs) are small, blood containing 
sacs that represent pseudoaneurysms of intercostal, bronchial, and lumbar arteries 
at their origins within the aortic wall (43,44) (Figs. 8, 9, and 10). Curiously, they 
frequently do not appear to communicate with the aortic lumen, probably due to 
their small size, local mechanical effects, and the spatial resolution of imaging [14, 
44]. Occasionally, a series of IBPs will be present in the descending aorta generating 
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Fig. 6 Noncontrast (d) and postcontrast (a-c, e) axial (a-d) and sagittal (e) CT images demon-
strate a type A IMH in a 79-year old woman with chest pain. The noncontrast image shows a thin 
high- density crescent of IMH (white arrows) in both the ascending aorta (AA) and the descending 
aorta (DA). An ascending aneurysm is evident (52 mm). A large ulcer-like projection (ULP) arises 
from the anterior AA (arrowheads). Note the displaced intimal calcification in the DA (dotted 
arrow). Mild hemopericardium (yellow arrows) is present. MPA Main pulmonary artery
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an imaging appearance referred to as the “Chinese ring-sword sign” [45] (Figs. 9 
and 10). IBPs are most commonly identified in the descending aorta, and do not 
confer any specific increased risk for progression or complication, however those 
hematomas are less likely to completely resolve [44, 46].

IMH typically results in smooth thickening of the aortic wall. PAU in contrast 
has an irregular lumen—due to atheroma—with a focal luminal outpouching, mural 
thickening, and bulging of the overlying adventitia (Figs. 11 and 12). The appearance 
is characteristically mushroom-like, especially at angiography. The location of the 
lesion can help differentiate between IMH and PAU if imaging characteristics are 
not clear (as can often be the case). PAU is overwhelmingly (>90%) found in the 
mid-descending aorta, while IMH lesions can be found anywhere throughout the 
aorta [8, 47]. Finally, at least a small IMH is commonly seen with PAU. In these 
cases, it can often be best to describe and localize the findings rather than trying to 
specifically categorize the lesion.

MRI findings of IMH and PAU are morphologically similar to CT, with a cres-
centic region of abnormal signal within the aortic wall with IMH, and a focal ather-
oma-associated luminal outpouching and accompanying outer wall bulging with 
PAU. As discussed previously, cine imaging can offer dynamic visualization of inti-
mal flaps in the setting of dissection. With its excellent soft-tissue contrast, MRI can 
detect small regions of intramural blood confirming the diagnosis of IMH/PAU in 
questionable cases and dynamic postcontrast T1-weighted imaging will reveal the 

MPA

MPA

RPA

AA

AA

a b

Fig. 7 Axial (a) and coronal (b) postcontrast CT images of a 75-year old man with chest pain 
demonstrating a ruptured type A IMH (white arrows) with an ulcer-like projection in the posterior 
ascending aorta (arrowhead). Soft tissue density material surrounding the main and right pulmonary 
arteries (MPA, RPA) represents mediastinal blood tracking into the shared adventitia between the 
aorta and pulmonary arteries—a ‘shared-sheath’ hematoma (dotted arrows). Note that the irregular 
mural atheroma in the mid descending aorta (yellow arrow) is slightly lower density than the IMH 
and lacks its smooth crescentic morphology. AA Ascending aorta
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absence of enhancement in such cases (Figs. 9, 10, and 16). Wall-thickening due to 
vasculitis—an occasional IMH mimicker—will on the other hand show mural 
enhancement. Moreover, the varying magnetic states of hemoglobin allow MRI to 
better date a lesion’s chronicity. Hyperacute hemorrhage (oxyhemoglobin), acute 
(deoxyhemoglobin), early subacute (intracellular methemoglobin), late subacute 
(extracellular methemoglobin), and chronic (hemosiderin), all have different signal 
characteristics on T1- and T2- weighted MRI which aids in ascertaining lesion acu-
ity (Figs. 9 and 10).

 Diagnostic Pitfalls

As noted in the preceding section IMH and PAU share imaging features and may in 
fact co-exist. Other conditions may mimic these lesions, and imaging findings must 
therefore be clearly interpreted in the appropriate clinical context. For example, 
large vessel vasculitides such as Takayasu aortitis and giant cell arteritis can result 

AA

DADA

MPA
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Fig. 8 Type B IMH in a 57-year old woman with a few days of chest and back pain. Transaxial CT 
images (a–d) obtained on the same day as the MRI study in figure 9 and 3 years later (e–h). There 
is a relatively smooth low-density crescent of intramural hemorrhage (arrows) with a few intramu-
ral blood pools (IBPs) (arrowheads). Except for minimal mural thickening and a single IBP, there 
has been near complete resolution of the lesion on follow-up imaging. AA Ascending aorta; DA 
Descending aorta; MPA Main pulmonary artery
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in smooth thickening of the aorta that strongly resembles IMH (Figs. 13 and 14). 
Here, the clinical scenario and laboratory biomarkers may be critical in rendering a 
prompt and accurate diagnosis. Heaped-up atheroma with extensive irregularity and 
fissuring can mimic PAU (Fig. 15). However, non-calcified atheroma has uniformly 
low density and does not lead to outward bulging of the adventitia. Moreover, the 
periaortic fat should be easily demarcated from the aortic wall, in contrast to the 
indistinct appearance typically seen in PAU.  On postcontrast CT imaging felt 
pledgets commonly used in aortic surgery have a density at CT that is often 
indistinguishable from intravascular contrast and may also mimic a PAU (Fig. 16). 
Correlation with prior surgical history is usually adequate to assuage any concerns, 
but if there is lingering question noncontrast CT imaging or MRA will readily 
resolve the issue. Uncommonly, fluid in the superior aortic pericardial recess may 
resemble an IMH. Although familiarity with this and other recesses usually suffices 
to avoid any confusion, in rare cases, additional imaging may be necessary. Finally, 
motion related artifacts are commonly seen near the aortic root. Here again, while 
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Fig. 9 Same patient as in Fig. 8. Candy cane (a & b) and transaxial (e-h) magnetic resonance 
images using T1-weighted fast spin echo (FSE) with fat saturation (FS) (a) without FS (e), 
T2-weighted FSE without (b & f) and with FS (g), and a single frame from a cine acquisition using 
steady-state free precession (SSFP) (h). In addition shaded surface display (SSD) (c) and maximum 
intensity projection (MIP) images (d) from an MR angiogram are shown. Arrows identify IMH in 
the descending thoracic aorta. Bright signal on both T1- and T2-weighted images indicated blood 
products chiefly in the extracellular methemoglobin phase consistent with a subacute to chronic 
lesion. Small outpouchings seen on the MRA images (arrowheads) represent intramural blood 
pools (IBP) that are pseudoaneurysms of small branching vessels, in this case intercostal arteries, 
within the aortic wall. When multiple IBPs are present the appearance resembles a so-called 
Chinese ring-sword. AA Ascending aorta; DA Descending aorta; MPA Main pulmonary artery
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Fig. 10 IMH of the abdominal aorta in a 45-year old woman with acute abdominal pain by MRI 
(a-d, h) and CT (e-g). Axial (a) and coronal (b) T1-weighted noncontrast MRI demonstrate 
crescentic high T1-signal in aortic wall (arrows) consistent with IMH. Subtraction postcontrast 
coronal T1-weighted imaging (c) shows no enhancement of the wall as well as small outpouchings 
(dotted arrows) representing intramural blood pools (IBP) which are pseudoaneurysms of lumbar 
arteries within the aortic wall. These IBPs are also evident on coronal oblique MRA maximum 
intensity projection (MIP) (d) and shaded-surface display (SSD) (h) reconstructions that also show 
aortic narrowing but that—as luminograms—do not show the IMH itself. Also noted on the MRA 
images is an incidental 1.8  cm splenic artery aneurysm (arrowheads). Note also that a right 
common iliac artery ulcer-like projection (ULP) is evident on the SSD (red arrowhead). CT images 
obtained a few days earlier also show the IMH (arrow) and IBPs (dotted arrows)

DA

a b c d

Fig. 11 Penetrating atherosclerotic ulcer. Ten months after a CT scan demonstrated a normal cali-
ber, atherosclerotic descending thoracic aorta (a), this patient presented with acute back pain and 
evidence at repeat CT (b) of a new focal aortic ulceration at the site of atheroma consistent with a 
PAU (white arrow). There is circumferential high-density thickening of the wall (yellow arrows) 
likely due to a component of short-segment IMH, and the aortic wall is indistinct. Images (c) and 
(d) demonstrate the lesion at angiography (white arrow) before and after stenting. Notice on (c) the 
characteristic mushroom-like outpouching. DA Descending aorta
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a b

Fig. 12 Penetrating atherosclerotic ulcer in a patient with acute chest and back pain. Image (b) is 
a zoomed in view of the descending thoracic aorta shown in image (a). A small PAU is seen in the 
posterior aspect of the atherosclerotic aorta (white arrow). There is circumferential high-density 
thickening of the indistinct aortic wall (yellow arrows) likely due to a component of short-segment 
IMH. A small reactive pericardial effusion is seen adjacent to the aorta (dotted white arrows)

a b c d
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Fig. 13 Aortitis confined to the aortic arch in a 53-year old man with chest pain. Transaxial (a-d) 
and coronal (e) images demonstrate asymmetric thickening of the lateral aspect of the aortic arch 
(arrows) without increased density on noncontrast imaging (c) confirming that this lesion was not 
an acute IMH. Laboratory studies confirmed the diagnosis of vasculitis and follow-up imaging 
4 months later (f-h) confirmed improvement after appropriate medical management
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a b

Fig. 14 Aortitis of the ascending aorta seen on abdomen CT (a) and unchanged 4 months later (b). 
Images demonstrate near circumferential thickening of the ascending aorta. This appearance may 
be indistinguishable from type A IMH at imaging and careful history and clinical examination 
must be undertaken to help differentiate the two entities. A small pericardial effusion present on 
the first study has essentially resolved by the second

a b c

Fig. 15 Axial CT images in a patient with no pertinent symptoms demonstrate irregular atheroma 
mimicking a PAU (white arrows). Images (a) & (c) are from the same study and image (b) from a 
study 5 months later. Notice the similarity of appearance of the fissured and excavated atheroma in 
images (a) and (c). Also, note the similarity of appearance to the lesion in Fig. 11. The plaque at 
this level has uniform low-density. Image (b) demonstrates calcification on both sides of the plaque 
in the anterior aorta (arrow). This should not be confused with the medially displaced plaque of 
IMH or dissection
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a b

Fig. 16 Axial CT images of a patient who had a prior aortotomy. High density felt pledgets that 
are easy to recognize and dismiss on noncontrast CT (a) (arrow) can mimic a PAU on postcontrast 
imaging owing to a similar density to luminal contrast (b). Note however that there are no ancillary 
findings such as mural thickening or adjacent fat stranding to suggest an acute aortic injury

familiarity with the appearance of these artifacts is usually sufficient to rule in or 
rule out pathology, persistent concerns should be managed with additional imaging, 
including ECG-gated CT, ECG-gated MRI, or echocardiography.

 Predictors of Outcome

The natural history of IMH and PAU is variable. IMH may resolve, stabilize, 
enlarge, or progress to aneurysm, dissection, or frank rupture. Hemopericardium 
may result in cardiac tamponade; hemorrhage across the shared adventitia of the 
ascending aorta and main pulmonary artery gives rise to a so-called ‘shared-sheath’ 
or ‘pulmonary sheath’ hematoma that can compromise pulmonary blood flow 
(Figs. 5 and 7); coronary artery involvement may result in myocardial ischemia and 
infarction [48]. Various vignettes and outcomes are provided in Figs. 8, 11, 13, 17, 
18, 19, 20, and 21.

In addition to the presence and size of ULPs described earlier, other imaging 
biometrics of IMH are known to correlate with risk of complications. Maximum 
aortic diameter (MAD) and maximum aortic wall/IMH thickness have been shown 
to correlate with outcomes. A MAD of ≥45–55 mm for the ascending aorta and of 
>40–41 mm for the descending aorta are associated with lesion progression [15, 
49–52]. Maximum aortic wall/IMH thickness > 10–16 mm is also considered high 
risk for progression/complications [15, 44, 51, 53] (Fig. 16). Finally, a ratio of the 
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minimum and maximum luminal diameters at the site of maximum IMH thick-
ness—referred to as the luminal compression ratio—of <0.75 is associated with 
worse outcomes [54].

 Management/Outcomes of IMH and PAU

Detailed medical and surgical management strategies for IMH and PAU are dis-
cussed elsewhere. In general, the management of these lesions is chiefly deter-
mined by the location of the lesion (Type A or Type B), any associated active or 
impending complications, prognostic factors described above, and patient status 
including their frailty or robustness for surgery. Historically, surgery is indicated 
for Type A lesions and medical therapy or endovascular stenting for Type B 
lesions. The necessity for urgent or emergent surgery for Type A IMH has been 
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Fig. 17 Near concurrent MRI (a-d) and CT (e-h) images of a 65-year old man with chest and back 
pain demonstrate acute type A IMH (white arrows). Transaxial (a, b) and candy-cane (c, d) mag-
netic resonance images using single frame from a cine acquisition using steady-state free preces-
sion (SSFP) (a), T1-weighted fast spin echo (FSE) with fat saturation (FS) (b), T2-weighted FSE 
with FS (c), and T1-weighted gradient echo (GRE) with contrast (d). As expected, there is no 
enhancement of the lesion after contrast. The maximum thickness of the IMH is 18 mm (g) which 
is believed to be a high-risk feature (>10–16 mm). The patient was initially treated medically. He 
returned with chest pain one month later and CT revealed (h) that the lesion had converted to a 
dissection with a complex dissection flap in the aortic arch (yellow arrows). He was subsequently 
operated on. AA Ascending aorta; DA Descending aorta
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challenged by the observation that stabilization and regression are possible in an 
appropriately selected subgroup of patients whose imaging biometrics are favor-
able and whose blood pressure and pain control are adequate. In this population, 
a conservative approach has been found to be safe and feasible—though surgery 
may at some point be necessary—and outcomes appear to be very good and com-
parable to surgery [52, 55]. In the acute setting, medical management is virtually 
always initiated emergently—including aggressive blood pressure (systolic 
<110–120 mmHg), heart rate (<70 beats/min), and pain control—while the deci-
sion on whether and when to proceed to surgery is considered [1, 37, 51]. For 
those IMH and PAU patients who are managed medically, close clinical and imag-
ing surveillance over the first few days—and temporally more spread-out thereaf-
ter—may therefore represent a reasonable initial management strategy. A potential 
follow-up strategy includes imaging multiple times in the first week, then weekly 
for 2–4 weeks, monthly for the next 3–6 months, and at 6–12 months thereafter, 
unless complications are suspected [53]. Overall, patients with type A IMH are 
considerably more likely to progress (88%) than patients with type B IMH 
(3–15%) [1, 23, 56].
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Fig. 18 95-year old woman with chest pain and known ascending aortic (AA) aneurysm. Axial 
CT images with contrast (a-d) show a subtle type B IMH involving the proximal descending aorta 
(DA) (arrows). A small intramural blood pool associated with an intercostal arrow is evident (solid 
yellow arrow) (a). Images from 9 months prior (e-h) confirm that the AA aneurysm is stable, but 
that the IMH is new. Also note the normal appearance of the intercostal artery in question (dotted 
yellow arrow) and the interval increase in mural atheroma (dotted arrows) which has a slightly 
lower density than the hemorrhage
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 Conclusions

Aortic IMH and PAU are two lesions in the spectrum of acute aortic syndromes and 
their timely diagnosis is crucial for optimizing patient outcomes. CT is the primary 
initial imaging modality because of its accuracy, speed, and widespread and rapid 
availability. MRI demonstrates comparable accuracy and is generally used for 
problem solving and imaging follow-up. Pitfalls in accurate imaging diagnosis are 
important to consider but can usually be resolved with careful scrutiny and repeat or 
additional imaging when appropriate.

Management decisions for IMH and PAU are guided by clinical and imaging 
findings, the latter including Stanford classification, maximum aortic diameter, 
maximal hematoma thickness, the presence, size, and location of an intimomedial 
injury (ULP/FID), and the presence and size of extra-aortic complications such as 
pleural and pericardial effusions and mediastinal hematomas. The majority of type 
A lesions are treated surgically, although there has been a growing body of literature 
showing that medical management may be equally efficacious in appropriately 

a
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Fig. 19 Axial (a-d) and sagittal (e) postcontrast CT images demonstrate a ruptured type B IMH in 
an 80-year old woman with acute chest and back pain. High density material consistent with acute 
hemorrhage (arrows) is seen around the descending aorta (DA), throughout the posterior 
mediastinum, and in the pleural spaces bilaterally, right more than left. Intramural blood pools 
(IBPs) are present (dotted arrows). Angiographic views pre- (f) and post- (g) endovascular stent 
placement show successful coverage of IBPs and resolution of contrast extravasation. Single axial 
postcontrast CT image 18  months later (h) reveals resolution of IMH and hemorrhage. AA 
Ascending aorta
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a b c
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Fig. 20 Postcontrast CT images demonstrate an 8 mm thick type A IMH in a 54-year old man with 
chest pain (a-c) that is found to have resolved at 3 month follow up (d, e) with medical manage-
ment only. AA Ascending aorta; LV Left ventricle

a b

Fig. 21 Axial CT images with contrast demonstrate a type B IMH (arrows) in a middle-aged 
woman (a) that resolved on follow-up imaging 8 months later (b)
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selected subgroups. Conversely, type B lesions are typically treated medically or 
with endovascular stenting with surgery being reserved for those patients in which 
serious complications are identified. Outcomes are favorable for those patients that 
are appropriately managed, and identifying harbingers for potential complications 
are crucial in the successful management of IMH.
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 Introduction: Definitions

The aorta consists of five main anatomic segments: the aortic root, the tubular por-
tion of the ascending aorta (the proximal ascending aorta), the aortic arch, the 
descending thoracic aorta, and the abdominal aorta. The aortic root includes the 
aortic valve annulus, aortic valve cusps, coronary ostia, and sinuses of Valsalva. The 
aortic root joins the proximal ascending aorta at the sinotubular junction (STJ). The 
proximal portion of the ascending aorta extends from the STJ to the origin of the 
brachiocephalic artery. The aortic arch extends from the brachiocephalic artery to 
the left subclavian artery. The descending thoracic aorta consists of the proximal 
part (from the left subclavian artery to the level of the pulmonary artery) and the 
distal part (from the level of the pulmonary artery to the diaphragm). The abdominal 
aorta consists of the proximal part, which extends from the diaphragm to the ostia 
of the renal arteries; and the distal part, which extends from the renal arteries to the 
iliac bifurcation.
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 Transthoracic Approach

 Echocardiographic Imaging

The aortic root is best visualized in the parasternal long-axis view by TTE [1–8] 
(Fig. 1). Measurement of the aortic root diameter should be made perpendicular to 
the axis of the proximal aorta. The standard measurement is taken as the largest 
diameter from the right coronary sinus of Valsalva to the posterior (usually noncoro-
nary) sinus. Most studies report aortic root diameter measurements at end-diastole 
using the leading edge–to–leading edge technique [2, 7, 9, 10]. The aortic annulus 
is generally elliptical in older adults and, hence, most reliably measured with 3D 
echocardiography. The proximal ascending aorta is best seen in parasternal long and 
short-axis views or right upper sternal border. Once again, the measurements are 
made from leading edge to leading edge. The aortic arch is imaged from a supraster-
nal notch or supraclavicular approach. Only a short segment of the ascending aorta 
is visible from the suprasternal notch, in most adults (Fig. 2). The descending tho-
racic aorta is seen in cross section posterior to the left atrium in the parasternal 
long- axis view. From the subcostal view, the distal thoracic and proximal abdominal 
aorta is seen as it traverses the diaphragm.

 Doppler Flows

Color Doppler interrogation of the ascending aorta from the parasternal approach 
allows evaluation of the flow pattern in the proximal aorta and assessment of any 
concomitant aortic regurgitation and grading of severity. Pulsed- wave (PW) or 
continuous-wave (CW) Doppler recordings of descending aortic flow from the 
suprasternal notch show systolic flow away from the transducer. Normal flow in the 
descending aorta shows brief, low-velocity, early diastolic flow reversal, 

Fig. 1 Normal aortic root 
morphology and 
dimensions on 
transthoracic imaging 
parasternal long axis view. 
Yellow line is proper root 
measurement in mid sinus 
of Valsalva
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low-velocity antegrade flow in mid-diastole, low-velocity flow reversal at end- 
diastole. Flow patterns in the proximal abdominal aorta are similar to those seen in 
the descending thoracic aorta.

 Limitations of Transthoracic Imaging

The major limitations of TTE evaluation of the aorta are acoustic access and image 
quality. Acoustic access maybe suboptimal from one or more of the windows needed 
for full evaluation of the aorta. Image quality maybe poor due to beam width at the 
depth of the aorta. Beam-width artifact, noise, and poor lateral resolution make dif-
ferentiation of intraluminal defects from artifacts difficult. Evaluation by TEE is 
more sensitive and specific for diagnosing pathology, and hence, is the appropriate 
modality in most patients with acute aortic disease.

Fig. 2 Normal Transesophageal images of aortic root, valve and ascending aorta. Upper panel is 
short axis view of the aortic valve in systole and diastole. NCC-noncornary cusp, LCC-left coro-
nary cusp, RCC-right coronary cusp. Lower panel is long axis view of the aorta showing the rela-
tionship of the ascending aorta (AscAo) to the left ventricular outflow tract (LVOT) and the 
coronary cusps

Echocardiography for the Diagnosis and Management of Acute Aortic Syndromes
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 Transesophageal Approach

 Echocardiographic Imaging

The aortic valve and sinuses of Valsalva are best seen in short-axis with the image 
plane rotated to approximately 45°. The aortic valve, sinuses of Valsalva, and 
ascending aorta are then obtained in the long axis by rotating the image plane to 
approximately 120° (Fig. 3a and b). The aortic arch is best imaged from a high 
esophageal transducer position. Presence of the trachea/left bronchus impedes com-
plete visualization of the distal ascending aorta and proximal aortic arch. Posterior 
rotation of the probe provides excellent images of the descending thoracic aorta and 
the proximal abdominal aorta in either a cross-sectional plane at 0° or long-axis 
plane at 90° to 120°. From a transgastric position, the proximal abdominal aorta is 
seen posterior to the stomach. The entire length of the aorta can be examined in 
cross-sectional views as the probe is slowly withdrawn from the stomach into the 
esophagus, with imaging of the aortic arch just prior to removal of the probe. 
X-plane or biplane feature can allow simultaneous images in the long and short axis 
views. Three-dimensional (3D) TEE provides additional information in defining the 
anatomy and extent of abnormalities such as a dissection flap or identifying the 

a

d e

b c

Fig. 3 2D and 3D TEE imaging of Aortic Dissection. (a) 2D SAX view of dissection flap prolaps-
ing across the aortic valve (AoV). Surrounding structures: LA-left atrium, RA-right atrium, 
RV-right ventricle. (b) 3D LAX view of the dissection flap in the ascending aorta (AscAo) (c) 3D 
SAX view of the dissection flap prolapsing across the trileaflet aortic valve. (d) 2D LAX view of 
the circumferential dissection flap with insertion at the sinotubular junction. (e) Color Doppler of 
LAX showing differential flow in large false and small true lumen
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location and size of the entry site. The origins and course of the coronary arteries are 
visible in both short- and long-axis views on some TTE and all TEE images.

 Doppler Flows

TEE color flow imaging of the aorta shows the normal antegrade flow pattern in the 
ascending aorta, arch, and descending aorta and is essential in the evaluation of 
abnormal blood flow patterns in the presence of aortic dissection. Color Doppler 
evaluation of the aortic valve is essential since aortic valve regurgitation can result 
from commissural involvement by aortic dissection resulting in inadequate support 
of the leaflets or a flail aortic leaflet due to extension of a dissection flap into the 
valve tissue.

 Acute Aortic Syndromes

Acute aortic syndromes (AAS) include a spectrum of life-threatening aortic 
conditions.

The term AAS includes classic aortic dissection, intramural hematoma (IMH), 
penetrating aortic ulcer (PAU), aortic aneurysm rupture (contained or not contained) 
[11]. Aortic pseudoaneurysm, traumatic aortic disease and sinus of valsalva aneu-
rysm will also be briefly discussed given their clinical relevance and the need to 
differentiate pathological processes.

 Aortic Dissection

 Transthoracic Imaging

Advances in echocardiography have improved the sensitivity of TTE for diagnosis 
of aortic dissection to approximately 85 percent or more [12, 13]. The echocardio-
graphic diagnosis of aortic dissection is highly secure when there is a dilated aortic 
lumen, a linear, mobile echogenic structure with a pattern of motion different than 
the aortic wall and different color Doppler flow patterns in the true and false lumen. 
The role of TTE in suspected aortic dissection also includes diagnosis of cardiac 
complications of dissection, including aortic insufficiency, pericardial effusion/tam-
ponade and regional left ventricular systolic function. Importantly, TTE remains 
less sensitive for detection of aortic dissection than TEE, CT, and MRI.  Thus, 
absence of a dissection flap on TTE should not be used to exclude aortic dissection 
but prompt further assessment.
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 Transesophageal Imaging

TEE is highly accurate for establishing the diagnosis of both type A and type 
B acute.

aortic dissection. Several studies have demonstrated the high accuracy of TEE, 
with sensitivity approaching 100% [14–16]. TEE images of the aorta are superior to 
TTE images because of the shorter distance between the transducer and the aorta, 
the use of a higher-frequency transducer, and better ultrasound tissue penetration 
(Fig. 4). Features of aortic dissection seen on TEE imaging include a dissection flap 
that appears as a thin, linear, echogenic structure in the aortic lumen with undulating 
motion different than the normal systolic pulsations, Color Doppler evidence of 
blood flow in both the true (bounded by endothelium) lumen and the false (bounded 
by media) lumen, the entry site into the false lumen, other communications between 
the two channels, thrombosis of the false lumen or a hematoma in the wall of the 
aorta (Table 1). TEE imaging of the integrity of the aortic valve apparatus can help 
guide the surgeon of the potential for aortic valve-sparing operations as well 
(Table 2).

a

f g h

b c d e

Fig. 4 Aortic Dissection compared with Intramural Hematoma on TEE imaging. The top panel is 
a SAX of aortic dissection. (a and b). Diastole and systole showing the thin intimal flap with a 
larger false lumen (FL). (c and d). Diastole and systole with color flow revealing flow in true lumen 
(TL). (e). Color flow with circle highlighting the entry tear with flow from true to false lumen. The 
lower panel is a different patient with an intramural hematoma (IMH) seen as echo density con-
tained within the media (with permission from Maslow et  al. Journal of Cardiothoracic and 
Vascular Anesthesia, Vol. 32, Issue 3, p1341–1362)
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 Aortic Intramural Hematoma (IMH)

Aortic intramural hematoma is a variant of aortic dissection and defined by a local-
ized collection of blood within the aortic wall, but without a discrete intimal tear or 
false lumen. This pathology accounts for approximately 10–25% of patients with an 
acute aortic syndrome [17]. Putative mechanisms of intramural hematoma include 
rupture of the vasa vasorum vessels into an area of medial degeneration or a pene-
trating atherosclerotic ulcer without an intimal tear and with subsequent blood flow 
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Table 1 Mortality Trends Among Patients with Acute Aortic Dissection Over Time from 
IRAD. (IRAD: International Registry of Acute Aortic Dissection)

*Reference for the Table 1:
Evangelista et al. Circulation April 2018- Insights from the IRAD registry
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from the lumen into the vessel wall [18]. Importantly, this is a dynamic condition; 
12% of patients with an aortic intramural hematoma progress to a frank dissection 
with adverse clinical outcomes analogous to patients presenting initially with a 
clearly delineated dissection flap [19].

Though TTE is less sensitive for the diagnosis, an aortic intramural hematoma is 
suggested by an echogenic thickening of the aortic wall. Intramural hematoma of 
the ascending aorta may be visualized on TTE by the following features: focal wall 
thickening and or echolucent regions, preservation of the shape and smooth border 
of the lumen, central/luminal displacement of intimal atherosclerosis [9].

Table 2 Role of echocardiography in detecting evidence of aortic dissection and echocardiographic 
definitions of main findings

Diagnostic goals Definition by echocardiography

Identify presence of a 
dissection flap

Flap dividing two lumens

Define extension of 
aortic dissection

Extension of the flap and true/false lumens in the aortic root(ascending/
arch/descending abdominal aorta)

Identify true lumen Systolic expansion, diastolic collapse, systolic jet directed away from 
the lumen, absence of spontaneous contrast, forward systolic flow)

Identify false lumen Diastolic diameter increase, spontaneous contrast and or thrombus 
formation, reverse/delayed or absent flow

Identify presence of 
false luminal 
thrombosis

Mass separated from the intimal flap and aortic wall inside the false 
lumen

Localize entry tear Disruption of the flap continuity with fluttering or ruptured intimal 
borders; color Doppler shows flow through the tear

Assess presence, 
severity and 
mechanisms of AR

Anatomic definition of the valve (bicuspid, degenerated, normal with/
without prolapse of one cusp); dilation of different segments of the 
aorta; flap invagination into the valve; severity by classic 
echocardiographic criteria

Assess coronary 
artery involvement

Flap invaginated into the coronary ostium; flap obstructing the ostium; 
absence of coronary flow; new regional wall motion abnormalities

Assess side-branch 
involvement

Flap invaginated into the aortic brandies

Detect pericardial 
and/or pleural 
effusion

Echo-free space in the pericardium/pleura

Detect signs of 
cardiac tamponade

Classic echocardiographic and Doppler signs of tamponade

*Reference for Table 2:
Source: [9]
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a b

 

TEE is needed for the diagnosis of all aortic segments, outside of the ascending 
aorta. On short axis imaging, an intramural hematoma of the descending thoracic 
aorta appears as a crescent-shaped mass adjacent to the aortic lumen and bounded 
by the bright adventitial echo signal. Long-axis imaging then allows evaluation of 
the extent of the hematoma (Fig. 5). Notably, the imaging hallmarks of classic aortic 
dissection; dissection flap and double channel aorta are both absent in IMH.

a b

Fig. 5 CT compared with TEE for Penetrating Aortic Ulcer. (a) CT scan showing two penetrating 
ulcers (white arrows) of the descending aorta (Desc Ao) (b) TEE showing penetrating ulcer (white 
arrow) through atherosclerotic intimal plaque (Ath) with intramural hematoma (IMH) in the 
Descending Aorta (Desc Ao). (with permission from Maslow et al. Journal of Cardiothoracic and 
Vascular Anesthesia, Vol. 32, Issue 3, p1341–1362)
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 Penetrating Aortic Ulcer (PAU)

Penetrating aortic ulcer is a condition in which ulceration of an atherosclerotic 
lesion penetrates the aortic internal elastic lamina into the aortic media [20]. PAU is 
considered to be a disease of the intima (i.e., atherosclerosis), whereas aortic dissec-
tion and its variant (IMH) are diseases of the media (degenerative changes of the 
elastic fibers and smooth muscle cells).

There is limited utility of TTE in the diagnosis of PAU. TEE, CT or MRI is better 
suited to detect PAU and its complications. The diagnosis of PAU requires demon-
stration of an “ulcerlike” or “craterlike” out-pouching in the aortic wall. PAUs can 
be detected only when they protrude outside the contour of the aortic lumen. The 
maximum depth of penetration of the ulcer, maximum width at the entry site and the 
axial length of any associated medial hematoma should be measured. TEE has been 
less well studied than CT and MRI for the diagnosis of PAU but may be of value 
when the results of CT and MRI are inconclusive. The characteristic finding is a 
craterlike out-pouching of the aortic wall, often with jagged edges and usually asso-
ciated with extensive aortic atheroma [20] (Fig. 6). A localized aortic dissection 
may occur, but the dissection flap, if present, tends to be thick, irregular, non- 
oscillating, and usually of limited length. The reason for the limited length of the 
dissection may be that the dissection plane is lost because of scarring or atrophy of 
the media and secondary to the atherosclerotic process.

 Aortic Aneurysm Rupture

Aneurysm is defined as a permanent focal dilatation of an artery having a 50% 
increase in diameter compared with the expected normal diameter of the artery [21]. 
Aneurysms of the aorta can be classified into two main morphologic types: fusiform 

Fig. 6 Aortic Pseudo 
Aneurysm. The TEE shows 
color Doppler flow from 
the aorta into the pseudo 
aneurysm (white arrows)
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and saccular. Fusiform aneurysms result from diffuse weakening of the aortic wall 
leading to dilatation of the entire circumference of the aorta, producing a spindle- 
shaped deformity with a tapered beginning and end while saccular aneurysms result 
when only a portion of the aortic circumference is weakened, producing an asym-
metric, relatively focal balloon-shaped out-pouching.

TTE can be utilized for sequential follow-up of aortic root dilatation. Diameter 
expansion, severity of aortic regurgitation and left ventricular size and function can 
be evaluated. When dilatation involves the ascending aorta above the STJ, TTE may 
not adequately visualize the affected segment, in which case other modalities 
including TEE, CT or MRI should be utilized.

TEE is most often utilized to help guide surgical decision-making. A detailed 
understanding of the entire aortic valve apparatus is crucial for determining the need 
for and type of aortic valve repair or valve replacement. TTE and TEE are not tomo-
graphic imaging and hence have some limitations for reliable measurements of dis-
tal ascending aorta, aortic arch, descending aorta diameters, especially in the 
presence of a tortuous aorta.

 Aortic Pseudoaneurysm

An aneurysm involves all the layers of the aortic wall, whereas a pseudoaneurysm 
is actually a contained rupture due to loss of integrity of the aortic wall, with a blood 
collection outside the aorta. Following surgery for aortic disease, blood can escape 
from the graft lumen or prosthetic valve sewing ring into an area contained by sur-
rounding scar tissue or the native aorta at the proximal or the distal graft anastomo-
ses to the aorta or at the coronary reimplantation sites resulting in pseudoaneurysm 
formation.

 Transthoracic/Transesophageal Imaging

On TTE or TEE, a pseudoaneurysm appears as an echolucent area adjacent to the 
aortic graft. Flow in this area can be demonstrated with color flow imaging, although 
a TEE study is often necessary for adequate image quality. The pseudoaneurysm 
may rupture back into the left ventricle (LV) underneath the aortic annulus and cre-
ating a fistula with flow in both systole and diastole. The pseudoaneurysm may form 
underneath the valve creating “pseudo-aortic regurgitation” with flow from the 
pseudoaneurysm into the LV in diastole, and from the LV into the pseudoaneurysm 
in systole. The characteristics of the latter paravalvular flow signal on PW and CW 
Doppler are similar to those of transvalvular aortic regurgitation with color flow 
around, rather than through, the prosthetic aortic valve.
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 Traumatic Aortic Disease

Blunt force trauma, most often due to motor vehicle accidents, can result in aortic 
injury and rupture and is the most common form of traumatic aortic injury. The 
most vulnerable site, is the aortic isthmus [22]. The second most common location 
is the supravalvular portion of the ascending aorta [23] (Fig. 7a and b).

 Transthoracic/Transesophageal Imaging

TEE findings in patients with blunt force trauma are variable and include dilatation 
in the region of the isthmus, an abnormal aortic contour, a thick intraluminal medial 
flap, a pseudoaneurysm, a crescentic or circumferential thickening of the aortic wall 
(IMH), and mobile linear echodensities attached to the aortic wall consistent with 
an intimal tear or a thrombus. In differentiating from a spontaneous aortic dissec-
tion, the medial flap tends to be thicker, has greater mobility, and is typically per-
pendicular (rather than parallel) to the aortic wall so that there is an absence of two 
channels. The aortic contour is usually deformed because of the presence of a local-
ized pseudoaneurysm and the findings are confined to the isthmus, rather than prop-
agating distally all the way to the iliac arteries (Fig. 8).

a b c

d e

Fig. 7 Traumatic Aortic Disruption. Top panels (a-d) are descending aorta progression showing 
loss of continuity which appears as a step off (white arrows). The final panel (e) is the normal 
descending aorta integrity just below the transsection. Note the thicker flap consisting of both 
intima and media

S. Janjua et al.



187

 Sinus of Valsalva Aneurysm

Sinus of Valsalva aneurysms may be seen on long- and short-axis views of the 2D 
echocardiogram. Generally, a diameter from the widest portion of the asymmetric 
sinus to the opposing wall of greater than 4 cm in adults is used as the definition.

 Transthoracic/Transesophageal Imaging

A dilated and distorted sinus of Valsalva is seen both in long- and short-axis views 
at the aortic valve level either from a TEE or TTE approach. A congenital aneurysm 
may have a complex shape with a “wind sock” appearance of a mass of irregular, 
mobile echoes protruding from the aortic sinus into adjacent cardiac structures. 
There may be a communication with multiple fenestrations, with high-velocity tur-
bulent flow from the high-pressure aorta to the low-pressure adjacent chambers 
detectable by CW, PW, and color flow Doppler techniques. Doppler flow examina-
tion is unremarkable in the absence of communication. Contrast echocardiography 
maybe helpful in delineating the aneurysm, however, color flow Doppler imaging is 
the technique of choice for identifying a ruptured sinus of Valsalva aneurysm.
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 Introduction

Despite the importance of cross-sectional imaging in acute aortic disease, the major-
ity of imaging utilization occurs in the chronic phase as part of imaging surveil-
lance. Whereas imaging protocols for acute aortic disease are more standardized, 
and rely heavily on CT angiography (CTA), protocols for long-term imaging sur-
veillance are less uniform and often vary significantly across centers and between 
individual physicians. The choice of imaging modality may depend on patient- 
specific factors, and institutional and physician preferences often play a role. 
Knowledge of the strengths and limitations of each technique is important for 
selecting the optimal imaging modality, understanding disease-specific variations in 
imaging protocols, and appropriately interpreting imaging results. Beyond simply 
acquiring the images, there exists multiple challenges related to image analysis and 
measurement technique that can affect the clear assessment of disease progression.
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 Indications and Frequency of Imaging Follow-Up

 Aortic Dissection

Patients with medically managed aortic dissection have a high rate of long-term 
morbidity and mortality, largely owing to the false lumen’s propensity to undergo 
aneurysmal degeneration [1, 2]. Imaging surveillance is a central component of 
long-term management of patients with aortic dissection and is used to detect aortic 
growth and identify dissection related complications. Despite the importance of 
imaging surveillance, there are few data to support any specific long-term imaging 
surveillance strategy, and even official guidelines state the level of evidence for 
specific long-term imaging recommendations is “C” (i.e., very limited populations 
evaluated; only consensus opinions of experts) [3].

There is general recognition that more frequent imaging is needed during the 
first 6 to 12 months post-dissection to identify patients who develop rapid growth 
or other complications during the subacute to early chronic phase of aortic remod-
eling, and may require earlier surgical repair [3]. Early post-operative imaging 
surveillance is particularly important in patients with Marfan syndrome or other 
aortic-related connective tissue disorders considering that such patients have 
been reported to be at higher risk for complications after type A dissection repair 
[4]. The 2010, multi-disciplinary “Guidelines for the Diagnosis and Management 
of Patients With Thoracic Aortic Disease” recommends CTA/MRA imaging at 1, 
3, 6, and 12 months post-dissection [3]. The authors also state that CTA/MRA 
imaging is reasonable prior to the patient’s discharge from the hospital to estab-
lish a clear anatomic baseline to be used for subsequent follow-up. Lastly, it is 
generally agreed that once patients have demonstrated relatively stable aortic 
dimensions over a period of 6 or 12 months, that imaging surveillance can be 
performed on an annual basis in the absence of the development of complications 
or significant growth.

The definition of aortic “growth” is poorly defined, but is generally considered 
to be present when aortic diameters increased by ≥3 mm per year, based on the 
observation that mean growth rates of TBAD are around 3–4 mm per year and 
measurement variability alone frequently results in 1–2 mm of increase in aortic 
dimensions [5, 6]. Furthermore, “rapid growth” is often used to suggest a growth 
rate of 5 mm per year or greater [3]. A study of long-term outcomes in patients 
with aortic dissection demonstrated that growth of ≥5 mm within the first 6 months 
confers a greater than two-fold increased risk of future complications, emphasiz-
ing the importance of frequent imaging in the early post-dissection period [7]. If a 
patient with previously stable aortic dimensions develops growth during the sur-
veillance interval, but is not yet deemed a candidate for surgical repair, more fre-
quent imaging follow-up should be considered to detect and prevent the 
development of complications. While CT is generally the preferred method for 
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imaging surveillance in the acute phase given its superior spatial resolution and 
better ability to detect mediastinal/periaortic soft tissue abnormalities associated 
with leak/contained rupture, magnetic resonance angiography (MRA) is a reason-
able alternative for long-term annual imaging surveillance of patients with stable 
and uncomplicated dissections, and avoids the cumulative risk of repeated radia-
tion exposure.

 Intramural Hematoma (IMH) and Penetrating Atherosclerotic 
Ulcer (PAU)

Published recommendations for imaging surveillance of patients with IMH and 
PAU largely mirror those for patients with aortic dissection, although data on long- 
term imaging are even more limited than for dissection. Frequent imaging follow-
up in the early phase is of particular importance to patients with IMH, as the 
majority of the complications occur within the first year, and patients with non-
resolving IMH have been shown to be at the greatest risk [7]. In addition to maxi-
mal aortic dimeter of the affected segment, the degree of mural thickness should be 
assessed to track IMH evolution. PAUs are occasionally incidentally detected in 
asymptomatic patients, and in this setting annual imaging surveillance is generally 
performed. While many PAUs can be managed non-operatively, lesions that are 
painful or associated with other complications such as intramural hematoma, pseu-
doaneurysm or signs of rupture, open or endovascular repair may be necessary [8, 
9]. Long-term imaging follow-up is important in PAUs as approximately 43% of 
symptomatic PAUs and 16% of asymptomatic PAUs were noted to progress on 
follow-up imaging [10]. Although specific imaging surveillance recommendations 
are not supported by strong evidence and are subject to significant variability, a 
general summary of standard imaging follow-up intervals in several clinical sce-
narios is presented in Table 1.

 Comparison of Imaging Modalities

The three primary imaging modalities for long-term monitoring and follow-up 
imaging in the thoracic aorta are CT angiography (CTA), MR angiography (MRA), 
and echocardiography. Each modality has strengths and weaknesses for imaging the 
thoracic aorta. The selection of the appropriate imaging test should be driven by 
specific aortic pathology, surgical history, co-morbidities such as aortic valve dis-
ease or extension of dissection or aneurysm into the abdominal aorta, and patient 
related factors, particularly renal function and age.

Long-Term Imaging of the Aorta: Considerations and Comparison of Modalities
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 Echocardiography Versus Cross-Sectional Imaging

While echocardiography is not the preferred modality for comprehensive thoracic 
aorta evaluation, all standard echocardiography examinations can provide informa-
tion on multiple aortic segments and it has been recommended as a primary screen-
ing tool in aortic disease. The aortic valve, sinuses and proximal ascending aorta can 
usually be well assessed with transthoracic echocardiography (TTE), while evalua-
tion of the descending aorta requires transesophageal echo for evaluation (TEE). On 
TTE, using a combination of left and right parasternal long axis views and basal 
short axis views, it is possible to measure the aortic annulus, sinuses of Valsalva 
(SOV), and sinotubular junction (STJ). Right parasternal and apical long axis views 

Table 1 Summary of standard imaging surveillance intervals

Clinical 
Scenario Early Follow-Up (0–12 months)

Long-Term Follow-up (12 months 
+)

Aortic 
dissection

— —

Type A 
(repaired)

Before discharge or @1 month*
– If enlarging: 3, 6 & 12 months*
– If stable: 6 & 12 months

If stable: Annual intervals†
If enlarging: 6 month intervals
– After ≥3 years stability, 
consider change to 2 or 3 year 
intervals†.

Type B 
(OMT)

Before discharge and @1 month*
– If enlarging: 3, 6 & 12 months*
– If stable: 6 & 12 months

If stable: Annual intervals†
If enlarging: 6 month intervals
– After ≥3 years stability, 
consider change to 2 year 
intervals†.

Post- 
Endograft

Before discharge or @1 month*‡
– If enlarging and/or significant endoleak: 
3, 6 & 12 months*‡
– If stable/no endoleak: 6 & 12 months

If stable/FL regression: Annual 
intervals†
If enlarging: 6 month intervals
– After ≥3 years stability, 
consider change to 2 or 3 year 
intervals†.

IMH/PAU Before discharge and @1 month*
– If non-resolving: 3, 6 & 12 months*
– If resolving: 6 & 12 months
Recommend careful image analysis for 
development of intimomedial defects or 
ULP [11]

In the absence of indications for 
repair:
If non-resolving IMH: 
6–12 months intervals
If resolved IMH:
– Annual intervals if residual 
aortic dilation†
– Unclear role of continued 
imaging if no residual aortic 
dilation

† Consider MRI/MRA if appropriate for patient-specific factors
‡ Addition of delayed phase imaging is recommended
aCTA is preferred modality
Abbreviations: OMT optimal medical therapy, IMH intramural hematoma, PAU penetrating ath-
erosclerotic ulcer, ULP ulcerlike projection
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are used to measure ascending aorta diameters (AAo). Suprasternal views allow 
visualization of the aortic arch and branch vessels although this sonographic win-
dow can be limited due to patient body habitus or emphysema. TEE allows for 
short- and long-axis evaluation of the descending aorta, but the invasive nature of 
this test limits its usefulness as a standard follow-up or monitoring tool [12].

An important advantage of the TTE compared to other cross-sectional modalities 
is the relative ease of acquisition without the need for intravenous contrast or expo-
sure to ionizing radiation. This feature makes TTE a useful tool in serial monitoring 
post-operative complications following ascending aorta repair. Additional key 
advantages of echocardiography for aortic evaluation include the opportunity to 
assess any co-morbid aortic valve disease and measure biophysical properties such 
as aortic distensibility and pulse wave velocity with Doppler echocardiography 
[13]. For follow-up imaging in ascending aortic disease, an important disadvantage 
of TTE is that aortic diameters are measured only in the long-axis plane, and this 
approach has been shown to underestimate aortic diameter when compared to 
double- oblique measurements [14]. While there are several possible measurement 
techniques, the “leading edge to leading edge” technique has been shown to have 
excellent reproducibility and the best agreement with CTA measurements [15].

 CTA Acquisition

CT Angiography is considered the primary imaging modality for diagnosing and 
monitoring thoracic aorta disease and for follow-up imaging after aortic interven-
tions. Key advantages of CTA are that image acquisition is fast, less complex than 
MRI/MRA and yields high resolution images. CTA is generally performed with 
spatial resolutions on the order of 0.7 mm3, and its volumetric nature allows for 3D 
analysis and multi-planar reformats of aortic anatomy. Depending on scanner spe-
cific features such as detector size, CTA acquisitions of the chest can be performed 
in a single breath-hold of 5–10 seconds, with some modern scanners in 1–2 seconds 
[16]. An important disadvantage of CTA is that the exam most often provides static 
snapshot of the anatomy and lacks hemodynamic information. CTA can generate 
dynamic “cine” images with the use of retrospective electrocardiograph (ECG) gat-
ing techniques, however, this comes at the cost of higher radiation dose and should 
thus be used sparingly.

CTA requires intravenous injection of iodinated contrast with timing of image 
acquisition such that aortic opacification is maximal. Poor contrast timing can sig-
nificantly limit the diagnostic performance of the test. Patients are generally asked 
to hold their breath during the scan to minimize respiratory motion. For evaluation 
of aortic root size or ascending aorta diameter, ECG gating is usually employed. 
ECG-gating limits cardiac and aortic root motion to decrease motion-related arti-
facts which can result in inaccurate measurements and limit the assessment of the 
dissection flaps. Prospective ECG gating involves only acquiring images during a 
portion of the cardiac cycle, most often in mid-late diastole (70–75% R-R interval), 
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and this approach requires significantly less radiation than retrospective gating. 
ECG-gating can fail in the setting of arrhythmia due to inconsistent R-R intervals 
resulting in motion/pulsation artifact. ECG-gating is generally not required for eval-
uation of the arch and descending aorta where pulsatile motion is less pronounced.

 MRI/MRA Acquisition

MR angiography has similar spatial resolution to CTA, usually in the range of 
0.7–1.2 mm3, but patient related factors such as body habitus may necessitate chang-
ing the field of view which can lower image resolution. Scan times for MRA tend to 
be longer, usually due to the acquisition of multiple sequences during each study. 
However, MRA offers several advantages relative to CTA including lack of ionizing 
radiation, opportunity to acquire hemodynamic information through time-resolved 
techniques, and ability to evaluate luminal/intraluminal structures with non-contrast 
MRA techniques.

Similar to CTA, contrast-enhanced MRA (CE-MRA) acquisition requires image 
acquisition timing to be optimized to contrast opacification of the aorta. The 
CE-MRA technique employs a 3D T1 weighted sequence which leverages the T1 
shortening properties of gadolinium—rather than the x-ray attenuating properties of 
iodine—to provide high contrast within the aortic lumen. Similar to CTA, MRA of 
the aorta is ECG-gated to reduce artifacts at the root and ascending aorta due to 
cardiac motion. Breath-holding is also necessary at MRA to limit respiratory motion 
artifact. In addition to CE-MRA images, most studies will include pre- and/or post- 
contrast T1 and T2 weighted sequences, which can help with identification of intra-
mural hematoma, mediastinal abnormalities, and vessel wall inflammation [17].

Multiple non-contrast MRA techniques have been developed that can be useful 
in patients where contrast imaging is either limited or not possible. Steady-state free 
precession (SSFP) is an MR acquisition technique which results in high signal 
intensity of the blood without the need for intravenous contrast. Three-dimensional, 
ECG-gated, non-contrast SSFP MRA provides excellent image quality and accurate 
aorta measurements relative to CE-MRA, but requires significantly longer scan 
times [18, 19]. Other options for non-contrast assessment of the thoracic aorta 
include spin-echo, time-of-flight (TOF), and phase contrast techniques.

MRI/MRA also provides the ability to evaluate aortic hemodynamics using time- 
resolved MRA (TR-MRA), as well as two-dimensional and three-dimensional (“4D 
Flow”) phase contrast techniques (Fig.  1). Time-resolved MRA is a contrast- 
enhanced technique which acquires images rapidly during contrast injection yield-
ing dynamic images of contrast transit similar to angiography, and can provide 
information such as the location of endoleaks after TEVAR and false lumen filling 
patterns in aortic dissection. Phase-contrast MRA can be used as a non-contrast 
technique which measures differences in magnetic spin phase shifts that occur with 
flowing blood. These phase shifts are proportional to flow velocity, thus allowing 
for quantification of aortic blood velocity and flow rates. This technique can be 
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applied in 2D or 3D and has been used to assess valve-related aortopathy, pulse- 
wave velocity and many other advance hemodynamic parameters [20].

 Artifacts and Technical Limitations

Several imaging related artifacts can limit CTA image quality. One of the most com-
monly encountered CT artifacts is beam-hardening or “streak” artifact which results 
from dense structures (bones, surgical implants, wires, pacemaker/defibrillator gen-
erators, iodinated contrast in the superior vena cava) interfering with normal image 
formation [21]. Newer dual-energy CT scanners have metal artifact reduction algo-
rithms which can be employed to reduce the impact of such artifacts [22]. To image 
the entire chest with CTA, the CT table must translate during the scan, and with 
ECG-gating this can mean different portions of the chest are imaged at different 
R-R intervals. Motion during imaging can lead to a linear “step-off” or “stair step” 
artifact, which is most visible on coronal or sagittal reformatted series. Such step- 
offs can blur the aortic wall, lead to inaccurate aortic measurements and be mistaken 
for dissection (Fig. 2) [23].

With MRA, distortions in the magnetic field caused by metallic objects in the 
body often can produce susceptibility artifact, which present as areas of dark sig-
nal void surrounding the metallic object and are worse in 3 T compared to 1.5 T 
scanners. Potential sources of artifact include pacemaker/ICD generators or elec-
trodes, spinal hardware, and sternal wires. Endografts composed of nitinol can be 
imaged with MRI/MRA, whereas stainless-steel endografts result significant 

a b c

Fig. 1 Anatomic Versus Hemodynamic Assessment with Computed Tomography Angiography 
(CTA) and Magnetic Resonance Angiography (MRA): Sagittal view of a patient with TBAD using 
CTA (a) demonstrates a proximal entry tear (arrow head) and distinct true and false lumen. 
Similarly, sagittal MRA images also clearly depict the entry tear with similar anatomic detail to 
CTA (b). MRI also allows for measurement of blood flow velocity, and three-dimensional maps of 
blood flow can be generated using 4D Flow MRI techniques, allowing for clear visualization of the 
flow jet at the proximal entry tear (c), which impacts the opposite wall of the false lumen (asterisk)
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artifacts and are poorly evaluated [24]. Patient specific factors can degrade image 
quality, with the most important factors being arrhythmia (failure of ECG-gating), 
difficulty with breath holding, and claustrophobia. Claustrophobia and breath-
holding difficulties tend to be more severe in MRA than CTA due to longer image 
acquisition times, a longer scanner bore, and need for multiple breath-holds during 
the exam.

 CTA Radiation Exposure

Radiation exposure if a common concern of patients and physicians, and it is well 
documented that ionizing radiation is associated with a risk of malignancy, particu-
larly in radiosensitive organs in the chest such as the breasts, lungs, and thyroid. 
Estimates of cancer risks due to radiation doses below 100 millisievert (mSv), a 
dose corresponding to approximately 1000 chest radiographs or 10 CTAs, are not 
well validated but are estimated at approximately 1% lifetime risk [25]. As scanner 
technology and imaging processing algorithms have improved, CT doses have dra-
matically decreased. Currently, an ECG-gated CTA of the chest has an effective 
radiation dose of ~5–8 mSv. In most patients with thoracic aortic disease, the benefit 
of undergoing optimal imaging far outweighs the risk of radiation-induced malig-
nancy. Considering the typical latency period of ≥10  years, the significance of 
radiation- induced malignancy should be considered in the context of patient life 
expectancy [26]. However, children, younger adults and pregnant patients exposed 
to similar doses of radiation have a considerably higher risk, and alternative imag-
ing strategies should be considered in these groups [27].

a b

Fig. 2 Motion/pulsation artifact on non-ECG gated CT scans can result in blurring of the margins 
of the aorta and main pulmonary artery (a, arrow head) and image artifacts that simulate aortic 
dissection. In this representative case, a dissection flap in the ascending aorta (a, arrow) was 
described at an outside hospital CT performed without ECG-gating, however, on repeat CT scan 
with ECG-gating the flap was confirmed to be artifactual in nature (b)
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 Contrast Safety Concerns

Both iodinated contrast for CTA and gadolinium contrast for MRA have patient 
safety concerns that may determine which modality is should be considered when 
selecting the best imaging modality for a given patient. Iodinated contrast has his-
torically been associated with acute kidney injury, a phenomenon termed contrast 
induced nephropathy (CIN), with guidelines suggesting reduced contrast dose or 
the withholding contrast in patients with renal insufficiency to reduce the risk of 
renal failure in these patients. Increasingly, data has suggested that the risk of CIN, 
even in patients with GFR < 30 mL/min is very low or possibly non-existent [28]. 
Institutional guidelines should be reviewed to determine the locally accepted iodin-
ated contrast dosing practice.

Gadolinium-related nephrogenic systemic fibrosis (NSF) has been a concern 
in patients with low renal function (GFR  <  30  ml/min) undergoing contrast-
enhanced MRI/MRA.  However, gadolinium-based contrast agents have now 
been developed with safety profiles which make the likelihood of NSF exceed-
ingly low and routinely checking renal function prior to contrast enhanced MRI 
is not required in most patients [29]. Over the last several years there has been 
increasing evidence of MRI-related gadolinium deposition in the brain and other 
organs. While the significance of this finding remains uncertain and no clear 
clinical sequela have been identified, it is a dose dependent phenomenon, and 
therefore patients undergoing frequent MR studies, particularly younger patients, 
should carefully consider the potential risks and benefits of contrast administra-
tion [30]. This phenomenon may increase the importance of non-contrast MRA 
techniques in the future. The strengths and limitations of CTA and MRA are 
summarized in Table 2.

 Post-Endograft Imaging

 Imaging Follow-Up

There are no standardized guidelines for imaging follow-up of patients after endo-
vascular repair of aortic dissection or other acute aortic syndromes, partly owing to 
the wide degree of variability in repair complexity and the rapidly evolving nature 
of endovascular techniques. However, there are some principles of post-endograft 
surveillance that are widely accepted and have been summarized in recently pub-
lished appropriateness criteria [31]. CTA is generally considered the optimal modal-
ity for imaging surveillance, at least within the first 6–12 months after repair, given 
the superior imaging resolution, ability to evaluate the integrity of metallic stent 
frames, and improved evaluation for potential mediastinal or other intra-thoracic 
complications. Assessment of aortic remodeling after TEVAR is most commonly 
performed by aortic diameter measurement (either overall diameter or false lumen 

Long-Term Imaging of the Aorta: Considerations and Comparison of Modalities



198

diameter). False lumen volumetric assessment has been proposed as a more sensi-
tive marker of false lumen remodeling in a variety of studies and trials, and while 
there are clear theoretical benefits of volumetric measurements, such measurement 
techniques remain poorly standardized and the benefit over diameter measurements 
has not been formally established [32].

Imaging surveillance in the post-endograft generally involves the first post- 
operative study being performed before discharge or at least within the first month, 
with subsequent studies typically occurring at 3–6 and 12  months and annually 
thereafter in the absence of growth or other complications. Long-term follow-up 
studies of TEVAR patients have shown that late complications can occur (e.g. devel-
opment of endoleaks, stent fracture, stent graft migration), and lifelong imaging 
surveillance of patients with aortic endografts is therefore recommended [33]. 
Imaging protocols for CTA/MRA vary by institution, however, generally post- 
endograft studies are performed with multiple phases of contrast including noncon-
trast, arterial phase and delayed phase (30–60 seconds after arterial phase) (Fig. 3). 
Delayed phase imaging is a unique feature of post-endograft studies, and is neces-
sary for the detection of low flow endoleaks [34].

Table 2 Comparing CTA and MRI

Characteristic CT Angiography (CTA) MR Angiography (MRA)

Radiation Ionizing radiation (X-ray)
– DNA damage

Non-ionizing (radiofrequency)
– No DNA damage

Spatial resolution 0.5 mm3 (minimal) ~ 0.7–1.2 mm3 (variable)
Number of 
acquisitions

Usually single Usually multiple

Set-up and scan 
time

Short (5–10 min) Long (45–60 min)

Acquisition 
complexity

Easy More difficult

Patient 
participation

Minimal
– Single breath hold
– Hold still for 
~10–30 seconds

Significant—Multiple breath hold
– Multiple breath holds
– Hold still for at least 5–10 minutes

Strength Anatomy Soft tissue characterization and 
hemodynamic/functional assessment

Contrast risk Iodinated contrast:
1. Contrast-induced 
nephropathy (CIN)
– Rare
2. Severe allergy (~1:1000)

Gadolinium contrast:
1. Nephrogenic systemic fibrosis (NSF)
– Extremely rare
2. Gadolinium deposition in brain
(unclear significance)
2. Severe allergy (~1:100,000)
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 Patient-Specific Considerations for Post-Endograft 
Imaging Surveillance

Two common patient-specific considerations that arise with post-endograft imaging 
surveillance are the cumulative radiation exposure of CT among young patients 
(<50–60), particularly those with connective tissue disease or traumatic aortic 
injury, and contrast-induced nephropathy among patients with renal insufficiency. 
Both of these situations can often be managed effectively by utilizing noncontrast 
imaging, MRI/MRA or a combination of both. Studies have shown that cumulative 
radiation doses accrued during post-endograft CT imaging surveillance can often 
reach the level of 350 mSieverts, a level at which the estimated rate of radiation- 
induced malignancy would be 2.5% [35]. Radiation concerns are less over 
65–70 years of age or when the expected lifespan is less than 10–15 years, given the 
latency period of radiation-induced malignancy. Options to limit radiation dose 
include limiting the number of phases acquired (e.g. noncontrast phase if already 
acquired in prior studies) or utilizing MRI/MRA techniques, which do not utilize 
employ ionizing radiation. Magnetic artifact prevents MR imaging of stainless steel 
endografts, however, newer nitinol endografts do not produce significant artifact 
and can be adequately assessed with MRI/MRA (Fig. 4) [36]. In the setting of renal 
insufficiency, noncontrast CT imaging can be performed to assess the overall aortic 
dimensions and device stability/integrity, although assessment of endoleaks and 
individual lumen dimensions and intraluminal pathology is not possible. Noncontrast 

a b c

Fig. 3 Post-Endograft CTA Technique: Standard post-endograft CTA consists of a 3-phase imag-
ing protocol. First, a non-contrast scan is performed (a) to clearly identify any dense objects such 
as the metallic endograft, surgical material (asterisk) or calcium (arrowhead). Second, contrast is 
administered and images are acquired in the early arterial phase (b), producing maximal aortic 
opacification and allowing identification of endoleaks (arrow). Lastly, a delayed phase is acquired 
(30–60 seconds after arterial phase) to allow detection of slow filling endoleaks and better depict 
the full extent of any endoleaks (arrowhead)
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MRI/MRA techniques have the unique ability to delineate blood, thrombus and the 
aortic wall, and can thus be a powerful tool for long-term imaging surveillance for 
patients with nitinol-based endografts.

 Post-Processing and Measurement

 Measurement Techniques and Limitations

Maximal aortic diameter is the primary metric of aortic disease severity, and is mea-
sured in imaging surveillance to monitor disease progression, estimate risk of com-
plications and to determine surgical candidacy [37]. While aortic diameter is simple 
to measure and has a well-defined biomechanical relationship with wall tension 
(i.e., Laplace’s law), accurate and reproducible diameter measurements can be chal-
lenging for technical and anatomic reasons. Traditionally aortic diameter measure-
ments were performed on axial CT images; however, it is well-recognized that this 

a b

Fig. 4 Post-Endograft Surveillance with MRA: Sagittal images of a patient with penetrating ath-
erosclerotic ulcer of the descending aorta who underwent TEVAR using a nitinol endograft. The 
metallic endograft can be clearly seen on CTA images (a, arrow head). While the endograft mate-
rial appears dark/black on MRA images (b), the nitinol doesn’t create any significant artifact in the 
image and detailed evaluation of the lumen and surrounding anatomy is possible
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approach can lead to significant measurement variability (on the order of 5–10 mm) 
related to the degree of aortic obliquity, particularly at the root and arch segments 
[38]. With the advent of medical image analysis software, multi-planer reformats 
(MPR) can be generated that allow for measurement of the aortic diameter orthogo-
nal to the vessel axis (i.e. double-oblique plane), and these orthogonal measurement 
planes can be generated either manually, or more recently with the assistance of 
semi-automated image analysis software that first generates a centerline through 
geometric center of the vessel lumen (Fig. 5). However, despite optimal centerline 
assessment technique, measurement variability remains within the ±2 mm range for 
TAA even in the setting of highly standardized measurement protocols [39, 40]. 
Measurement variability is further increased when the aortic wall geometry is non-
circular/ovoid or the aortic wall is difficult to clearly visualize, as is often the case 
with aortic dissection. Measurement variability alone often precludes confident 
determination of aortic enlargement considering that aortic growth rates commonly 
fall within the range of 1–3 mm per year.

 Methods to Improve Quality of Imaging Surveillance

Considering that aortic diameter is the gold standard metric for assessment of aortic 
disease, it is important for both imagers and surgeons to understand and utilize best 
practices for aortic measurement in order to ensure the most reliable aortic growth 

a b c

Fig. 5 Aortic Measurement Techniques: The simplest method of measurement involves measuring 
the shortest dimension of the aorta on standard axial images (a), although this method can lead to 
significant measurement variability. Double-oblique measurement technique minimize inaccuracy 
related to measurement plane obliquity and can either be performed manually using multi-planar 
reformats (b) or using a semi-automated centerline approach (c)
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assessment possible. The key to minimizing measurement variability is to minimize 
any differences in measurement technique between two different scans. Specifically, 
it is ideal to have both prior and current scans measured using the same measure-
ment technique (e.g. centerline versus manual MPR versus axial), and using the 
most comparable images in terms of contrast phase, slice thickness and gating 
parameters. Any areas of maximal aortic dimension should be directly compared 
between the prior and current scans by the same person, using the same software, at 
as close to the same anatomic location as possible, and ideally in a side-by-side 
fashion to allow for confirmation of the visual similarity of measurement planes. 
Additionally, all readers should be instructed to use the same measurement land-
marks along the length of the aorta, and diameter measurements should extend from 
the outer aortic wall to outer aortic wall have been shown to be most reproducible in 
TAA, although outer aortic wall can be difficult to locate in aortic dissection if the 
false lumen enhancement is low [3, 15]. Furthermore, it important that if prior CT 
images/measurements were obtained a different institution, that the measurements 
on the external prior study be repeated by the current institution, as significant inter-
institutional measurement variability has been documented, mostly owing to differ-
ences in institutional specific measurement protocols [41]. Lastly, to maximize the 
interpretability and comparability of documented aortic measurements, it is ideal to 
utilize a standardized measurement reporting/storage format, and many image anal-
ysis programs currently support generation of standardized measurement reports.

 Advances and Future Directions

While seemingly a simple task, long-term imaging surveillance of aortic disease 
struggles with measurement inaccuracies and can be exceedingly time consuming, 
particularly in the aortic dissection or post-endograft settings where patient-specific 
considerations, and variations in aortic anatomy, image quality and measurement 
technique are accentuated. There are two areas in which we believe ongoing 
advancements in aortic imaging will have a significant impact on the quality of 
aortic imaging surveillance in the future. First, while MRA is clearly a secondary 
modality to CTA in majority of institutions due to issues of time, cost and image 
quality, given MRI’s inherent ability to resolve the aortic blood pool and aortic wall 
without the need for radiation or contrast, and given its ability to provide a dynamic 
assessment of aortic morphology, distensibility and blood flow, MRI/MRA may be 
an ideal method to more fully characterize aortic disease. While further advance-
ments are needed to shorten acquisition times for MRI/MRA and to establish the 
clinical relevance of dynamic aortic parameters in aortic dissection (e.g., distensi-
bility, blood flow, flap motion), active research in these areas has shown promising 
results [42–44]. Secondly, there is a critical need to advance the speed and accuracy 
of aortic size and growth assessment in long-term imaging surveillance. Advanced 
computational methods in the fields of computer vision and machine learning may 
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be ideal solutions. Preliminary studies have shown that automated segmentation and 
classification of aortic aneurysms as well as three-dimensional deformation analysis 
of aortic growth are both possible, and suggest the possibility that the future of aor-
tic imaging surveillance may evolve from the hands of human readers to the servers 
of medical imaging software companies (Fig. 6) [45, 46].

References

 1. Tsai TT, Fattori R, Trimarchi S, Isselbacher E, Myrmel T, Evangelista A, et al. Long-term sur-
vival in patients presenting with type B acute aortic dissection insights from the international 
registry of acute aortic dissection. Circulation. 2006;114(21):2226–31.

 2. Durham CA, Cambria RP, Wang LJ, Ergul EA, Aranson NJ, Patel VI, et al. The natural history 
of medically managed acute type B aortic dissection. J Vasc Surg. 2015;61(5):1192–8.

 3. Hiratzka LF, Bakris GL, Beckman JA, Bersin RM, Carr VF, Casey DE Jr, et  al. 2010 
ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis 
and management of patients with thoracic aortic disease: a report of the American College 
of Cardiology Foundation/American Heart Association task force on practice guidelines, 
American Association for Thoracic Surgery, American College of Radiology, American 
Stroke Association, Society of Cardiovascular Anesthesiologists, Society for Cardiovascular 
Angiography and Interventions, Society of Interventional Radiology, Society of Thoracic 
Surgeons, and Society for Vascular Medicine. Circulation. 2010;121(13):e266–369.

a b

Fig. 6 Future Directions to Improve Aortic Measurements and Imaging Surveillance: Software 
exists that permits tabulation and graphical representation of aortic measurements along the length 
of the aorta at each surveillance imaging study allowing for improved depiction of long-term 
growth trends. A sample report is shown from a patient with acute type A aortic dissection treated 
with ascending aortic repair, with residual dissection involving the arch and descending thoracoab-
dominal aorta. Five series follow-up studies demonstrate gradual increase in maximum diameter 
of the proximal descending thoracic aorta over two years. Courtesy of Dominik Fleischman, 
Stanford 3D/Quantitative Imaging Laboratory (a). Image analysis tools are being developed that 
allow for a three-dimensional analysis of aortic growth in aortic dissection that overcomes many 
of the limitations of diameter measurements, and an example of such a 3D analysis in a repaired 
type A dissection patient with stable aortic dimensions is shown (b)

Long-Term Imaging of the Aorta: Considerations and Comparison of Modalities



204

 4. Kimura N, Itoh S, Yuri K, Adachi K, Matsumoto H, Yamaguchi A, et  al. Reoperation for 
enlargement of the distal aorta after initial surgery for acute type a aortic dissection. J Thorac 
Cardiovasc Surg. 2015;149(2 Suppl):S91–8. e1

 5. Jonker FH, Trimarchi S, Rampoldi V, Patel HJ, O'Gara P, Peterson MD, et al. Aortic expansion 
after acute type B aortic dissection. Ann Thorac Surg. 2012;94(4):1223–9.

 6. Sueyoshi E, Sakamoto I, Hayashi K, Yamaguchi T, Imada T. Growth rate of aortic diameter in 
patients with type B aortic dissection during the chronic phase. Circulation. 2004;110(11 suppl 
1):II-256–I-61.

 7. Sailer AM, Nelemans PJ, Hastie TJ, Chin AS, Huininga M, Chiu P, et al. Prognostic signifi-
cance of early aortic remodeling in acute uncomplicated type B aortic dissection and intramu-
ral hematoma. J Thorac Cardiovasc Surg. 2017;154(4):1192–200.

 8. Cho KR, Stanson AW, Potter DD, Cherry KJ, Schaff HV, Sundt TM. Penetrating atherosclerotic 
ulcer of the descending thoracic aorta and arch. J Thorac Cardiov Sur. 2004;127(5):1393–401.

 9. Ganaha F, Miller C, Sugimoto K, Do YS, Minamiguchi H, Saito H, et al. Prognosis of aortic 
intramural hematoma with and without penetrating atherosclerotic ulcer–a clinical and radio-
logical analysis. Circulation. 2002;106(3):342–8.

 10. Nathan DP, Boonn W, Lai E, Wang GJ, Desai N, Woo EY, et al. Presentation, complications, 
and natural history of penetrating atherosclerotic ulcer disease. J Vasc Surg. 2012;55(1):10–5.

 11. Kitai T, Kaji S, Yamamuro A, Tani T, Kinoshita M, Ehara N, et al. Impact of new development 
of ulcer-like projection on clinical outcomes in patients with type B aortic dissection with 
closed and thrombosed false lumen. Circulation. 2010;122(11 Suppl):S74–80.

 12. Evangelista A, Flachskampf FA, Erbel R, Antonini-Canterin F, Vlachopoulos C, Rocchi G, 
et al. Echocardiography in aortic diseases: EAE recommendations for clinical practice. Eur J 
Echocardiogr. 2010;11(8):645–58.

 13. Goldstein SA, Evangelista A, Abbara S, Arai A, Asch FM, Badano LP, et al. Multimodality 
imaging of diseases of the thoracic aorta in adults: from the American Society of 
Echocardiography and the European Association of Cardiovascular Imaging: endorsed by the 
Society of Cardiovascular Computed Tomography and Society for cardiovascular magnetic 
resonance. J Am Soc Echocardiogr. 2015;28(2):119–82.

 14. Plonek T, Berezowski M, Bochenek M, Filip G, Rylski B, Golesworthy T, et al. A compari-
son of aortic root measurements by echocardiography and computed tomography. J Thorac 
Cardiovasc Surg. 2019;157(2):479–86.

 15. Blondheim DS, Vassilenko L, Glick Y, Asif A, Nachtigal A, Meisel SR, et al. Aortic dimensions 
by multi-detector computed tomography vs. echocardiography. J Cardiol. 2016;67(4):365–70.

 16. Chaturvedi A, Oppenheimer D, Rajiah P, Kaproth-Joslin KA, Chaturvedi A.  Contrast 
opacification on thoracic CT angiography: challenges and solutions. Insights Imaging. 
2017;8(1):127–40.

 17. Litmanovich D, Bankier AA, Cantin L, Raptopoulos V, Boiselle PM. CT and MRI in diseases 
of the aorta. AJR Am J Roentgenol. 2009;193(4):928–40.

 18. Krishnam MS, Tomasian A, Malik S, Desphande V, Laub G, Ruehm SG. Image quality and 
diagnostic accuracy of unenhanced SSFP MR angiography compared with conventional 
contrast- enhanced MR angiography for the assessment of thoracic aortic diseases. Eur Radiol. 
2010;20(6):1311–20.

 19. von Knobelsdorff-Brenkenhoff F, Gruettner H, Trauzeddel RF, Greiser A, Schulz-Menger 
J.  Comparison of native high-resolution 3D and contrast-enhanced MR angiography for 
assessing the thoracic aorta. Eur Heart J Cardiovasc Imaging. 2014;15(6):651–8.

 20. Stankovic Z, Allen BD, Garcia J, Jarvis KB, Markl M. 4D flow imaging with MRI. Cardiovasc 
Diagn Ther. 2014;4(2):173–92.

 21. Barrett JF, Keat N. Artifacts in CT: recognition and avoidance. Radiographics: a review publi-
cation of the Radiological Society of North America, Inc. 2004;24(6):1679–91.

 22. Katsura M, Sato J, Akahane M, Kunimatsu A, Abe O. Current and novel techniques for metal 
artifact reduction at CT: practical guide for radiologists. Radiographics: a review publication 
of the Radiological Society of North America, Inc. 2018;38(2):450–61.

N. S. Burris et al.



205

 23. Kalisz K, Buethe J, Saboo SS, Abbara S, Halliburton S, Rajiah P. Artifacts at cardiac CT: phys-
ics and solutions. Radiographics: a review publication of the Radiological Society of North 
America, Inc. 2016;36(7):2064–83.

 24. Habets J, Zandvoort HJ, Reitsma JB, Bartels LW, Moll FL, Leiner T, et al. Magnetic reso-
nance imaging is more sensitive than computed tomography angiography for the detection 
of endoleaks after endovascular abdominal aortic aneurysm repair: a systematic review. Eur J 
Vasc Endovasc Surg. 2013;45(4):340–50.

 25. Hendee WR, O'Connor MK. Radiation risks of medical imaging: separating fact from fantasy. 
Radiology. 2012;264(2):312–21.

 26. Shuryak I, Sachs RK, Brenner DJ. A new view of radiation-induced cancer. Radiat Prot Dosim. 
2011;143(2–4):358–64.

 27. Pearce MS, Salotti JA, Little MP, McHugh K, Lee C, Kim KP, et al. Radiation exposure from 
CT scans in childhood and subsequent risk of leukaemia and brain tumours: a retrospective 
cohort study. Lancet. 2012;380(9840):499–505.

 28. Lopez-Ruiz A, Chandrashekar K, Juncos LA. Changing paradigms in contrast nephropathy. J 
Am Soc Nephrol. 2017;28(2):397–9.

 29. Beckett KR, Moriarity AK, Langer JM. Safe use of contrast media: what the radiologist needs 
to know. Radiographics: a review publication of the Radiological Society of North America, 
Inc. 2015;35(6):1738–50.

 30. Gulani V, Calamante F, Shellock FG, Kanal E, Reeder SB. International Society for Magnetic 
Resonance in M. gadolinium deposition in the brain: summary of evidence and recommenda-
tions. Lancet Neurol. 2017;16(7):564–70.

 31. Expert Panels on Vascular I, Interventional R, Bonci G, Steigner ML, Hanley M, Braun AR, 
et al. ACR appropriateness criteria((R)) thoracic aorta Interventional planning and follow-up. 
J Am Coll Radiol. 2017;14(11S):S570–S83.

 32. Patterson BO, Cobb RJ, Karthikesalingam A, Holt PJ, Hinchliffe RJ, Loftus IM, et al. A sys-
tematic review of aortic remodeling after endovascular repair of type B aortic dissection: meth-
ods and outcomes. Ann Thorac Surg. 2014;97(2):588–95.

 33. Kret MR, Azarbal AF, Mitchell EL, Liem TK, Landry GJ, Moneta GL. Compliance with long- 
term surveillance recommendations following endovascular aneurysm repair or type B aortic 
dissection. J Vasc Surg. 2013;58(1):25–31.

 34. Golzarian J, Dussaussois L, Abada HT, Gevenois PA, Van Gansbeke D, Ferreira J, et al. Helical 
CT of aorta after endoluminal stent-graft therapy: value of biphasic acquisition. AJR Am J 
Roentgenol. 1998;171(2):329–31.

 35. Zoli S, Trabattoni P, Dainese L, Annoni A, Saccu C, Fumagalli M, et al. Cumulative radia-
tion exposure during thoracic endovascular aneurysm repair and subsequent follow-up. Eur J 
Cardiothorac Surg. 2012;42(2):254–9. Discussion 9–60

 36. Rasche V, Oberhuber A, Trumpp S, Bornstedt A, Orend KH, Merkle N, et al. MRI assessment 
of thoracic stent grafts after emergency implantation in multi trauma patients: a feasibility 
study. Eur Radiol. 2011;21(7):1397–405.

 37. Davies RR, Goldstein LJ, Coady MA, Tittle SL, Rizzo JA, Kopf GS, et al. Yearly rupture or 
dissection rates for thoracic aortic aneurysms: simple prediction based on size. Ann Thorac 
Surg. 2002;73(1):17–27. Discussion-8

 38. Elefteriades JA, Farkas EA. Thoracic aortic aneurysm clinically pertinent controversies and 
uncertainties. J Am Coll Cardiol. 2010;55(9):841–57.

 39. Quint LE, Liu PS, Booher AM, Watcharotone K, Myles JD. Proximal thoracic aortic diameter 
measurements at CT: repeatability and reproducibility according to measurement method. Int 
J Cardiovasc Imaging. 2013;29(2):479–88.

 40. Lu TLC, Rizzo E, Marques-Vidal PM, von Segesser LK, Dehmeshki J, Qanadli SD. Variability 
of ascending aorta diameter measurements as assessed with electrocardiography-gated mul-
tidetector computerized tomography and computer assisted diagnosis software. Interact 
Cardiovasc Thorac Surg. 2010;10(2):217–21.

Long-Term Imaging of the Aorta: Considerations and Comparison of Modalities



206

 41. Asch FM, Yuriditsky E, Prakash SK, Roman MJ, Weinsaft JW, Weissman G, et al. The need 
for standardized methods for measuring the aorta: multimodality Core lab experience from the 
GenTAC registry. JACC Cardiovasc Imaging. 2016;9(3):219–26.

 42. Burris NS, Patel HJ, Hope MD. Retrograde flow in the false lumen: marker of a false lumen 
under stress? J Thorac Cardiovasc Surg. 2019;157(2):488–91.

 43. Bollache E, Barker AJ, Dolan RS, Carr JC, van Ooij P, Ahmadian R, et al. K-t accelerated aor-
tic 4D flow MRI in under two minutes: feasibility and impact of resolution, k-space sampling 
patterns, and respiratory navigator gating on hemodynamic measurements. Magn Reson Med. 
2018;79(1):195–207.

 44. Lim RP, Winchester PA, Bruno MT, Xu J, Storey P, McGorty K, et  al. Highly accelerated 
single breath-hold noncontrast thoracic MRA: evaluation in a clinical population. Investig 
Radiol. 2013;48(3):145–51.

 45. Burris NS, Hoff BA, Kazerooni EA, Ross BD. Vascular deformation mapping (VDM) of tho-
racic aortic enlargement in aneurysmal disease and dissection. Tomography. 2017;3(3):163–73.

 46. Kovacs T, Cattin P, Alkadhi H, Wildermuth S, Szekely G. Automatic segmentation of the aortic 
dissection membrane from 3D CTA images. Lect Notes Comput Sc. 2006;4091:317–24.

N. S. Burris et al.



Part III
Treatment of Acute Thoracic Aortic 

Syndromes



209© Springer Nature Switzerland AG 2021
J. S. Coselli et al. (eds.), Aortic Dissection and Acute Aortic Syndromes, 
https://doi.org/10.1007/978-3-030-66668-2_14

Blunt Traumatic Aortic Injury: Etiology, 
Diagnosis, and Management

Bruce L. Tjaden and Anthony L. Estrera

 History

The first report of a BTAI is widely attributed to Andreas Vesalius in 1557. However, 
this is factually incorrect. The case was first brought to Vesalius’ attention in 1555, 
and it was not until 1609 when a report by Dr. Adolph Occo III (a friend and 
colleague of Vesalius) was posthumously published describing the situation in detail.

While references to this famous injury abound, finding the actual text of the case 
report can be challenging, due to its age. Thankfully, Drs. Suy and Fourneau of the 
University of Leuven in Belgium recently provided an excellent English translation 
of Dr. Occo III’s “Famous Case of an Aneurysm,” which is reproduced here with 
permission:

Leonard Welser, a gentleman of Augsburg, [had] sustained a violent concussion when han-
dling an agitated horse. He became ill with pertinent sickness, whose principal symptom 
was excruciating pain in the dorsal region. He failed to respond to any of the medicines 
proposed by his physicians, and so the advice of Vesalius from Belgium, who then taught 
anatomy, was sought. This illustrious man instantly recognised the symptoms of an aortic 
aneurysm, which he predicted would be fatal. Immediately on discovering a small pulsating 
tumour under the dorsal spine, he declared it to be an aneurysm caused by dilation of 
the aorta.

Given that this resulted from a concussion, it was incurable. He also stated that he had 
seen such a disease in the neck, the chest, the popliteal space, and the arm, and that it always 
was associated with excruciating pain, and at the end, sideration [gangrene]. [Vesalius 
stated that] this condition is incurable unless it is possible to remove it, and that these 
aneurysms frequently contain a concrete fluid resembling ice or the crystalline humour, 
sometimes coagulated blood, or a polypous substance. [He also stated that] while alive, the 
aneurysmal blood remains fluid, but that is black and sidareted [sic] after death, [and that 
the] patient dies suffering from exquisite pain, [and that] sometimes these vascular 
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dilatations form spontaneously, sometimes they are the results of an external cause, as in the 
present case. Two years after the consultation, the patient finally ran out of patience in the 
face of this pain, which had resisted all medical treatment. [The patient] ultimately threw 
himself into the hands of an empiric [a charlatan], who administered certain catapotia 
[internal remedies], the use of which was soon followed by expectoration of blood, causing 
the patient to choke on his own blood, resulting in sudden death on June 25, 1557. From the 
section of the body we found, as predicted by Vesalius, a very large, cavernous, fleshy, 
tumour protruding from the aorta, which was the source of the pain and the pulsations in the 
back. As predicted by Vesalius, the good man died from this incurable disease [1].

 While most patients with BTAI injuries now sustain their injury in motor 
vehicle accidents rather than equestrian misadventures, this famous first account of 
the pathology sheds light on the timeless features of aortic trauma.

 Epidemiology and Terminology

In general, penetrating trauma has accounted for the majority of historic aortic inju-
ries (83% in one large trauma registry [2].) However, due to the predominance of 
blunt traumatic mechanisms—along with the survivability of BTAI—most trau-
matic aortic injuries that surgeons encounter will be BTAI.

The vast majority of these BTAI involve the descending thoracic aorta [2]. This 
has the potential to lead to confusion, as blunt traumatic aortic injury (which can 
also include the abdominal aorta) and blunt thoracic aortic injury have both been 
abbreviated BTAI. Authors have historically used these terms interchangeably in 
the literature because, again, they are epidemiologically nearly synonymous. In 
light of that, we will not draw distinctions in our review of the literature between the 
two concepts. In our text, we will use the abbreviation BTAI to mean blunt thoracic 
aortic injury, exclusive of abdominal injury.

Motor vehicle crashes account for the largest subset of BTAI cases [3]. While 
BTAI are infrequent overall (incidence <0.5% of trauma patients in our registry [4]), 
they carry a high mortality risk. They are the second-most common cause of blunt 
traumatic fatalities [3]. In fact, nearly one-third of blunt trauma-related deaths were 
associated with BTAI on in an autopsy study [5].

As trauma patients are younger on average than most other patients suffering 
from acute aortic syndromes, it should come as no surprise that most patients with 
BTAI are young. One 18-year institutional review found an average age of 38 years 
[6]. This has implications for device selection and treatment strategies [7], and will 
be discussed later.

 Diagnosis: Physical Exam and Imaging Modality

Physical exam is not reliable in ruling in or ruling out BTAI [8]. For this reason, 
virtually all patients with BTAI will be diagnosed by virtue of imaging. A widened 
mediastinum on chest x-ray (CXR) may be present, though in isolation, this finding 
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is not particularly useful. Even when considering multiple radiographic findings in 
aggregate, CXR is not an adequate test for diagnosing BTAI [9], and has been 
shown to have a sensitivity as low as 41% [10]. A multicenter study found that the 
constellation of several CXR findings, in addition to other organ injury and clinical 
criteria (“widened mediastinum, hypotension less than 90  mmHg, long bone 
fracture, pulmonary contusion, left scapula fracture, hemothorax, and pelvic 
fracture”) could be used to diagnose BTAI with a sensitivity of 92% and specificity 
of 85% [11].

As early as 1996, contrast-enhanced CT of the chest was found to be 97% sensi-
tive and 99.8% specific for BTAI [12]. Over the ensuing decade, from 1997–2007, 
there was a fundamental shift in the diagnosis of BTAI [13]. CT has become the new 
gold standard for identifying this injury, and is the modality according to which 
most diagnostic and treatment decisions are made [13]. Recent work also supports 
the adequacy of CT with venous contrast instead of formal CT angiography (CTA) 
in diagnosing BTAI [14]. CT allows for excellent visualization of the injury in axial, 
coronal, and parasagittal projections, as well as 3D reconstruction of the injury and 
accurate measurements of the aortic diameter and lengths along centerline, greater 
curve, and lesser curve using specialized software. (Fig. 1).

If the diagnosis of BTAI is equivocal, adjunctive tests can be performed to rule 
aortic injury in or out. When comparing CTA, angiogram, and IVUS, IVUS has 
been shown to be the least equivocal in cases of BTAI [15]. One observational study 
suggested that IVUS has a sensitivity of 91.7% and specificity of 100% for 
BTAI.  The same publication found transesophageal echocardiography (TEE) to 
have a 60% sensitivity and 66.7% specificity [16].

BTAI most often occurs in the proximal descending thoracic aorta at the level of 
the aortic isthmus, but concomitant injury in other locations, such as the ascending, 
arch, and distal descending thoracic aorta, may be present as well. The adoption of 
the Ishimaru zones of the aorta may be used in order to more accurately categorize 
the location of BTAI [17]. According to this schema, the common locations of BTAI 
would be classified as zone 2 and 3 [7].

Fig. 1 From left: Axial, parasagittal, and reconstructed images from a computed tomographic 
angiogram of the chest, demonstrating a severe (Grade IV) blunt thoracic aortic injury
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Due to the relative rarity of more proximal aortic injuries, they will not be exten-
sively discussed in this chapter. In the near future, endovascular options for treating 
these proximal injuries will be available. Currently, however, options are limited to 
open reconstruction (often using cardiopulmonary bypass) or off-label uses of com-
mercially available endovascular devices.

 Diagnosis: Grading

BTAI are commonly classified on a grading scale ranging from I-IV. This grading 
system was first proposed by Azizzadeh et  al. in 2009 [18] and, subsequently, 
adopted in the 2011 Society for Vascular Surgery (SVS) clinical practice guidelines 
[19]. Grade I injuries consist of an intimal flap. Grade II injuries are defined as 
intramural hematoma (IMH), though we also include formal “double-barrel” 
dissection in this category. Grade III injuries are pseudoaneurysms, identified by a 
contour abnormality of the outer wall of the aorta. Grade IV injuries include total 
aortic transections or ruptures. (Fig. 2).

This grading system is not simply a framework for the academic discussion of 
these injuries—it has been shown to correlate with real-world outcomes. 
Furthermore, stratification by grades can help to determine when and if intervention 
is needed [20, 21].

 Management: Decision Making

Evaluation and management of a patient with a BTAI almost never occurs in isola-
tion. The traumatic forces required to injure the thoracic aorta are so strong that 
polytrauma is the rule, rather than the exception. Therefore, the management of 
each patient with BTAI must be individualized, taking into account the competing 
priorities of other injuries.

The SVS has issued guidelines for the management of BTAI [19], though it 
should be noted that the evidence in support of these guidelines is limited and, as 
such, this document provides only Grade 2 (weak) “suggestions,” not 
“recommendations.”

In summary, the SVS suggests that Grade I injuries should be managed nonop-
eratively with serial imaging. For injuries Grade II-IV, urgent/emergent thoracic 
endovascular repair (TEVAR) is suggested with several specific technical consider-
ations: general anesthesia, no routine spinal drainage, open femoral exposure, rou-
tine low dose heparinization, and selective revascularization of the left subclavian 
artery (LSA) [19].

Further discussion of the specifics of medical management, as well as endovas-
cular and open surgery, will follow in the subsequent sections.
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 Management: Medical

For nearly two decades, nonoperative management of BTAI with intimal disruption 
alone (GI) has been considered the standard of care. Until recently, however, this 
principle has been supported by relatively little data. In 2001, Malhotra et al. wrote 
that that “[GI] injuries heal spontaneously and, hence, may be managed 
nonoperatively.” [22] This conclusion was based on only 6 patients who underwent 
surveillance scanning after nonoperative management, in which 3 developed small 
pseudoaneurysms. The series reported by Azizzadeh et  al. from Houston 
demonstrated no deaths in 10 patients with GI injury who were managed medically 
[18]. In a later publication from the same institution, follow-up CTA performed 
4–6 weeks after injury demonstrated complete aortic healing in 5 patients with GI 
injuries who were managed nonoperatively [15].

Recently, larger series have proven the safety of nonoperative management. 
Osgood et al. published a series of 46 GI BTAI [23]. They found only a 5% rate of 

CLASSIFICATION OF
TRAUMATIC AORTIC INJURY

GRADE I
Intimal Tear

Intima
Media
Adventitia

GRADE II
Intramural Hematoma

GRADE III
Pseudoaneurysm

GRADE IV
Rupture

Fig. 2 Grading system for blunt traumatic aortic injuries

Blunt Traumatic Aortic Injury: Etiology, Diagnosis, and Management



214

injury progression, no need for intervention based on injury progression, and no 
deaths in this group. Other authors reported 91% of GI injuries resolved or remained 
stable over interval follow up [20]. A large institutional review of BTAI over a 
15-year period demonstrated a 0% rate of injury progression and 0% aortic-related 
mortality for GI injuries that were managed medically [24].

Several of these more modern publications have also demonstrated a fairly 
benign natural history of GII aortic injuries [23–25]. We examined our institutional 
experience with medical management of GI and GII injuries and found no significant 
differences in outcomes for patients with either grade of injury when managed 
medically—other than a more rapid rate of injury resolution in GI injuries [21]. A 
2017 survey carried out by the Aortic Trauma Foundation revealed that surgeons are 
equally divided as to whether or not medical therapy or TEVAR is best for GII 
injuries [26].

While the specifics of medical management for low-grade BTAI have varied 
slightly in the literature, the general approach has been very similar. The infusion of 
intravenous beta blockade and/or vasodilators is initiated in order to reduce the 
systolic blood pressure (SBP) and heart rate (HR). The rationale for this approach is 
that by minimizing the mechanical forces on the disrupted intima, the risk of injury 
propagation can be minimized and the odds of healing/aortic remodeling can be 
maximized. Our institutional practice is to begin with an infusion of labetalol (with 
nicardipine as the second-line agent), titrated to a goal of SBP 100–120 and HR 
60–90 [21]. In addition, we often recommend 81  mg of aspirin daily until 
confirmation of injury resolution, though this practice is more variable and is 
dependent on other injuries.

It should be noted that in patients with concomitant brain injuries, anti-impulse 
therapy may be contraindicated: the need for permissive hypertension required to 
optimally perfuse the injured brain may preclude the relative hypotension required 
for aortic protection. In this case, a joint decision should be made with the trauma 
and neurosurgical teams in order to agree on acceptable hemodynamic parameters. 
Rarely, this may require repair of a low-grade aortic injury in order to allow for 
increased blood pressure.

Interval imaging is needed for patients undergoing medical management of GI or 
GII aortic injuries, as some injuries can progress to higher grades of injury with 
time. It is our practice to obtain a repeat CTA after 7–10 days, with further imaging 
surveillance at 1-, 6-, and 12-month intervals thereafter if the lesion persists [21].

 Management: Surgical: Endovascular Rationale, Changing 
Practice Patterns

Historically, there has been little question that higher grades of aortic injuries (GIII/
GIV) benefit from repair to reduce the risk of death. However, in the pre-endovascular 
era, open repair of BTAI was plagued by high rates of complications and mortalities. 
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A meta-analysis of open repairs reported paraplegia rates of 9.9% and mortality 
rates of 21.3% [27]. Even in more modern series, open repair was associated with a 
17% mortality rate [28].

TEVAR for BTAI has been associated with significantly decreased morbidity 
and mortality when compared to open repair, with some centers reporting paraplegia 
rates and operative mortality rates of 0% [28, 29]. In addition, the overall rate of 
major complications and length of stay is shorter with TEVAR [30].

In light of these benefits, it should come as no surprise that TEVAR has rapidly 
supplanted open repair in the treatment of BTAI [30–32]. The utilization of TEVAR 
in the treatment of BTAI at a large volume center is illustrated in the figure from 
Fortuna et al.’s 2016 publication (Fig. 3) [24].

 Management: Surgical: Endovascular, 
Technical Considerations

The SVS clinical practice guidelines provide suggestions in regard to technical 
steps for TEVAR to treat BTAI, as described above. Our institutional practice varies 
slightly from this document, and is described below.

 1. Timing of Repair

 (a) For GIII injuries (or particularly large/ominous GII injuries), we generally 
perform TEVAR within 48 hours.

 (b) For GIV injuries, we generally perform TEVAR within 24 hours.

25

20
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0
1999

Open Repair TEVAR Medical Management Only

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

15

Fig. 3 Utilization of open repair vs. thoracic endovascular aortic repair (TEVAR) at a large- 
volume center over a 15-year period. This illustrates a dramatic reduction in the number of open 
repairs with the advent of endovascular options
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 2. Preoperative Considerations

 (a) Preoperative lumbar drains are not placed. This is because only a short seg-
ment of aortic coverage is usually required [7], allowing for the use of a 
single, 10-cm device in most cases—and the risk of spinal paraplegia is very 
low in historical cohorts of trauma patients treated with TEVAR without 
drainage [19].

 (b) Decisions regarding intraoperative heparinization are made before the oper-
ation in conjunction with our trauma surgery and neurosurgery colleagues.

 (c) Endografts are selected to achieve 5–10% oversizing relative to the native 
aorta. Trauma patients tend to be young with fairly normal aortas, and the 
average aortic diameter in BTAI cases is 24 mm [7].

 (d) When considering a BTAI patient for TEVAR, we are willing to accept 
shorter proximal seal zones. Ideally, we would still like at least 1  cm of 
healthy aorta proximal to the tear to achieve endograft wall apposition. This 
is possible in the majority of cases (Fig. 4), as the tear is, on average, 1.6 cm 
distal to the LSA [7]. However, we usually approach these cases with the 
philosophy that any proximal seal zone is adequate—i.e., we will be satisfied 
if the entry tear can be covered without the endograft slipping into the tear 
itself. This is because, unlike aneurysmal disease, there is little concern for 
impending aortic degeneration and loss of seal or fixation.

 (e) If the tear encroaches on the LSA and the ability to achieve seal distal to it is 
questionable, care should be taken to preoperatively identify the absolute 
contraindications to LSA coverage without revascularization. These include: 

Fig. 4 Left: Initial angiogram of a Grade IV blunt thoracic injury (the same injury as pictured in 
Fig.  1) demonstrating typical anatomy, with a generous potential seal-zone distal to the left 
subclavian artery. Right: Completion angiogram showing exclusion of the injury without evidence 
of endoleak
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a left vertebral artery that terminates in a posterior inferior cerebellar artery 
(PICA); a previous coronary artery bypass using a left internal mammary 
artery; an absent, atretic, or occluded right vertebral artery; or a functional 
left arm hemodialysis access.

 3. Intraoperative Specifics

 (a) A unilateral percutaneous approach is usually employed, with contralateral 
access obtained, if needed. Percutaneous TEVAR for BTAI has been shown 
to be feasible with very low rates of complications [33]. In our experience, 
we found that the lack of calcific femoral disease in most young trauma 
patients renders percutaneous access straightforward and safe in almost all 
cases of BTAI.

• Ultrasound guidance is mandatory [34].
• After securing access with a 5 French (Fr) sheath, the arteriotomy is “pre- 

closed” using two ProGlide® devices (Abbott, Abbott Park, IL). The femoral 
artery is then plugged with an 8Fr sheath, which will facilitate diagnostic 
angiography and/or IVUS.

• If heparinization is planned, it is initiated at the time of 8Fr sheath placement.

 (b) A floppy guidewire and marker flush catheter are used for initial angiogra-
phy. A wire exchange for a stiff wire (e.g. a Lunderquist® wire [Cook 
Medical, Bloomington, IN]) is performed.

 (c) IVUS is used selectively. If adequate CT imaging is available to size the 
endograft, then IVUS is not usually employed. However, if the aortic 
diameter or the area requiring coverage is questionable, then IVUS is 
performed.

 (d) The endograft is delivered and positioned over the stiff wire. If the stiff wire 
and/or device appear to displace the aorta relative to its initial angiographic 
position, an additional angiogram should be obtained with the device in 
place in order to ensure appropriate positioning. This can be performed 
either via a “buddy” catheter through the ipsilateral groin, or through 
contralateral femoral access.

 (e) In the absence of absolute contraindications, coverage of the LSA will be 
performed, if necessary, to exclude the injury. This has been shown to be 
associated with low rates of complications in cases of BTAI [19, 35–37].

 (f) After device deployment, completion angiography is performed. 
Percutaneous hemostasis is achieved via the previously placed ProGlide® 
devices and protamine administration. Rarely, adjunctive techniques for 
hemostasis may be needed, such as creation of a Rummel-type tourniquet, 
with or without topical thrombin [38]. (Fig. 5)

 4. Postoperative Management

 (a) Patients are cared for postoperatively in a critical care unit to be monitored 
for extremity ischemia or neurologic deficits.

 (b) Anti-impulse therapy is discontinued after TEVAR.
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 (c) In the event of symptomatic and ongoing ischemia after LSA coverage (isch-
emic rest pain, claudication, spinal ischemia), left subclavian revasculariza-
tion is performed via subclavian-to-carotid transposition or carotid-subclavian 
bypass [19].

In the near future, branched thoracic endografts will be commercially available, 
providing options for treatment of more proximal injuries (Fig. 6) while still pre-
serving flow into the arch vessels. The Gore Thoracic Branched Endograft (TBE) 
(W.L. Gore & Associates, Flagstaff, AZ) is a single-branch thoracic endograft cur-
rently in clinical trials. It is based on the Conformable Thoracic Aortic Graft 
(CTAG), and contains a single internal portal oriented in a caudal direction. We have 
found that implantation of the TBE is expedited and simplified by first obtaining 
through-and-through (body floss) wire access through the groin and the left arm 
(Fig. 7). Prior to transfemoral delivery of the device, it is pre-cannulated with the 
main body device loaded on a stiff aortic wire and the second through-and-through 
wire through the portal. The main body device is delivered into the thoracic aorta 
(with care taken to ensure no wire-wrap). (Fig. 8) The main body is deployed, and a 
purpose-built side branch endograft is then delivered transfemorally over this 
second wire and positioned to bridge from the portal into the desired branch vessel 
(Figs. 9 and 10). At our institution, we have used this device on trial many times to 
treat a variety of pathologies, and find it well-suited to some trauma cases.

 Management: Surgical—Open

Since the introduction of TEVAR, open surgical repair of BTAI has been supplanted 
by endovascular repair. However, in rare circumstances, open repair might be 
necessary. For example, a natural disaster or mass casualty incident could make it 
difficult or impossible to obtain an appropriate thoracic endograft for endovascular 

Fig. 5 Illustration of the 
ProGlide® Rumel 
tourniquet technique, an 
effective adjunct for 
achieving hemostasis after 
percutaneous TEVAR
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Fig. 6 A reconstructed 
parasagittal view of the 
thoracic aorta 
demonstrating a proximal 
Grade III blunt thoracic 
aortic injury encroaching 
on the left subclavian 
artery

Fig. 7 From left: Fluoroscopic views of the descending thoracic aorta demonstrating the use of a 
snare (delivered via the right groin) to capture a wire (delivered from the left arm), providing 
through-and-through access to facilitate branched endograft placement
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treatment. Open repair of BTAI is challenging—and should ideally be undertaken 
by surgeons experienced in open thoracic aortic repair.

Open repair should be performed using a dual-lumen endotracheal tube with 
single-lung ventilation. The patient should be positioned in the right lateral decubitus 
position in preparation for a left lateral thoracotomy. Partial left heart bypass is 
initiated by cannulating the left inferior pulmonary vein for venous drainage and the 

Fig. 8 Fluoroscopic view 
of the thoracic aorta 
demonstrating the main 
body of the thoracic 
branched device being 
positioned in the distal 
arch/proximal descending 
aorta. The through-and- 
through wire exits the left 
arm and right groin, and is 
used to pre-cannulate the 
portal of the device prior to 
inserting it into the body

Fig. 9 Completion 
angiogram after treatment 
of the blunt thoracic aortic 
injury using a thoracic 
branched device
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left common femoral artery or distal thoracic aorta for arterial return. Once the 
patient is heparinized and partial left heart bypass is initiated, proximal control is 
obtained by clamping the aorta in zone 2, just proximal to the LSA, and using a 
separate clamp on the proximal LSA.  This is performed because the tear often 
encroaches on the origin of the LSA. Distal control is easily obtained on the aorta 
just proximal to the arterial in-flow cannulation site. The aorta is opened (Fig. 11) 
and the segment involved is replaced using an appropriately sized Dacron graft 
(Fig. 12). Chest tubes are placed prior to closure [39].

 Surveillance

Patients treated for BTAI with open repair may not need dedicated thoracic imaging 
in the future, unless there is concern for graft contamination or infection due to 
other associated injuries within the chest. On the other hand, patients treated with 
TEVAR require surveillance to identify potential endograft complications, such as 
migration, kinking, or thrombosis. In general, we obtain a CTA of the chest 

Fig. 10 A selection of images from a CTA of the chest obtained 3 months after treatment of a 
blunt thoracic aortic injury with a branched endograft. These images demonstrate excellent aortic 
remodeling and no endoleak

Blunt Traumatic Aortic Injury: Etiology, Diagnosis, and Management



222

post- TEVAR at 1 month, 6 months, 12 months, and yearly thereafter. If there are 
any doubts about the integrity of the aorta outside of the area of endograft coverage 
(for example, periaortic hematoma or intramural hematoma extending into the distal 
thoracic aorta beyond the TEVAR), earlier imaging may be indicated.DisclosuresDr. 
Estrera is a consultant for W.L. Gore. Dr. Tjaden has no disclosures.
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Catheter-Induced Aortic Dissection
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 Terminology

Aortic dissection occurs when an injury to the intima, or innermost layer of the 
aorta, results in a tear, allowing blood to accumulate between the intimal and medial 
layers of the vessel wall. This split between the layers of the vessel wall results in a 
dissection flap separating a true and false lumen. Aortic dissection often occurs 
spontaneously in aortas that are dilated or in which the integrity of the media is 
compromised. They can also, however, occur in the setting of diagnostic or 
interventional procedures where a catheter or device manipulation results in injury 
to the intima with resultant bleeding into the vessel wall. Iatrogenic aortic dissection 
refers to an aortic dissection that results as a consequence or complication of 
invasive procedures such as a diagnostic cardiac catheterization, percutaneous 
coronary interventions (PCI), or cardiac surgery. Catheter-induced iatrogenic aortic 
dissections are those in which a coronary catheter is responsible for inducing the 
initial injury in the vessel wall and often occurs as an extension or propagation of a 
coronary artery dissection. In 2002, the International Registry of Aortic Dissection 
(IRAD) reported 34 cases of iatrogenic aortic dissections among 723 patients with 
aortic dissections in the registry at the time. Of these, 19 (2.6%) occurred after 
major surgery and 14 (2%) were catheter-derived following coronary angiography 
or intervention [1].
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 Incidence

Catheter-induced aortic dissections are rare. The incidence has been reported at 
around 0.02–0.06% of all invasive cardiac procedures [2–5] with the incidence 
being higher in PCIs than diagnostic catheterizations (0.06 to 0.07% vs 0.008 to 
0.02%, respectively) [6, 7]. One case series noted an even higher incidence of 0.12% 
following PCI as compared to 0.01% following diagnostic coronary angiography 
[4]. Iatrogenic aortic dissections also occur more frequently in the setting of urgent 
PCI for acute myocardial infarction (AMI) with an incidence of 0.19% [2] and 
following PCI for chronic total occlusions (CTO) with an incidence of as high as 
1.9% [8].

 Risk Factors

Previous studies have identified risk factors for iatrogenic catheter-induced aortic 
dissection; however, these are limited to case reports due to the rarity of the event. 
Clinical risk factors that have been described include older age, diabetes, 
hypertension, atherosclerotic burden, calcification of the aortic root as well as 
history of prior coronary artery bypass grafting [1, 4, 6]. Atherosclerosis is thought 
to predispose vessels to plaque ulceration when manipulated, which then serves as 
an entry site for blood flow between the layers of the vessel wall. This link between 
acute plaque rupture and inflammation may be a factor in the apparent increased 
susceptibility of patients with AMI to coronary dissection with propagation to the 
aorta [2]. Additionally, any condition resulting in weakness in the media of the 
vessel wall carries a higher risk of developing an aortic dissection in general, 
however, these have not necessarily been linked to the development of an iatrogenic 
aortic dissection in the current literature. This point highlights the differences in the 
pathophysiology between spontaneous aortic dissections and those that are 
iatrogenic and is also reflected in the difference in management strategies between 
these two conditions. The classic risk factors for spontaneous aortic dissections 
include; history of aortic aneurysm, Marfan syndrome, Ehlers-Danlos syndrome, 
bicuspid aortic valve, unicuspid valve as well as cystic medial necrosis [2]. The role 
of cystic medial necrosis is controversial since low grades of degeneration are non- 
specific and occur with advancing age [2, 9].

Several procedural characteristics have been associated with iatrogenic aortic 
dissection. These types of dissections have been noted to occur more frequently 
during coronary artery engagement (specifically the right coronary artery) and 
balloon dilation, where there is more risk of traumatic damage to the intima [3, 4]. 
Certain types of catheters (e.g., the Amplatz catheter) have also been reported in a 
disproportionate number of catheter-induced dissections [2–4]. In addition, 
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over- vigorous hand injection of contrast is a potential contributing factor, and care 
must be taken to minimize further injection to prevent propagation once a dissection 
is identified [6]. Engagement of the right coronary artery (RCA), as well as treat-
ment of chronic total occlusion (CTO), poses an increased risk for catheter-induced 
aortic dissection [2–4, 6]. In an IRAD report of 74 consecutive iatrogenic dissec-
tions, 97% occurred during engagement of a vessel with 57% being the RCA. The 
dissections were catheter induced in 92% of cases. It is unclear whether technical or 
anatomical differences between the RCA and left main coronary artery (LM) are 
responsible for this difference but it is proposed that the larger ostium of the LM, as 
well as the decreased angulation at which it is engaged, may decrease the risk of 
aortocoronary dissection.

 Mechanism

Iatrogenic catheter-induced aortic dissection most often involves the ostium of a 
coronary artery and may extend variably in an antegrade or retrograde fashion. Few 
studies have reported isolated aortic dissection without coronary artery involvement 
[10, 11]. Antegrade aortic dissections usually occur with an entry point inside a 
coronary artery and extend in the same direction of blood flow in the true lumen. In 
contrast, retrograde dissections extend in the opposite direction to blood flow in the 
true lumen. Due to the fact that blood flow is pulsatile in the same direction as an 
antegrade dissection, these often remain patent for a longer period, while retrograde 
dissections usually seal off quicker due to the opposite nature of blood flow. 
Antegrade dissections can also propagate down coronary vessels resulting in acute 
vessel closure. Retrograde aortic dissections related to coronary injury can result 
from a traumatic injury of the coronary artery with the catheter itself or during 
balloon/stent inflation. Most retrograde iatrogenic aortic dissections originating 
from the coronary ostia remain limited to the coronary sinus or are confined to the 
ascending aorta (Stanford type A; DeBakey types 1 or 2) [2, 6, 7]. This is 
predominantly due to the anatomy of the sinus of Valsalva which has a high content 
of collagenous fibers near the aortic annulus and is bordered by the thickened supra-
valvular ridge [6]. Figure 1, panel A represents a case of right aortocoronary dissec-
tion extending to the aortic root and ascending aorta, as evident with contrast 
staining within the aortic wall; panel B: a coronary stent graft was used to seal the 
entry site with halting of the extension of the dissection in the same patient. Figure 2, 
panel A represents a second case of proximal RCA dissection from guide catheter 
manipulation; panel B demonstrates the dissection extending retrogradely to the 
aortic root; panel C: a drug-eluting stent was used to seal the dissection entry site; 
panel D: Near complete resolution of the contrast staining in the aortic wall with 
sealing the dissection entry site.
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 Clinical Presentation

The presenting signs and symptoms of iatrogenic aortic dissection vary from that of 
spontaneous aortic dissection [1]. Patients with iatrogenic aortic dissection are more 
likely to present with indolent hemodynamic instability, often with hypotension or 
shock. A review of 723 patients with aortic dissection from the IRAD database 
showed that patients with iatrogenic aortic dissection are less likely to present with 
abrupt symptoms (35% vs 87%) and more likely to have no chest or back pain (25% 
vs 1%) compared with those with spontaneous aortic dissection. Patients with 
iatrogenic aortic dissection were also more likely to have hypotension (30% vs 9%) 
and develop cardiac complications such as myocardial ischemia (36% vs 5%) or 
infarction (15% vs 3%). Aortic regurgitation was less frequent (11% vs 34%) and 
fewer patients with iatrogenic aortic dissections had a visualized intimal flap (46% 
vs 60%) or patent false lumen on imaging (48% vs 75%) compared with those with 
spontaneous aortic dissection.

 Diagnosis

Catheter-induced aortic dissection is most often recognized on angiography during 
the index cardiac procedure, but often subsequently need to be evaluated with non- 
invasive imaging such as transesophageal echocardiogram (TEE), computed 
tomography/angiography (CT/CTA) or magnetic resonance imaging/angiography 
(MRI/MRA).

a b

Fig. 1 (a) Iatrogenic aortic dissection caused by post-dilatation with non-compliant balloon after 
stent placement; (b) Sealing off the dissection entry using a JOMED® coronary graft stent
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 Coronary Angiography

Iatrogenic aortic dissection presents on coronary angiography as persistence of con-
trast dye staining around the aortic root (Figs. 1a and 2b). In 2000, Dunning et al. 
proposed a classification system (Table 1) for iatrogenic aortic dissections based on 
the extent of aortic involvement seen on coronary angiography. Class I includes dis-
sections in which the contrast staining is limited to the ipsilateral coronary cusp; 
Class II, where contrast extends within 40 mm up the aortic wall; and Class III, 
where contrast extends to greater than 40 mm up the aortic wall [2]. While Classes 
I and II are typically medically managed or treated with stenting of the entry point; 
Class III dissections may necessitate immediate surgical intervention and are asso-
ciated with higher mortality [2, 3].

a b

c d

Fig. 2 (a) Proximal RCA dissection from guide catheter manipulation; (b) demonstrates the dis-
section extending retrogradely to the aortic root; (c) a drug-eluting stent was used to seal the dis-
section entry site; (d) Near complete resolution of the contrast staining in the aortic wall with 
sealing the dissection entry site
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 Non-invasive Imaging

Any aortic dissection with evidence of hemodynamic compromise should be evalu-
ated with transthoracic echocardiogram (TTE) to evaluate for extension into the 
pericardium with pericardial effusion and to rule out cardiac tamponade. In addi-
tion, the aortic valve should be evaluated for acute aortic incompetence. TEE can be 
performed urgently in the catheterization laboratory to identify an aortic dissection 
flap and evaluate aortic valve function [12]. In most cases, following initial manage-
ment, urgent imaging with CT or MRI should be performed to determine if there is 
any residual dissection, evaluate its extent, and for follow-up. There is no consensus 
as to which imaging technique is preferred. CT has the advantage of rapid, easy 
acquisition with high sensitivity and specificity, however, it exposes the patient to 
contrast dye and radiation. MRI, on the other hand, lacks exposure to radiation with 
high sensitivity and specificity but is time-consuming, and hence may be more suit-
able for long-term follow-up rather than during the acute situation [13, 14]. Both 
contrast and non-contrast CT imaging should be obtained in order to differentiate 
between retained contrast from cardiac catheterization vs contrast from CT scan. 
Fig. 3: Computed tomography of the chest without contrast in a patient with cathe-
ter-induced aortic dissection from RCA percutaneous intervention revealing con-
trast staining in the aortic wall in relation to RCA (arrows).

 Management

Given the rarity of catheter-induced iatrogenic aortic dissection, there are no ran-
domized trials to guide appropriate therapy or inform prognosis. Therefore, most 
treatment decisions are based on data from previously published care reports and 
case series of iatrogenic aortic dissections.

Although most spontaneous Stanford type A aortic dissections are treated surgi-
cally, several case reports have demonstrated that iatrogenic aortic dissections can 
be successfully treated by quick sealing of the entry point of the dissection within 
the coronary vessel [1–4, 7, 15].

Several factors affect management strategies when addressing catheter-
induced iatrogenic aortic dissections. These include the hemodynamic stability 
of the patient, propagation and extent of the aortic injury, presence of aortic 
valvular incompetence, presence of pericardial effusion or cardiac tamponade, 

Table 1 Dunning Classification

Dunning Class Aortic Involvement

I Dissection limited to ipsilateral cusp only
II Dissection extending <40 mm up the aortic wall
III Dissection extending >40 mm up the aortic wall
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and the condition of the involved coronary artery [16]. Current options for man-
agement of catheter-induced aortic dissections include a conservative approach 
with careful surveillance, percutaneous stenting of the dissection entry point, 
and surgery.

 Medical Management

All patients with identified iatrogenic aortic dissections should have immediate 
hemodynamic evaluation. As previously mentioned, TTE should be performed to 
evaluate for the presence of pericardial effusion or valvular dysfunction. Acute 
hemodynamic optimization should initially take precedence with an attempt at 
containing and preventing dissection propagation. Further contrast injections should 
be avoided. Beta-blockers and vasodilators are the mainstays for treatment of 
spontaneous aortic dissections, and while it may be of limited use in acutely unstable 
patients, it should be considered in those with stable hemodynamics and small 
contained dissection, as well as in the follow-up period [16].

Conservative management with watchful waiting has been described with good 
results for retrograde iatrogenic aortic dissections that are small and contained to 
the sinus of Valsalva (Dunning class I) and the involved coronary remains with good 
flow [3, 4]. Additionally, a review of 14 cases with dissection of the descending 
aorta/arch, without coronary involvement found that if the dissection is small 
without progression on follow-up imaging, a conservative approach is acceptable 
and results in good outcomes [3, 11]. In the presence of low-risk dissections with 

Fig. 3 Computed 
tomography of the chest 
without contrast in a 
patient with catheter- 
induced aortic dissection 
from RCA percutaneous 
intervention revealing 
contrast staining in the 
aortic wall in relation to 
RCA (arrows)
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limited damage to the aortic media, medical management with serial hemodynamic 
monitoring, imaging, and follow-up is appropriate.

 Percutaneous Coronary Stenting or Endovascular Repair

When the dissection originates from an entry point within a coronary artery and 
there is compromise to the flow or extension into the aortic arch, most reports favor 
management with percutaneous coronary stenting to seal the entry point which is 
usually located at the coronary ostium (Fig. 1b). One review of 67 cases of iatrogenic 
aortic dissections, found that 28 (42%) rapidly progressed to the ascending aorta if 
a stent-based sealing technique was not performed promptly [15]. The authors 
propose that in all cases where there is dissection into the coronary sinus, the ostium 
should be sealed immediately to prevent further propagation of the dissection. 
Moreover, if the ostial stenting failed to halt the dissection progression, it did not 
compromise the chances of surgical success [15].

Based on historical experience of 9 patients with aortocoronary dissections by 
Dunning et  al., class I and II iatrogenic aortic dissections were all successfully 
managed with coronary stenting of the entry point whereas more extensive (class 
III) iatrogenic aortic dissections or patients with hemodynamic instability or 
ischemia of one of the aortic branches were referred to surgery with poor outcomes 
[2]. More recently, a retrospective analysis of 74 patients from the Registry on 
Aortic Iatrogenic Dissection (RAID) found that after a median follow-up of 
51.2 months, only 2 deaths were recorded in patients treated conservatively. There 
were 15 (20%) patients with Dunning class III dissections and only 3 patients were 
referred for cardiac surgery (2 for aortic surgery and 1 for coronary artery bypass 
grafting). The remaining 71 cases were treated successfully with either conservative 
management or PCI [3]. These results suggest that even Dunning class III iatrogenic 
aortic dissections may be managed with coronary stenting to immediately seal the 
entry site with favorable outcomes.

Several different stent types have been used to manage iatrogenic aortic dissec-
tions. These include bare-metal stents, drug-eluting stents, covered stents, and a 
covered stent/drug-eluting stent combination [15–19]. A bare-metal stent may be 
appropriate in cases with extensive aortic dissections that may require early surgical 
intervention. However, current generation drug eluting stents with biocompatible 
polymers can also be considered based on studies showing early thromboresistance 
and higher rates of long-term patency compared to bare metal stents. While covered 
stents will completely seal the entry point of dissection, their use is not generally 
required, and drug-eluting stents are likely to be sufficient in most cases. Some 
authors recommend intravascular ultrasound (IVUS) guided coronary stenting to 
ensure complete coverage of the dissection and exact placement of the stent to 
entirely cover the coronary ostium [17]. Optical coherence tomography (OCT) is 
usually avoided due to the need for contrast injection into the coronary and fear of 
extension of dissection.
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 Surgical Repair

Urgent surgical intervention has been necessary in only small minority of previ-
ously reported cases of catheter-induced iatrogenic aortic dissections. This is in 
contrast to spontaneous aortic dissections of the ascending aorta that often require 
urgent surgical attention due to degeneration of the media that facilitates extensive 
propagation. High-risk features that should prompt consideration of surgical refer-
ral include dissections with significant extension into the aortic arch (Dunning class 
III), those that involve the aortic branches, or failure of entry sealing with a stent. In 
addition, patients with significant valvular dysfunction and those in which the coro-
nary artery involved is unsalvageable with stenting or in which coronary artery 
bypass grafting is indicated should also be considered for surgical management. 
The goal of surgery is to perform resection of the aortic intimal tear and as much of 
the dissected aorta as possible, without resulting in excessive operative risk [20]. 
Surgical resection of the ascending aorta with or without the aortic arch (when 
involved) is considered the gold standard for patients with spontaneous type A dis-
section, and this approach has been extended to patients presenting with iatrogenic 
aortic dissections [20]. Of note, in comparison to spontaneous aortic dissections, the 
surgical repair of catheter-induced dissection may be riskier, especially in the set-
ting of coronary ischemia and following PCI with full anticoagulation and antiplate-
let therapy.

 Surveillance

In most cases of catheter-induced iatrogenic aortic dissections where surgical repair 
is not required, serial imaging with either CT or MRI is needed to monitor the pro-
gression of the dissection. The optimal interval between scans has not yet been 
established. In one series that evaluated the use of multidetector CT (MDCT) in 
follow-up of catheter-induced aortic dissections, the most common follow-up pat-
tern was MDCT immediately after the occurrence of aortocoronary dissection, fol-
lowed by repeat imaging at 48 hours and 1 week [14]. The authors proposed repeat 
follow-up CT after 1–2 months in patients with more extensive class III dissections. 
In case reports of aortocoronary dissection evaluated with CT, time to resolution of 
the aortic dissection ranged from 48 hours to 3 months [14].

 Prognosis

Historically, iatrogenic aortic dissections have been noted to have a generally poor 
prognosis similar to that of spontaneous aortic dissections (35% vs 24%, 
respectively), with type A aortic dissections carrying about a 35% mortality despite 
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regardless of underlying mechanism. It was also noted that the mortality rate was 
higher (37%) for iatrogenic type B aortic dissections when compared to spontaneous 
aortic dissection (10%), with the majority of type B dissections (87%) occurring as 
a consequence of cardiac catheterization procedures [1]. In contrast, Dunning et al. 
found that patients with limited (Dunning class I and II) dissection had good 
prognosis with more extensive dissections (Dunning class III) portending a worse 
outcome.

Based on data from more recent case reports the short- and long-term prognosis 
of catheter-induced aortic dissections may be more favorable than previously 
reported [3, 4, 11, 15]. This is likely due to the success of aortocoronary stenting 
techniques to quickly seal and halt rapid propagation of a dissection. In 5-year 
follow-up data from the RAID analysis of 74 patients with iatrogenic aortic 
dissections, there were no long-term complications such as dissection progression, 
myocardial ischemia, or dissection recurrence in the 72 (97%) patients that survived 
the acute injury. The authors noted only 2 deaths with a 2.7% mortality in this case 
series [3]. Similarly, one other series of 18 cases showed a 0% mortality at 1-month 
follow-up, including cases of extensive dissections requiring urgent surgical 
intervention [4]. This is in contrast to spontaneous aortic dissections, especially of 
the ascending aorta (type A) where acute mortality has been reported close to 25%. 
The authors point out that an acute retrograde type A aortic dissection presents a 
more favorable prognosis than spontaneous type A dissections that tend to be 
antegrade in nature with a higher likelihood of propagation.

 Conclusion

Iatrogenic aortic dissection is a rare complication of catheter-based procedures, 
with relatively better outcomes compared with spontaneous aortic dissections. The 
low event rate had limited our knowledge in regard to the best approach in managing 
different types of catheter-induced aortic dissections. However, the majority of 
cases can be adequately managed through conservative or percutaneous approaches, 
with surgical intervention deemed necessary in a small proportion of these 
cases.DisclosuresJ Dawn Abbott has received research funding with no personal 
compensation from AstraZeneca, Bristol Myers Squibb, Abbott, Sinomed, CSL 
Behring, Biosensors Research USA.
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None.
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Aortic Intramural Hematoma

Neel R. Sodha and Frank W. Sellke

 Introduction

Acute aortic syndromes (AAS) represent a spectrum of aortic pathologies including 
aortic dissection, penetrating atherosclerotic ulcer (PAU), and intramural hematoma 
(IMH). Originally described by Krukenberg in 1920, an aortic intramural hematoma 
has been defined as “dissection without intimal tear that results from hemorrhage 
within the aortic wall” [1]. The etiology of, or even the very existence of an aortic 
intramural hematoma as a distinct pathologic entity from classic aortic dissection, 
remains controversial. Some physicians believe an acute intramural hematoma 
results from spontaneous rupture of vasa vasorum within the aortic wall, resulting 
in bleeding within the tunica media, whereas others believe the imaging and surgi-
cal findings associated with an intramural hematoma are the result of a small unde-
tectable intimal tear with subsequent thrombosis, and thus feel an IMH should be 
referred to as a thrombosed-type aortic dissection [2]. Proponents for the former 
(IMH as a distinct entity), argue that an intimal defect is often not identified at the 
time of surgery, and the variability in terms or risk factors and clinical behavior dif-
fer significantly from classic aortic dissection, thus supporting IMH as distinct from 
dissection. Proponents of the latter (IMH as a variant of classic aortic dissection), 
argue that enhanced imaging and distal inspection of the aorta at the time of surgery 
may often identify intimal defects which may be missed on initial evaluation [2, 3]. 
Given the debate as to the existence of IMH as a distinct acute aortic syndrome, it is 
understandable that management remains controversial as well.
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Classification of acute aortic intramural hematoma is identical that used for aor-
tic dissection. Most commonly, the Stanford classification system as described by 
Daily and colleagues is used in the clinical setting, with Stanford Type A and B 
defined as “type A involvement of the ascending aorta, and type B are defined as 
those limited to the descending aorta with primary intimal tear usually within 2 to 
5 cm of the left subclavian artery” [4]. Recent updates from the Society of Thoracic 
Surgeons and Society for Vascular Surgery provide for more granular reporting of 
acute aortic syndromes with Type A lesions described as the primary tear originat-
ing in the ascending aorta, Type B lesions with the primary tear originating in the 
aortic arch or descending aorta, with additional subscripts to describe the extent of 
pathology depending on zone [5]. Updated classification schemes such as non-A/
non-B or Type C are not in widespread clinical use [6, 7] (Fig. 1).

 Presentation

Data from the International Registry of Acute Aortic Dissection (IRAD) suggest 
both Type A and Type B acute intramural hematomas are far less common than 
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IMH
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Penetrating
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Fig. 1 Schematic representation of acute aortic syndromes. (a) Normal, (b) Intramural hema-
toma—Crescenteric, (c) Intramural hematoma—Circumferential, (d) Penetrating aortic ulcer, (e) 
Aortic dissection, (f) Aortic dissection. TL True Lumen, Ath Atheroma, IT Intimal tear, FL False 
lumen. Adapted from Maslow A, Atalay, M, Sodha N.  Intramural Hematoma. J Thorac and 
Cardiovasc Anesth. 2018;32:1341–1362
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classic aortic dissection, with IMH accounting for less than 10% of acute aortic 
syndromes [8]. Patients with an acute IMH tend to be about 8 years older than those 
with acute dissection, averaging near 70  years of age at presentation, and while 
more common in men than in women, IMH patients trended to a more even distribu-
tion between males and females relative to aortic dissection [8]. Arterial hyperten-
sion has been more commonly identified as a risk factor for IMH relative to 
dissection and in contrast with aortic dissection, where Type A is more common 
than Type B by an approximately 3:1 ratio, Type B IMH is more common than Type 
A IMH (42% Type A, 58% Type B). Chest pain is the most common presenting 
symptom for both Type A and B IMH, and is present in approximately 80% of 
patients, whereas back pain is less common in patients with Type A IMH, but pres-
ents with equal frequency to chest pain in patients with Type B IMH. Pain is gener-
ally abrupt in onset and severe, but is less commonly described as radiating. 
Neurologic manifestations, pulse deficits and aortic valve regurgitation are less 
commonly present relative to aortic dissection [8]. Laboratory analysis is of little 
value in establishing a diagnosis of intramural hematoma, but may aid in excluding 
other etiologies of chest pain [9]. Interestingly, aortic intramural hematomas are 
more likely to present with effusion or pericardial tamponade relative to aortic dis-
section, possibly related to the location of an IMH relative to the adventitial wall. 
This finding is thought to be a marker for potential rupture [10]. The above findings 
highlight the difficulty of diagnosing an intramural hematoma on history or exami-
nation alone, as symptoms may be non-specific and mimic other cardiovascular 
pathology. Rather than elucidate a diagnosis, the presentation findings discussed 
above and complaints of acute onset chest pain or back pain should raise the suspi-
cion for an acute aortic syndrome and guide the appropriate initial management and 
diagnostic evaluation (Table 1).

When considering an acute intramural hematoma as a diagnosis based on presen-
tation or imaging, it is essential consider aortitis in the differential diagnosis, as this 
rare entity may mimic an acute IMH on imaging. On history, aortitis may present 
with a more chronic or subacute onset of pain relative to an acute IMH. Constitutional 
symptoms such as fevers, arthralgias and myalgias may be present. A leukocytosis 
or elevation of inflammatory markers such as erythrocyte sedimentation rate (ESR) 
of C-reactive protein (CRP) may be present, but are non-specific. CT imaging may 
be non-specific and unable to differentiate between the two entities, in which case 
magnetic resonance imaging on weighted T2 sequences or FDG-PET scanning may 
provide the diagnosis. As surgical intervention for acute aortitis may result in poor 
outcomes, consideration of this diagnosis in all patients with possible intramural 
hematoma is essential [11, 12] (Table 2).

The diagnostic imaging for evaluation of acute aortic syndromes, including acute 
intramural hematoma is discussed in detail elsewhere in the textbook (see Chapter 
on Imaging for Acute Aortic Dissection, Intramural Hematoma, and Penetrating 
Atherosclerotic Ulcer). Briefly, plain film radiographs/chest x-rays are generally 
non-diagnostic [8]. Optimal imaging in the stable patient should include computed 
tomography. Specifically, a non-contrast CT of the chest, abdomen and pelvis 
should be obtained followed by a contrast-enhanced CT angiogram of the chest, 
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Table 1 Comparison between acute aortic syndromes

Lesion
Layer 
affected Demographics Presentation Location Appearance Complication

IMH Medial 
layer

65–70 y AAS Descending 
> Ascending 
> Arch

Crescentic 
thick

HTN Circumferential 
thick

Rupture

Males Varying length Dissection
Iatrogenic No intimal flap Aneurysm
Trauma No false lumen

AD 58–63 y AAS Ascending > 
DescendingHTN

Intimal 
tear

CTD Intimal flap Peripheral 
ischemia

Intimal 
flap

Coarctation Dual lumen: 
True/false

Embolization

Medial 
false 
lumen

Bicuspid AoV Low-flow false 
lumen

Aneurysm

Pregnancy False > True 
lumen

Rupture

Trauma
   • Iatrogenic

AA Intima Asymptomatic Ascending > 
Descending 
>>> Arch

Dilation Rupture
Media 50–60 y Compression 

of proximal 
structures

No intimal flap Embolization

Adventitia Males Fistula related No dual lumen Fistula
No false lumen

PAU Intimal 
layer

70 y AAS Descending 
>>> Arch 
>> 
Ascending

Irregular 
surface

IMH

Males Crater-like 
protrusion

Aneurysm

HTN No intimal flap Embolization
Tobacco No dual lumen Dissection
CAD No false lumen Rupture
COPD

ULP Intimal 
layer

Asymptomatic Distal Arch 
Proximal 
descending 
>>> 
Ascending 
and Distal 
Descending

Single
Contrast-filled

65 y Outpouchings 
across

Aneurysm

Males Intima into 
medial layer

Regression

No connections 
with
Aortic branches

(continued)
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abdomen, and pelvis. Non-contrast imaging is essential in establishing a diagnosis 
of an intramural hematoma as a hyperdense area of cresenteric thickening will be 
visible on these studies. Particular attention should be paid to the location of the 
IMH, aortic diameter, IMH thickness, presence of a pericardial effusion, and the 
presence of contrast pools or ulcer-like projections, as each of these findings may 
play a key role in surgical decision-making. Transesophageal echocardiography can 
be utilized in the emergent setting for the unstable patient, whereas MRI/MRA may 
play a role in the stable patient in whom the diagnosis is uncertain [13] (Table 3).

 Management

Once the diagnosis of an acute aortic intramural hematoma has been confirmed, 
immediate medical therapy should be initiated, regardless of whether surgical inter-
vention is planned. Invasive hemodynamic monitoring should be performed with an 
arterial line and sufficient large-bore intravenous access should be obtained in case 
of abrupt hemodynamic deterioration. Anti-impulse therapy–systemic arterial blood 
pressure control combined with reduction in the contractile force of the myocar-
dium, expressed as the change in pressure over time (dP/dt)—should be initiated 
immediately to reduce the risk of progression to frank dissection or rupture. If the 
heart rate allows and severe aortic regurgitation is not present, first-line treatment 
includes the use of beta-adrenergic blockers to reduce systemic blood pressure to 
less than 120 mmHg systolic and to a heart rate to 60–70 beats per minute. Thereafter, 
addition of a systemic vasodilator to further reduce arterial blood pressure should be 
initiated, but should not be used in isolation due to potential reflex tachycardia from 
the reduction in mean arterial pressure [14].

Table 1 (continued)

Lesion
Layer 
affected Demographics Presentation Location Appearance Complication

IBP Medial 
layer

60–62 y Asymptomatic Descending 
>>> Arch 
>> 
Ascending

Multiple pools 
medial layer

Disappear

Males No 
communication
Near branch 
vessels

Abbreviations: AA aortic aneurysm, AAS acute aortic syndrome, AD aortic dissection, AoV aortic 
valve, CAD coronary artery disease, COPD, chronic obstructive pulmonary disease, CTD connec-
tive tissue disorder, HTN hypertension, IBP intramural blood pool, IMH intramural hematoma, 
PAU penetrating atherosclerotic (aortic) ulcer, ULP ulcer-like projection
Adapted from Maslow A, Atalay, M, Sodha N. Intramural Hematoma. J Thorac and Cardiovasc 
Anesth. 2018;32:1341–1362 2018
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Table 2 Presentation of 
intramural hematoma

Sign/Symptom Type A IMH Type B IMH

Age (y) >65 >65
Aortic pain (%) >90 >90
Chest pain (%) 82.5 77.3
Back pain (%) 41 78.7
Abdominal pain (%) 13.1 36.8
Radiating pain (%) 45.9 35.3
Acute onset pain (%) 86.7 82.6
Hypertension (%) 32.2 58.6
Hypotension (%) 11.9 2.3
Aortic regurgitation (%) 25–35 <10
Pulse deficit (%) 15 <10
Renal complications (%) <10 <10
Pericardial effusion (%) ≤70 <5
Tamponade (%) ≤50 <5
Coronary ischemia (%) ≤30 ≤20
Hemodynamic instability (%) ≤20 <5

Adapted from Maslow A, Atalay, M, Sodha N.  Intramural 
Hematoma. J Thorac and Cardiovasc Anesth

Table 3 Adverse outcomes and predictors

IMH Type A
Intramural Hematoma 
Type B

Adverse outcomes Hospital/30-d mortality 10–30% 4–20%
Long-term mortality ≤40% 4–14%
Progression, AA, AD, 
rupture

≤90% Up to 50%

Surgery ≤50% < 10%
Predictors of adverse 
outcome

Persistent pain X X
Hemodynamic instability X X
Pleural effusion X X
Pericardial effusion X X
Para-aortic hematoma X X
Echolucency X X
Rapid aortic growth >5 mm/y > 5 mm/y
Intimal tear (ULP/FID) X X
PAU-related IMH Uncommon > 10 mm depth
MAD >45 to 

>60 mm
> 40 to >60 mm

Wall thickness >10 to 15 mm > 10 to 15 mm

Adapted from Maslow A, Atalay, M, Sodha N. Intramural Hematoma. J Thorac and Cardiovasc 
Anesth. 2018;32:1341–1362
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 Management: Acute Type A Aortic Intramural Hematoma

Acute Type A aortic intramural hematomas may regress/heal completely with medi-
cal therapy alone, progress to a classic aortic dissection, or rupture. Herein lies the 
difficulty in selecting the optimal management strategy. It is clear the natural history 
of an acute Type A IMH differs from that of an acute Type A dissection. Reports 
vary widely on the rates of progression from an IMH to an aortic dissection with 
Western publications reporting rates of 28%-47%, or rates of progression to rupture 
ranging from 20%-45% [15, 16]. Given the high-rate of potentially catastrophic 
complications, guidelines endorsed by the American Heart Association, Society of 
Thoracic Surgeons, American Association for Thoracic Surgery, and the Society for 
Vascular Medicine state “Although the literature gives no compelling guidelines for 
treatment, the writing committee believes that treatment of IMH corresponding to 
treatment of aortic dissection in the corresponding segment of the aorta is reason-
able”, providing a Class IIa/Level of Evidence C recommendation for managing a 
Type A IMH surgically as would typically be done for a classic dissection [17]. 
More recent European guidelines from 2014 favor an aggressive approach with 
urgent surgical intervention for acute Type A IMH as a Class I/Level of Evidence C 
recommendation for surgery, although specifying “In elderly patients or those with 
significant comorbidities, initial medical treatment with a ‘wait-and-watch strategy’ 
(optimal medical therapy with blood pressure and pain control and repetitive imag-
ing) may be a reasonable option” [18].

In contradistinction to Western management strategies and outcomes, multiple 
Asian centers have reported excellent outcomes with medical therapy alone for 
acute Type A IMH in select patients. Reports from Japan and Korea have demon-
strated successful resolution of the IMH in up to 40–67% of selected patients [10, 
19–22]. The etiology of this difference in outcomes between Eastern and Western 
populations is unclear, but may be related to differences in hospital referral patterns 
of genetic differences between populations [23].

While management may vary depending upon region, there are clear risk factors 
for acute complication which would strongly support a role for early surgical inter-
vention. Hemodynamic compromise or pericardial tamponade are generally indica-
tions for emergent surgery. In the hemodynamically stable patient, the following 
clinical and radiographic findings have been associated with poor outcomes and 
should prompt consideration for surgical intervention: persistent or recurrent pain, 
maximal aortic diameter ≥ 50 mm, IMH thickness of ≥11 mm, or presence of ulcer- 
like projections. In patients whom are hemodynamically stable without the above 
findings, if medical management is selected, close monitoring with serial imaging at 
48–72 h and 1 week is warranted and surgical intervention is indicated for persistent 
pain, recurrent effusions, or enlarging aortic diameter [18, 24]. Given the above, the 
decision to operate on the stable patient with an acute Type A intramural hematoma 
may be difficult. Upfront surgical therapy provides a rapid and definitive treatment, 
but is invasive and may result in potential perioperative complications. Conversely, 
medical therapy alone may subject the patient to the risk of acute deterioration and a 
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prolonged hospitalization due to the need for close surveillance with serial imaging 
for up to two weeks. We favor an upfront surgical management strategy for most 
patients, reserving medical therapy for patients who may be of elevated periopera-
tive risk due to age or comorbidities, providing they have low-risk imaging features.

Once a decision has been made to proceed with surgical intervention, the next 
question which arises is timing of surgery. Immediate surgery is always reasonable, 
but there are data to suggest that in the stable patient, semi-urgent surgery is accept-
able. Estrera and colleagues [25] have demonstrated that in the clinically stable 
patient, surgery 72 h after symptom onset was safe (no progression to dissection or 
acute complication) and provided for an easier technical repair [25, 26].

There are limited data specifically addressing the technical aspects of surgical 
intervention for an acute Type A intramural hematoma, and surgical approaches 
largely reflect those utilized for acute dissection [27–30]. As with optimal manage-
ment of acute Type A IMH, there exists wide variability in operative approaches. 
Most centers favor a peripheral arterial cannulation strategy utilizing either the right 
or left common femoral artery or the right axillary artery. Advantages of femoral 
cannulation are primarily technical ease of vascular access, speed of cannulation, 
and avoidance of aortic manipulation. The primary advantage of right axillary can-
nulation is the ability to provide antegrade cerebral perfusion to the brain during 
deep hypothermic circulatory arrest, whereas the primary disadvantage relates to 
the increased time needed for vessel exposure and placement of a graft. While many 
prefer to avoid central aortic cannulation over concerns relating to inducing a frank 
dissection, certain centers have reported good success utilizing a Seldinger tech-
nique with transesophageal guidance, preferring this approach as it avoids the added 
time needed for peripheral access, and may theoretically pose a lower stroke rate 
based on experience with this technique in acute aortic dissection [27, 29]. We gen-
erally employ central venous cannulation unless there is concern for rupture, at 
which time we utilize a femoral venous approach. While a limited replacement of 
the ascending aorta with the aortic cross-clamp in place (closed distal anastomosis) 
can be performed, most centers utilize deep hypothermic circulatory arrest to allow 
for an open distal anastomosis and replacement of the distal ascending aorta through 
the hemiarch. Given this, we initiate cooling upon initiation of cardiopulmonary 
bypass. There is no consensus on the safety or danger of placing a cross-clamp on 
the ascending aorta in the setting of an acute IMH. Some surgeons prefer to avoid 
clamping the aorta over concerns for inducing further injury to the aorta or creating 
a true dissection, and thus they allow the patient to cool to a point where circulatory 
arrest can be initiated, starting thereafter with distal reconstruction and performing 
proximal reconstruction during rewarming. Our group and others routinely clamp 
the ascending aorta during cooling to perform the proximal reconstruction [31], 
which in the absence of significant root dilation or pathology consists of placement 
of a supra-coronary tube graft. The distal extent of aortic replacement is largely 
determined by the size of the distal aorta, evidence of an entry tear in the arch, or 
evidence of distal visceral compromise which is uncommon in IMH. Generally, in 
the absence of an aneurysmal aortic arch or intimal tear identified in the arch, an 
open distal anastomosis is sufficient. Post-operative management is routine with 
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continued strict attention to blood pressure management. We generally obtain a 
postoperative imaging study prior to discharge and at 3 months if the distal extent of 
the IMH extends beyond the replaced aorta. If there is extensive residual IMH in the 
distal aorta, closer surveillance imaging at 1 months, 3 months and 6 months is 
reasonable. Outcomes of surgical management are relatively favorable with respect 
to acute aortic dissection, with perioperative mortality rates ranging from 0.9% to 
12% in most series [10, 30, 32, 33].

 Management: Acute Type B Aortic Intramural Hematoma

The management of acute Type B aortic intramural hematoma is less controversial 
than that of Type A. Acute Type B IMH is significantly more common than Type A, 
yet accounts for only about 15% of Type B acute aortic syndromes [8]. Given the 
absence of an intimal flap or false lumen, Type B intramural hematomas present less 
frequently with complications such as visceral malperfusion or true luminal com-
pression, thus they are less likely to need emergent intervention. Rates of progres-
sion to true aortic dissection are relatively low, ranging from 4–11% [34, 35]. The 
natural history of acute Type B IMH remains poorly understood as studies have 
often demonstrated conflicting results. Some studies have raised concern regarding 
an increased incidence of rupture or sudden death relative to a Type B dissection 
[16], whereas others have demonstrated the opposite, with high rates of complete 
regression [35, 36]. Given the conflicting data, there is some increasing interest in 
early endovascular intervention for acute Type B IMH.

As noted above, current guidelines endorsed by the American Heart Association, 
Society of Thoracic Surgeons, American Association for Thoracic Surgery, and the 
Society for Vascular Medicine state “Although the literature gives no compelling 
guidelines for treatment, the writing committee believes that treatment of IMH cor-
responding to treatment of aortic dissection in the corresponding segment of the 
aorta is reasonable”, providing a Class IIa / Level of Evidence C recommendation 
for managing a Type B IMH medically as would typically be done for a classic 
uncomplicated dissection [17]. More recent guidelines from the European Society 
of Cardiology in 2014 favor medical treatment as the initial approach for uncompli-
cated acute Type B IMH (Class I/Level of Evidence C), reserving endovascular 
therapy or surgery for the same indications as for Type B aortic dissection. They do 
note the subgroup of patients with aortic dilation or ulcer-like projection (ULP) 
should be followed up closely and treated more aggressively if symptoms persist or 
reappear, or if progressive aortic dilation is observed. Indications for intervention 
(TEVAR rather than surgery) in the acute phase include an expansion of the IMH 
despite medical therapy, and the disruption of intimal tear on CT with contrast 
enhancement, with TEVAR given a Class IIa/ Level C recommendation and open 
surgical repair a Class IIb/Level C recommendation [18].

Open surgical intervention for complicated acute Type B IMH is uncommon, and 
generally occurs in the emergent setting for rupture when endovascular approaches 
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are not feasible. The technical aspects of open surgical management are described in 
further detail elsewhere in this text (see Chapter on Management of Type B Aortic 
Dissection). The current preferred approach for complicated acute Type B IMH is 
via TEVAR. Timing of intervention is dependent upon the patient’s clinical status, 
with emergent intervention required for evidence of rupture or impending rupture, 
whereas delayed intervention (>14 days) may be preferred to decrease the risk of 
inducing a retrograde dissection [37]. The need for perioperative spinal drainage and 
left subclavian arterial revascularization is dependent upon the proximal and distal 
extent of the planned endograft placement. Ideally, a 20 mm proximal landing zone 
of healthy aorta should be obtained, with debate as to whether the distal extent of the 
stent graft should cover the entire IMH or be limited to a segment of the thoracic 
aorta to decrease the risk of spinal complications [38–40]. Optimal sizing of the 
stent graft may pose a challenge in the acute setting. Early on, the intramural hema-
toma can expand resulting in in some degree of compromise of the aortic lumen. As 
time from the initial injury progresses, the intramural hematoma can thrombose or 
resolve, resulting in an increase in aortic lumen diameter. Thus, in the early period 
after development of an IMH, an endograft may potentially be undersized, increas-
ing the risk of endograft migration or type I endoleak. Conversely, sizing based the 
total aortic diameter, including the hematoma, may predispose to excessive oversiz-
ing. A maximal oversize of the stent graft by 10% allows for adequate graft fixation 
to the diseased aortic wall while avoiding excess wall stress [41]. Outcomes after 
TEVAR for acute type B IMH are generally favorable with a recent meta-analysis of 
nine studies comparing 161 patients who underwent TEVAR versus 166 who were 
medically managed reporting an in-hospital mortality rate of 0–5.9% for patients 
undergoing TEVAR, and paraparesis/paraplegia rates of 0–5%. While the primary 
end-points of aortic-related death or IMH regression did not reach statistical differ-
ences between medical management and TEVAR, patients undergoing TEVAR did 
demonstrate a lower rate of progression to dissection or rupture [39].

 Conclusions

Aortic intramural hematoma is an acute aortic syndrome characterized by hemor-
rhage within the medial layer of the aortic wall without evidence of flow or clear 
luminal communication on imaging or at the time of surgery. Timely diagnosis is 
essential, and relies on a high index of clinical suspicion, and appropriate imaging. 
Contrast and non-contrast enhanced CT imaging is the preferred study for stable 
patients. Echocardiography may be used to assess cardiac and valve function, and 
can be useful in unstable patients. MRI is typically reserved for stable patients in 
whom a diagnosis remains unclear. Initial management should include aggressive 
heart rate and blood pressure control, as done for other acute aortic syndromes. The 
subsequent management of IMH depends on the location, radiographic appearance, 
aortic dimensions, and associated pathology. The sum total of these features can 
allow for some assessment of risk for progression to frank dissection/rupture or 
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potential for regression. Hemodynamically unstable cases warrant emergent surgi-
cal management, but factors affecting the decision to operate are evolving. For acute 
Type A IMH, Western centers have generally favored a more aggressive surgical 
approach, with urgent/emergent surgical intervention, whereas Asian centers have 
reported favorable outcomes with medical therapy in select patients. In contrast, the 
majority of acute Type B IMH are managed medically, with endovascular interven-
tion limited to those experiencing complications or at heightened risk. Outcomes for 
appropriately managed patients are favorable.
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Penetrating Atherosclerotic Ulcer: 
Presentation and Management

Ignas B. Houben, Pieter Van Bakel, and Himanshu J. Patel

 Definition and Presentation

Penetrating atherosclerotic ulcer (PAU) was originally defined by Stanson and col-
leagues as a pathologic diagnosis consistent with localized excavation of the intima 
and media [1]. In this seminal report, PAU was thought to be a malignant pathology, 
often associated with intramural hematoma, and required aggressive surgical man-
agement. Villacosta and Roman introduced the term “acute aortic syndrome” (AAS) 
to describe the aortic causes of acute chest pain including aortic dissection (AD), 
intramural hematoma (IMH) and penetrating aortic ulcer (PAU) [1]. These three 
aortic pathologies are considered to have similar pathogenesis, clinical presentation 
and treatment, which depends on the location of the disease, time since onset of 
symptoms and the presence of accompanying complications.

PAU can be defined as a primary disruption in the arterial intima and elastic 
lamina extending into the media of the aortic wall [2] (Figs. 1 and 2). The most 
likely etiology is progression due to an atherosclerotic plaque which causes erosion 
and inflammatory changes in the aortic wall [1, 3, 4]. Since PAU is now most fre-
quently defined on radiographic imaging rather than in pathologic specimens, it is 
most important to understand there are three entities that can appear similar on 
radiographic examination (Fig. 1). These entities can best be distinguished in the 
context of the overall clinical picture, but in addition, with the description of the 
entity’s natural history. In Fig. 1a, b, ulcerlike projections can present as temporal 

This work was generously supported by the Joe D. Morris Professorship, the David Hamilton Fund 
in Cardiac Surgery, and the Phil Jenkins Breakthrough Fund in Cardiac Surgery

I. B. Houben · P. Van Bakel · H. J. Patel (*) 
Section Head, Adult Cardiac Surgery, University of Michigan Frankel Cardiovascular Center, 
Ann Arbor, MI, USA
e-mail: hjpatel@med.umich.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66668-2_17&domain=pdf
https://doi.org/10.1007/978-3-030-66668-2_17#DOI
mailto:hjpatel@med.umich.edu


250

evolution of intramural hematoma either by development of localized perfusion of 
the false lumen from branch vessels (Fig. 1a) or by development of localized entry 
tears (Fig. 1b). In contrast, PAU can occur independently of IMH as is shown in 
Fig. 1c. Given the lack of true pathologic diagnosis, unless the entire historical evo-
lution of the lesion is known, it may be more appropriate to refer to the radiographic 
anomalies as “ulcer-like projections”.

The typical patient presenting with PAU is older and has extensive atheroscle-
rotic disease [4] Risk factors associated with PAU are those of atherosclerosis and 
include hypertension, hyperlipidemia, and tobacco use. When patients present with 
PAU, the location of the ulcerlike projection is critical to defining the treatment 
algorithm. The radiographic classification scheme is according to according to the 
Stanford classification, and secondly whether there is associated IMH.  PAU are 
most common in the descending thoracic aorta, however they can be found through-
out the entire aorta [5]. Type A PAU is found in 6–10% of cases [4, 5]. Nathan et al. 
found in their study that 62% of all PAU disease originated in the descending 

T

T T

Calcium

a b c

Fig. 1 Schematic representation of aortic cross section in different pathology. The radiographic 
diagnosis of PAU can encompass three potential pathologic entities. (a) A typical branch artery 
pseudoaneurysm (T = thrombus). (b) Reentry tear developing in IMH, and this diagnosis would 
only be possible if the original scan with the ‘fresh’ entry tear was available to describe the evolv-
ing lesion. (c) The original PAU as described by in pathologic specimens by Stanson [2]

Fig. 2 Example of 
longitudinal aortic tear. 
This is an ulcerative lesion 
running along the long axis 
of the aorta. (a) suction 
device on the medial aspect 
of the longitudinal tear. (b) 
transverse line across the 
aorta
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thoracic aorta, 31% in the abdominal aorta and 7% in the aortic arch. Isolated PAU 
can be a stable disease [6], however some PAUs progress over time [5, 7]. It is likely 
that these progressive PAUs are often associated with other aortic pathologies such 
as saccular aneurysms. Associated IMH can develop due to erosion of aortic vasa 
vasorum by the ulcer, and are associated with worse outcomes than isolated IMHs 
[7]. PAUs vary in size with diameters ranging from 2 to 25 mm and depths ranging 
from 4 to 30 mm [5]. The increase in diameter and depth of the ulcer is associated 
with progressive disease [7], and can be associated with the rupture rate of PAUs, 
which can be as high as 38% [8]. Treatment options depend on the clinical condition 
of the patient, the location of the PAU and the presence of symptoms.

 Clinical Presentation

The clinical presentation of PAU is varied, but often is considered within the spec-
trum of acute aortic syndromes in many cases. Those PAUs that are found inciden-
tally and in asymptomatic patients may have a different natural history than those 
identified as part of an acute syndrome [6]. It is not clear whether this is due to the 
actual natural history, or secondary to the lack of differentiation of the three radio-
graphic entities that manifest as ulcerlike projections on cross sectional imaging 
studies (Fig. 1). Thoracic PAUs are more likely to develop symptoms [5]. Nathan 
et al. showed that 18% of patients presented with chest or abdominal pain [5]. The 
pain associated with symptomatic PAUs is thought to be due to rapid stretching of 
the aortic adventitia resulting in stimulating of the aortic nerve plexus [9, 10]. In 
some cases, the tear is oriented in a linear longitudinal manner, and simulates an 
“unzipping” of the aorta as shown in Fig. 2. In these circumstances, growth rates are 
robust and the risk of rupture higher than with conventional appearing PAU.

 Natural History of Type A PAU

Since the prevalence of Type A PAU is much lower than Type B PAU, literature is 
more sparse for this disease. Frequently they will be described as part of an entire 
cohort. Type A PAU is more likely to lead to complications than Type B PAU [8]. In 
a study by Tittle et al., 10 out of 12 (83%) patients with ascending PAUs received 
open surgery and 4 out of 12 (33%) presented with rupture [8]. Several studies 
report malignant natural history in isolated asymptomatic PAU of the ascending 
aorta, compared to rather benign isolated descending PAU [5, 7, 8]. In these studies, 
ulcerlike projections in the ascending aorta, often are associated with intramural 
hematoma, and progress to rupture, IMH expansion or even true double barrel 
dissection.
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 Natural History of Type B PAU

The natural history of type B PAU is also poorly understood. The majority of patients 
with type B PAU are asymptomatic at the time of diagnosis, and display stable natu-
ral history [6, 11]. Symptomatic patients have pain, which could be self- limiting and 
well controlled with antihypertensive medications. Indications for primary repair 
include: acute recurrent or refractory pain; progression to saccular aneurysm; con-
tained rupture of the aortic wall; IMH expansion; fusiform aortic growth >1 mm per 
year; or a ulcer like projection with >20 mm in diameter and >10 mm in depth [12, 
13]. These patients will need a surgical intervention and the timing dependent on the 
acuity of presentation (Fig. 3). Asymptomatic patients with PAU without any pain or 
aortic growth can be medically managed with close CTA surveillance, particularly 
given the relatively benign natural history seen in some studies.

a b

c d

Fig. 3 Example of patient with evolving ulcer-like projection. In (a), the patient presented with 
symptoms and had an ulcer-like projection in the distal arch aorta with the remaining descending 
aorta with evidence of intramural hematoma. The 3-dimensional reconstruction suggests there is 
limited flow in the false lumen (b). By 2  years (c), the aortic dimension was bigger with the 
3-dimensional measurement (d) suggesting the maximum diameter was 5.8  cm. This patient 
underwent a successful left carotid to left subclavian artery bypass with associated thoracic endo-
vascular aortic repair from Ishimaru zone 2 to zone 4
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 Early Management of PAU

Initial management is directed at reducing radial, longitudinal and shear stresses on 
the aortic wall with medical therapy aimed at lowering systolic blood pressures and 
pulse pressures. In acute cases, with progression of a PAU towards intramural 
hematoma (IMH) or aortic dissection, the patient may present with unstable hemo-
dynamics and urgent management is required. Medical management consists of 
using intravenous beta-blockers to target a heart rate of 60–80 beats per minute, a 
systolic pressure of 100–120 mmHg and attempts to preserve end-organ perfusion 
[14, 15]. The main intravenous beta-blocking agents used in this setting are labet-
alol and esmolol. Esmolol is preferred by many physicians, because of its short 
duration of action. Additionally, effective pain control should be instituted to aid 
blood pressure management. In hemodynamically unstable patients, or patients 
with radiographic evidence of (contained) rupture, emergent surgical repair should 
be performed.

 Treatment Options for Type A PAU

Since there is a higher risk of complications of PAU in the ascending thoracic aorta, 
and it is often associated with IMH, the management usually consists of surgical 
intervention (Fig. 3). Open surgical repair is the mainstay of therapy [15, 16], simi-
lar to that seen in typical double barrel Type A dissection treatment.

Recently, there is an increasing interest in using thoracic endovascular aortic 
repair (TEVAR) as an alternative treatment paradigm. Several centers have reported 
successful endovascular treatment of aortic pathology, such as aneurysm and dis-
section, in the ascending aorta and transverse arch [17, 18]. Tsilimparis et  al. 
reported on 10 patients undergoing ascending endograft placement. Four underwent 
cervical debranching, one received a fenestrated and one a branched endograft [17]. 
The technical success was 100%, the 30-day mortality was 10% and the stroke rate 
was 10%. Roselli et al. reported on 39 endovascular procedures with 35 stents hav-
ing proximal and distal landing in Ishimaru zone 0, three occluder devices placed 
for pseudoaneurysms and one total arch endovascular procedure with an innominate 
side branch after cervical debranching [18]. Conversion to open surgery was per-
formed in 10%, with the survival at 30 days of 81% and the observed stroke rate of 
10%. All patients had significant associated comorbidities and were too high-risk 
for open surgery. This likely led to the relatively poor reported outcomes when com-
pared to reports of open surgical repair. As only small cohorts of patients have been 
treated with this approach, and significant complications are reported, endovascular 
treatment of the ascending aorta should be restricted to high risk patients who are 
deemed unsuitable for open surgical repair.

After successful repair of the aorta, imaging surveillance is mandatory to 
ensure there are no further aortic complications in either the treated, adjacent or 
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remote aortic segments, particularly if endovascular therapy has been performed. 
Regular CT surveillance for endovascular procedures is performed at 1 month, 
3  months, 6  months, 12  months and annually after. Medical therapy is also 
required and typically consists of blood pressure management and control 
of lipids.

 Treatment Options for Type B PAU

In patients with Type B PAU there are several options for management of the PAU 
(Fig. 1). If a patient is hemodynamically stable, but symptomatic, medical therapy 
with intravenous beta-blocker and pain management is indicated. If the pain is 
recurrent or refractory, or there are other signs of impending rupture, repair should 
be performed urgently. If the patient can be stabilized and transitioned to oral anti-
hypertensive medication and becomes asymptomatic, pre-operative planning can 
take place and the patient should be planned for early repair within 3 months in 
select circumstances such as development of saccular aneurysms, or rapid expan-
sion of aortic dimension.

TEVAR is an effective therapy for type B PAU and has evolved into the first line 
strategy. The rate of endoleak and re-interventions are similar to those reported for 
TEVAR for other indications, and range from 0 to 13% and 0 to 20% respectively 
[14]. PAUs in patients with progressive disease are usually in more proximal aortic 
segments with the proximal descending thoracic aorta being the most common site 
[7]. In many cases, TEVAR needs to be performed in proximal landing is zone 2, 
and adjunctive left subclavian artery (LSA) management performed as per local 
practices.

Long-term follow-up on PAU post TEVAR is sparse. The current two longest 
reported clinical series had a mean follow-up of 51 and 53 months. Demers et al. 
included 26 descending TEVARs and showed relatively low aortic event related 
mortality of 4% and an equally low aortic reintervention rate of 4% [19]. Mestres 
et al. included 22 PAUs and showed a similar aortic event related mortality rate 5% 
and a higher aortic reintervention rate of 14% [20]. The overall range of follow-up, 
mortality and reintervention rate ranged from 9–53  months, 0–13% and 0–20% 
respectively (Table 1). These numbers suggest that at least in the first 2 years after 
repair, TEVAR compares well to open repair mortality and that attention is needed 
on the durability of TEVAR. Patel et al. performed a comparison between descend-
ing thoracic open repair and TEVAR and found excellent results with the endovas-
cular approach [35]. Early outcomes from descending TEVAR case series over the 
last two decades can be found in Table 2. Similar to those patients who presented 
with type A PAU, statin therapy, in addition to blood pressure control and long term 
imaging surveillance is indicated for the long-term management of these patients 
(Fig. 4).
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 Follow Up

Patients with a history of PAU and atherosclerotic aorta should be kept under life-
long CT-surveillance. The guidelines for the first period after surgery or diagnosis 
are CT angiography at 1, 3, 6 and 12 months and hereafter annually [12, 15, 16]. If 
the patient remains asymptomatic and the aorta does not grow more than 5 millime-
ters per year the interval can be increased. It should be noted that aggressive blood 
pressure control and lifestyle management are critically important to prevent com-
plications during follow-up. PAU should be considered a chronic disease that neces-
sitates lifelong treatment and surveillance.

 Conclusion

PAU is a disease of the arterial wall and is mostly asymptomatic. If a patient devel-
ops symptoms, they largely overlap with the other causes of AAS (AD and IMH). 
The management of PAU closely resembles the two other pathologies in acute aortic 
syndrome. Initial control consists of blood pressure management and pain 

Table 1 Late outcomes of contemporary clinical series (n > 5) of descending endovascular repair 
of penetrating aortic ulcers

References Year N Endoleak Reintervention
Related 
mortality

Follow-up 
(months)

Schoder et al. [21] 2002 8 13% 0 13% 14
Kos et al. [22] 2002 10 20% – 10% 9
Eggebrecht et al. 
[23]

2003 10 10% 20% 0 24

Demers et al. [19] 2004 26 14% 4% 4% 51
Brinster et al. [24] 2005 21 0 0 0 14
Eggebrecht et al. 
[25]

2006 22 5% 9% 0 27

Dalainas et al. [26] 2007 18 6% 0 0 41
Pauls et al. [27] 2007 12 8% 0 0 28
Geisbüsch et al. 
[28]

2008 48 23% 8% – 31

Botta et al. [29] 2008 18 17% 11% 0 22
Girn et al. [30] 2009 11 9% – 18% 32
D’Souza et al. [31] 2009 20 15% 5% 0 24
Patel et al. [13] 2010 37 11% 16% 8% 33
Czerny et al. [32] 2011 72 4% 1% 1% 42
Palombo et al. [33] 2012 16 6% 0 13% 16
Mestres et al. [20] 2012 22 14% 14% 5% 53
Jánosi et al. [34] 2016 63 6% 19% 0 45
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management. Type A PAU necessitates urgent or early elective repair, depending on 
the hemodynamic stability and symptoms of the patient. Type B lesions are prefer-
ably medically managed when asymptomatic and are managed by endovascular 
repair when symptoms or complications are present. Future advances in endovascu-
lar technology may extend the patient population who benefits from the less inva-
sive approach.

Table 2 Early outcomes of contemporary clinical series (n  >  5) of descending thoracic 
endovascular repair of penetrating aortic ulcers

References Year N
PAU location Adjunctive 

debranching
Early 
mortalitya Stroke SCIThoracic Abdominal Both

Schoder 
et al. [21]

2002 8 100% 0 0 0 0 0 13%

Kos et al. 
[22]

2002 10 100% 0 0 – 0 0 10%

Eggebrecht 
et al. [23]

2003 10 80% 20% 0 0 0 0 0

Demers 
et al. [19]

2004 26 100% 0 0 4% 12% 4% 0

Brinster 
et al. [24]

2005 21 100% 0 0 0 0 0 0

Eggebrecht 
et al. [25]

2006 22 73% 9% 18% 0 0 5% 0

Dalainas 
et al. [26]

2007 18 89% 11% 0 0 0 0 0

Pauls et al. 
[27]

2007 12 100% 0 0 0 0 0 0

Geisbüsch 
et al. [28]

2008 48 71% 25% 4% – 6% 4% 0

Botta et al. 
[29]

2008 18 100% 0 0 5% 11% 0 0

Girn et al. 
[30]

2009 11 100% 0 0 0 18% 0 9%

D’Souza 
et al. [31]

2009 20 100% 0 0 5% 0 0 0

Patel et al. 
[13]

2010 37 100% 0 0 27% 5% 5% 5%

Czerny 
et al. [32]

2011 72 96% 1% 3% 35% 4% 3% 1%

Palombo 
et al. [33]

2012 16 81% 19% 0 25% 6% 0 6%

Mestres 
et al. [20]

2012 22 100% 0 0 27% 5% 0 5%

Jánosi et al. 
[34]

2016 63 86% 0 14% 5% 8% 0 0

PAU penetrating atherosclerotic ulcer, SCI spinal cord ischemia
aIn-hospital or 30-day mortality
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Fig. 4 Flowchart for treatment decision-making in a patient with penetrating aortic ulcer
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 Introduction

Patients with acute type A aortic dissection require an immediate surgical interven-
tion to survive [1, 2]. Yet survival after such surgery remains unacceptably low in 
patients with severe organ malperfusion and/or shock [2, 3], despite considerably 
improved surgical techniques [3], individualized organ protection and cannulation 
strategies [4] and integrated, standardized surgical management strategies [5]. In 
fact, while the predicted mortality of patients with acute type A aortic dissection 
without shock or malperfusion remains well below 10% even in the elderly, out-
comes in older patients presenting shock and malperfusion are dismal, with pre-
dicted mortality rates exceeding 50% [2]. Moreover, even in specialized high-volume 
centers, up to 8% of all patients with an acute type A aortic dissection are deemed 
inoperable [6].

Thoracic endovascular aortic repair (TEVAR) has significantly improved the 
perioperative results in the treatment of acute complicated dissections of the 
descending aorta compared to conventional open surgery [7]. Yet TEVAR’s use in 
the more proximal aortic segments, specifically the ascending aorta, remains experi-
mental and is limited to high-volume aortic centers with specialized aortic teams. In 
fact, although TEVAR in the ascending aorta remains the subject of only case 
reports and small case series [8], the rising numbers of successful TEVARs in the 
ascending aorta highlight this therapy’s feasibility. In patients with acute type A 
aortic dissection and a dismal perioperative risk, TEVAR may help to significantly 
improve peri- und postoperative outcomes [2, 8, 9]. Nevertheless, four frontiers 
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currently restrict the routine application of ascending aortic TEVAR to treat acute 
type A aortic dissection, namely, a physiologic, anatomic, medical, and technical 
frontier.

 Physiologic Frontier

The ascending aorta’s motion pattern is uniquely different from the more distal 
aortic segments such as the tubular, straight descending aorta. In fact, the ascending 
aorta’s flow and motion are significantly influenced by its non-planar curvature, 
specific inlet flow conditions from the aortic valve, radial expansion-contraction, 
and transational movement secondary to being attached to the beating heart [10]—
effects that result in its substantial deformation, rotation, and craniocaudal move-
ment [11]. The precise implantation of the stent-graft may be perioperatively 
feasible through rapid over-pacing, halting the heart’s ejection and the movement 
within the ascending aorta. However, when returning to a normal cardiac cycle, the 
interaction between a dissected, flexible, and highly mobile ascending aorta and 
stiff tubular stent-graft remains unclear and the potential risk for stent-graft disloca-
tion and other stent-graft induced complications is very high.

Stable fixation to prevent stent-graft dislocation or migration can be ensured by 
oversizing the stent-graft in comparison to the native aorta. However, particularly in 
a dissected aorta, oversizing also significantly increases the risk for stent-graft 
induced new entries and aortic rupture [12]. If we consider a stent-graft’s potentially 
unequal pressure distribution in the ascending aorta’s small and large curvature, the 
risk for stent-graft-induced complications may even be higher in the ascending aorta 
than in the straight, tubular aortic segments.

Lastly, two small studies, have recently suggested negative aortic remodeling 
entailing reduced biventricular function following the use of TEVAR in the descend-
ing aorta [13, 14]. The impact of stiff endovascular grafts in more proximal aortic 
segments, particularly the ascending aorta compared with the native flexible aortic 
wall, and elimination of the Windkessel effect need to be considered when perform-
ing ascending aortic TEVAR.

 Anatomic Frontier

The length of any stent-graft is defined as the distance between the proximal and 
distal landing zone. When using short stent-grafts, the landing zone should at least 
comprise 20 mm to ensure the stent-graft’s durable fixation and stabilization [15]. 
In addition, there must be no entry tear in either of the two landing zones [15]. In 
this respect, the length of an ascending aortic stent-graft is very limited by the need 
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for proximal and distal landing zons, each measuring at least 20 mm, as well as by 
the short distance between the aortic sinus with the coronary arteries’ offspring and 
the brachiocephalic trunk with the cerebral arteries’offspring. Because of these pre-
conditions, high quality feasibility studies addressing the application of ascending 
aortic TEVAR with a straight stent-graft in patients with type A aortic dissection 
have identified just 32–46% of all patients as being potential candidates suitable for 
a conventional straight endovascular tube graft because the entry tear would need to 
be average length of 30–40 mm in the mid ascending aorta for a straight stent-graft 
to adequately cover it [9, 16, 17]. Therefore, to treat more patients with ascending 
aortic TEVAR, shorter stent-graft landing zones seem inevitable, yet without addi-
tional stent-graft anchorage, the risk for stent-graft-induced complications such as 
its migration would increase considerably. In addition, a perpendicular angle 
between the sinotubular junction and distal ascending aorta can further compromise 
the precise implantation of a straight stent-graft [18].

 Medical Frontier

A substantial number of patients with type A aortic dissection develop cardiac tam-
ponade and/or moderate to severe aortic regurgitation [19]. The latter can be a major 
limitation for isolated ascending aortic TEVAR, while cardiac tamponade may be 
alleviated by simultaneous pericardial drainage or by transapical, antegrade stent- 
graft implantation. Antegrade implantation would both remove any pericardial effu-
sion and simplify stent-graft implantation: true lumen wire placement would be 
simpler, the aortic arch’s steep curvature would be avoided, the risk for dissection 
membrane perforation would be reduced, and accurate and precise stent-graft 
deployment would be easier because of the shorter distance to the ascending aorta.

 Technical Frontier

Currently and commercially available stent-grafts may not be ideal for deployment 
within a dissected ascending aorta, because most patients presenting an acute type 
A aortic dissection would require tapered stent-grafts because of significantly dif-
ferent sizes between the proximal and distal landing zones [9]. Moreover, stent- 
graft dislocation due to the jump phenomenon remains an issue during TEVAR 
deployment, and even slight displacements of the stent-graft in the short ascending 
aorta can have devastating consequences because of the high risk for coronary or 
cerebral malperfusion [20]. The stent-graft’s wedge apposition in the ascending 
aorta is another potential factor limiting durable stent-graft deployment within the 
ascending aorta as it can also raise the risk for stent-graft-induced complications.
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 The Endovascular Valve-Carrying Conduit

The concept of a transapically-implantable, endovascular, valve–carrying conduit 
for treating aortic valve and ascending aortic pathologies was first introduced by 
Rylski et al. [21]. The endo-conduit consists of a proximal transcatheter aortic valve 
connected to an uncovered portion of a covered stent-graft. This device is capable of

 1. closing a primary entry tear in the ascending aorta,
 2. ensuring coronary and cerebral perfusion,
 3. stabilizing the distal aorta, initiating true lumen expansion and ensuring distal 

malperfusion,
 4. treating aortic regurgitation, and
 5. draining any pericardial effusion via a transapical approach

While conventional TEVAR with a straight tube graft requires two landing zones 
to affix and seal the graft durably, the valve-carrying conduit would encompass a 
third, proximal landing zone within the aortic annulus ensuring durable and stable 
anchorage of the entire device (Fig. 1). Hence, the proximal and distal stent-graft 
landing zones need not sustain the stent-graft itself, it merely needs to seal it off. 
Thus, oversizing of the conventional stent-graft landing zones proximally and dis-
tally becomes unnecessary, and the landing zones can potentially be even shorter. 
The latter would enlarge the pool of patients even more.

Individualization is a cornerstone of the conduit because the size of the catheter 
valve and stent-graft portion can be specifically selected to ideally accommodate the 
patient’s unique anatomy and their specific entry-tear location within the ascending 
aorta. In a large feasibility study [9], our group was recently able to demonstrate that 
over two-thirds of all patients suffering an acute type A aortic dissection are poten-
tial candidates for the endovascular valve-carrying conduit to stabilize the proximal 
aorta and close any entry tear within the ascending aorta. Our investigation also 
showed that just eight different stent-graft lengths would suffice to treat these 
patients, but also that most of these patients would require short, tapered stent- 
grafts. Also, 7% of patients would require broader transcatheter aortic valve sizes [9].

A one-stage and a two-stage clinical scenario for implanting the endovascular 
valve-carrying conduit seem feasible. In the one-stage scenario, the conduit could 
be used to stabilize the ascending aorta in patients without malperfusion but carry-
ing a high perioperative risk. Frail patients are potential candidates for this one- 
stage treatment. In the two-stage scenario, the conduit could be the first-step 
treatment to resolve distal malperfusion by re-expanding the true lumen and proxi-
mally stabilizing the dissected ascending aorta. Once the patient has stabilized and 
both shock and malperfusion have resolved, a stable patient could undergo conven-
tional surgery in the second step with significantly better postoperative outcome 
prospects. This scenario is comparable to the Emory group’s TEVAR first strategy, 
but would offer these patients the substantial benefit of proximal stabilization [22, 
23] (Figs. 2 and 3).
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Fig. 1 The endovascular valve-carrying conduit consists of a transcatheter aortic valve connected 
to an uncovered portion of a covered stent-graft. Three landing zones can be generated by the 
device: (1) the aortic valve annulus for stable anchorage of the device, (2) a proximal sealing zone 
at the level of the sinotubular junction, and (3) a distal sealing zone at the level of the distal ascend-
ing aorta before the brachiocephalic trunk’s takeoff. Individualization is the conduit’s fundamental 
advantage, since the catheter valve size and stent-graft portion can be selected individually to 
accommodate the patient’s unique anatomy, and the two components can be connected shortly 
before implantation by a suture. Free coronary and supra-aortic perfusion is thus ensured
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Fig. 2 The endovascular 
valve-carrying conduit 
before implantation. The 
proximal transcatheter 
aortic valve with proximal 
landing zone 1 for 
anchorage is connected to 
the covered stent-graft with 
the two sealing zones (2 
and 3)

Fig. 3 Representative 
radiographic image of in 
vivo implantation of the 
endovascular valve- 
carrying conduits in a pig 
model
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 Conclusion

Ascending aortic TEVAR currently remains confined to the purview of specialized 
aortic centers treating carefully-selected patients with favorable anatomy and/or a 
localized pathology. Physiologic, anatomic, medical, and technical problems limit 
the routine application of TEVAR in the ascending aorta, particularly in patients 
suffering from type A aortic dissection. The provision of an endovascular valve- 
carrying conduit raises the potential number of patients eligible for endovascular 
treatment considerably, and may help to significantly reduce the morbidity and mor-
tality of patients with type A aortic dissections.
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 Introduction

Type A acute aortic dissection (TAAAD) is a surgical emergency that is rapidly fatal 
if left untreated. The international registry of acute aortic dissection (IRAD) reported 
an improvement in surgical outcome, as mortality decreased from 25 to 18% over 
17 years since its inception. Furthermore, contemporary series reported a mortality 
as low as 5% [1–3].

The mortality of TAAAD is determined by preoperative risk factors, such as 
malperfusion syndrome, renal impairment, or preoperative rupture [4, 5]. Therefore, 
an operation that avoids a high-risk reintervention, and that is not associated with an 
increase in immediate risk is optimal. Aortic root replacement, when required to 
completely resect the proximal extent of the dissection, is associated with excellent 
event-free survival and reoperation rates [6–8]. In fact, several series reported that 
replacement of the aortic root in patients with TAAAD is not associated with an 
increase in perioperative morbidity or mortality [5, 9, 10]. Furthermore, there is 
evidence to show that root replacement decreases the need for reintervention, as 
shown in a propensity matched cohort where the freedom from reintervention was 
significantly higher in the root replacement group 98 vs. 86% at 7  years [11]. 
Surgical options for aortic root replacement can be performed using a composite 
valve conduit or a valve sparing technique (VSRR).

In this chapter we will discuss the indications for aortic root replacement in 
TAAAD, valve sparing aortic root replacement (VSRR) in TAAAD, the technical 
details of VSRR in TAAAD, and the result of valve conserving root surgery.
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 Indications for Aortic Root Replacement in TAAAD

Replacement of the aortic root is indicated in patients with an aortic root diame-
ter ≥5.5 cm, a diameter of 4.0–5.0 cm in patients with concomitant risk factors for 
rupture or dissection, or a simultaneously indicated valve or ascending aortic sur-
gery [12, 13]. While these indications are well established in the elective setting, 
they are also applied to patients with TAAAD. In patients with aortic dissection the 
American Heart Association (AHA) recommended root replacement in patients 
with extensive destruction of the aortic root or root dilatation [12, 14]. However, the 
degree of destruction or dilatation is not quantified and is an area of debate over 
whether root replacement is required in TAAAD. Therefore, the decision to replace 
the root is often based on an assessment of the risk of extensive repair against the 
possibility of a complicated redo surgery in the future (Fig. 1) [15].

Following supracomissural repair of TAAAD, the aortic root continues to enlarge 
at a rate 0.50–0.60 mm/year [16]. Furthermore, a substantial proportion of patients 
operated for TAAAD will require a reintervention, the freedom from reintervention 
is in the range 80–30% at 10 years [5, 17]. Conversely, adding a root replacement to 
an already high-risk operation does increase the risk of the operation as shown in the 
University of Pennsylvania study, the mortality of aortic root replacement was 
almost three times higher than supracomissural repair in patients with TAAAD [18, 
19]. Therefore, it is important to identify risk factors for reoperation to enable the 
surgeon to balance the risk of a complex redo procedure against an aggressive index 
operation in TAAAD.

Several authors investigated the risk factors for reoperation following TAAAD 
repair. Young-age has been identified as a risk factor for reoperation by several 
groups [19, 20]. In a study of young patients, under the age of 50, the reoperation 
rate following TAAAD was 24%. In the same cohort 44% of patients who had a 
supracomissural replacement required a root procedure [19, 21, 22]. Kirsch et al. 
studied 160 patients who underwent repair of TAAAD; the freedom from 

Fig. 1 A 61-year-old male 
patient who had 
supracomissural repair of 
TAAAD presenting with a 
pseudoaneurysm 1 year 
following initial repair

E. M. Ahmed and E. P. Chen



271

reoperation at 10 years was 60%, and they identified severe preoperative AI as a 
predictor for proximal reoperation, RR 3.6 (95% CI 1.44–9.77) [7]. Certainly, 
severe AI and root aneurysm are among the commonest indications for reoperation 
following TAAD repair [23].

Patients with connective tissue disease are at a great risk of requiring a reinter-
vention. In the Nordic Consortium for Acute Aortic Dissection Type A (NORCAAD) 
study, the risk of reoperation was five times higher in patients with connective tissue 
disease [24]. A cohort study of over 500 patients, identified Marfan syndrome as a 
risk factor for reintervention (OR 4.68 95% CI 1.6–13.7) [25]. We believe, among 
other groups, that limited ascending repair without root replacement will almost 
certainly result in the need for a root reintervention in this cohort of patients [26]. It 
must be emphasized that often the diagnosis of Marfan syndrome is made after 
presentation with TAAAD. Therefore, a high index of suspicion is needed particu-
larly in the young [19].

In addition to hemodynamic characteristics of the aortic valve and the patients’ 
genetic risk profile, certain anatomical features of the dissection flap and the aortic 
root are associated with a pronounced increase in the risk of a reintervention. The 
preoperative root diameter, number of commissural detachment, and dissection flap 
extension into the root are anatomical features that should be recognized and per-
suade the surgeon to take an aggressive approach to the aortic root in patients with 
TAAAD (Fig. 2) [27, 28].

The controversy, whether the root should be replaced or not, stems from the fact 
that high rates of reintervention and the risk factors for reintervention have not been 
universally identified and agreed upon among investigators. The NORCAAD, for 
example, reported a reoperation rate of 5% at 8 years, most of the reoperations were 
in the form of a root replacement; however, the mean follow-up was 3.3 years, and 
25% of patients in the cohort had a root replacement [24]. Mayo clinic series had a 
freedom from reoperation at 91% and 79% at 10 and 20 years respectively. While 
no predictive factors for reoperation were identified; yet 70% of reoperations were 
for aortic root dilatation or aortic insufficiency [5]. Low reoperation rates have been 
reported by other groups in smaller studies [8, 18, 19, 29].

a b

Fig. 2 Preoperative CTA demonstrating a dilated aortic root with the dissection flap extending 
into the aortic root (a) and the ascending aorta (b)
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The limitations of the evidence available are related to the fact that most studies 
evaluating long term outcomes of TAAAD patients have a small number of patients, 
retrospective in nature, single centre, and have a short follow-up. Therefore, a large 
cohort of TAAAD patients with standardised follow-up is needed to enable the sur-
gical community and patients make an informed decision of the choice of surgery in 
this fatal disease.

At our institution, we perform root replacement if the tear is in the aortic root, the 
root is dilated >4.5 cm in diameter, and in patients with suspected connective tissue 
disease. The IRAD reported a similar strategy of selective root with no difference in 
outcome between the supracomissural repair group and the root replacement group. 
In our experience, the outcome of VSRR in the hemodynamically unstable patients 
and patients with malperfusion syndrome is unfavourable. However, other groups 
did not preclude patients from a VSRR approach because of haemodynamic insta-
bility [9]. Halstead reported excellent results with a similar aggressive strategy 
towards the root [8]. We also believe that the surgeon’s experience should be con-
sidered before recommending a liberal root replacement strategy in patients with 
TAAAD [9, 30, 31].

 VSRR in TAAAD

Bentall and De Bono used a Starr valve and a Teflon graft in their technique of com-
posite valve conduit aortic root replacement with reimplantation of the coronary 
arteries [32]. The technique was modified by Cabrol, as the two ends of an 8 mm 
Dacron graft were anastomosed to the coronary ostia, the graft is subsequently anas-
tomosed sided-to-side to the aortic prosthesis [33]. The early mortality in Cabrol 
series, a third of which had aortic dissection, was an outstanding 4% [34].

The prosthetic valve component is the main limitation of the Bentall procedure. 
Mechanical valves offer better durability, particularly in young patients, in compari-
son with bioprosthesis. The durability of mechanical prosthesis is offset by the risk 
of anticoagulation, thromboembolic events and valve thrombosis. Bouhout and 
associates reported survival, freedom from reoperation, and freedom from signifi-
cant bleeding of 87%, 82%, and 90% respectively at 10 years in young patients. A 
meta-analysis of the Bentall procedure, 7629 patients included, reported an annual 
linearized risk of 2% for mortality, 0.77% thromboembolic events, and 2.66% of 
valve related adverse events [35].

The risk of structural valve degeneration of bioprosthesis is of a considerable 
importance when a bio-Bentall is contemplated. Reports of freedom from struc-
tural valve degeneration of modern bioprosthesis are limited by short follow-up 
[36]. In a UK-based registry, the results of biological AVR were not encouraging 
with a freedom from reintervention or death of 47% at 10 years [37]. The AVR 
data is pertinent to aortic root replacement using the Bentall technique, and clearly 
the long-term results of prosthetic valve replacement are suboptimal. It is logical 
that avoiding the adverse implications of a prosthetic valve, if possible, may result 
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in an improved survival and quality of life in patients undergoing aortic root 
replacement [38, 39].

Sir Magdi Yacoub recognized in a cohort of patients with aortic insufficiency and 
aortic root aneurysm with normal cusps morphology that it was feasible to repair the 
aortic root, restore the aortic valve hemodynamics, and preserve native valve func-
tion. In Yacoub’s remodelling technique, the aortic sinuses are excised, leaving a 
rim of 3 mm, the coronary ostia are isolated with a small aortic rim surrounding 
them (coronary button), and a tube graft, fashioned into three tongues, is sutured to 
the residual wall of the aortic root; subsequently, the coronary buttons are attached 
to the tube graft [40, 41]. The remodelling method proved to deliver durable aortic 
valve repair in selected patients [42]. A comparison between the results of remodel-
ling in patients with type A aortic dissection and those with aneurysm revealed a 
longer bypass time, longer ICU stay, and a mortality of 19% in line with the average 
mortality in the IRAD with no difference in the reoperation rate or incidence of 
AI [43].

Tirone David and Chris Feindel, in 1992, introduced the reimplantation proce-
dure, and reported their experience of ten patients with annuloaortic ectasia; four 
patients had aortic dissection in the series. In the reimplantation technique, the aor-
tic valve is implanted within a tube graft that is anchored to the VAJ. In their series, 
there were no deaths, and one patient required reoperation for aortic insuffi-
ciency [44].

The advantage of the remodelling is that it preserves the inter-leaflet triangles, 
which may facilitate the dynamic nature of the native aortic root. Indeed, in-vivo 
studies demonstrated superior hemodynamics with remodelling in comparison with 
reimplantation [45]. However, a major limitation of the remodelling procedure is 
that it doesn’t provide external stabilization of the VAJ, which is a potential cause 
for recurrence of AI and a source for a higher failure rate in patients with TAAAD 
[46–48]. However, the reimplantation requires more extensive dissection of the aor-
tic root, takes longer, and potentially technically more demanding [42, 46]. Emanuel 
Lansac addressed stabilisation of the VAJ by adding an expansible ring in the sub-
valvular plane [49, 50]. The early results of remodelling in addition to subvalvular 
ring implantation demonstrated a reduction in the rate of reoperations and intraop-
erative conversion to prosthetic valve replacement [50]. Several modifications of the 
remodelling were developed, but most remain single-centre and reported in a small 
number of patients. Dr. C Miller group advocate a conservative partial root replace-
ment, Uni-Yacoub or Bi-Yacoub repair, in selected patients [51].

 Technical Aspects of Valve Sparing Root Replacement 
in TAAAD

The aim of VSRR is to provide durable repair with a low reintervention rate on the 
aortic valve. At the authors’ institution, our procedure of choice is the reimplanta-
tion technique. Stabilization of the VAJ with a ring in combination with remodelling 
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of the aortic root is a viable option [52]. Regardless to whether reimplantation or 
remodelling with ring stabilization is used, the technical aspects pertinent in the 
setting of TAAAD are shared.

The technical aspects of cardiopulmonary bypass in TAAAD repair are discussed 
elsewhere in this book. At Emory, we use the right axillary artery or the ascending 
aorta for arterial return, and the right atrium is used for drainage through a three- 
stage venous cannula inserted through the right atrial appendage. At a bladder tem-
perature of 24–28  °C, the innominate artery is clamped and unilateral antegrade 
cerebral perfusion initiated. The aortic arch is reconstructed, using the neo-intima 
technique, and repaired as indicated. Following completion of distal reconstruction, 
the distal tube graft is clamped and total body perfusion is resumed through the right 
axillary artery.

At this stage the aortic root and valve are assessed for indication for root inter-
vention and suitability of the aortic valve for preservation. With regard to the aortic 
valve, particular attention is paid to leaflets tissue quality, thickening, calcification, 
leaflet fenestration, leaflet prolapse and valve configuration. If the valve is suitable 
for preservation, the aortic root tissue is excised, leaving a 4–5 mm rim of aortic 
tissue, and the coronary buttons created. Subsequently, the aortic root is dissected 
free from surrounding structures 2 mm below the nadir of each cusp; the dissection 
is limited in the non-coronary/right coronary commissure because of the natural 
limitation imposed by the membranous septum and the muscular septum; the left 
atrium forms the lower limit of left coronary sinus dissection.

It is important to note that in cases of TAAAD tissue planes are more challenging 
to identify because of the haematoma and the swelling induced by the dissection 
(Fig. 3). It is worthwhile to invest in careful dissection to avoid inadvertent injury to 
the right ventricular outflow tract (RVOT), pulmonary artery (PA), and coronary 
vessels. Should an injury be identified, it should be repaired immediately.

Once the dissection is carried to the lowest point desired, 2-0 Polyester sutures are 
placed from within the LVOT and used to anchor the aortic prosthesis. We do not use 
pledgeted subannular sutures, as we believe pledgets can potentially interfere with 

Fig. 3 TAAAD with 
haematoma extension into 
the pulmonary artery, 
dissection of tissue planes 
for VSRR can be 
challenging
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the undersurface of the leaflet. The proximal end of the graft is anchored to the suban-
nular sutures with the valve and remnants of the aortic root telescoped within the 
graft. Subsequently, we assess the height of the commissures and suspend them to the 
graft with 5/0 Polypropylene under tension. It is important to maintain tension on the 
commissures at this stage. The aortic root rim is sutured to the graft with 5/0 
Polypropylene sutures (Fig. 4); we assess leaflet coaptation, and should leaflet repair 
be required, it is performed at this stage. The coronary buttons are then anastomosed 
to the graft, starting with the left coronary artery. If the there is doubt regarding the 
integrity of the tissue of the coronary button, Cabrol modification of the original 
Bentall procedure, using a conduit to anastomose the coronary arteries to the graft is 
a sound strategy that we occasionally employ, as it helps avoid disappointment caused 
by a bleeding coronary button at the end of a long operation [6, 53]. We administer 
cardioplegia into the root and assess its’ competency prior to releasing the cross clamp.

It is of paramount importance to carefully assess the TEE images after discon-
tinuing CPB for evidence of AI. Should AI be identified, it is helpful to identify the 
aetiology and mechanism from TEE, as that would shorten the second clamp time 
required to address AI. It is our strategy to reclamp should AI > +1 be detected on TEE.

Regarding the sizing of the graft, we used David’s formula of a graft 
size = [2*(Cusp*2/3)] + 6 to 10 mm to select a prosthesis appropriately. The height 
of the NC/RC commissure as proposed by El Khoury, or a Hegar dilator can also be 
used as guide prosthesis size [54]. We do not perform complex cusp repair in 
patients with TAAAD, as a second clamp may prove to be costly in this critically ill 
cohort of patients.

 Results of VSRR in TAAAD

Sir Magdi Yacoub reported the results of remodelling in 158 patients, 31% had 
acute aortic dissection, with a mortality of 4.6% for the whole cohort; the mortality 
of patients with acute type A aortic dissection was 18%. However, a third of patients 
developed moderate aortic insufficiency, during a mean follow-up of 5 years [55].

a b

Fig. 4 (a) The aortic root is dissected leaving a 3–4 mm of tissue. (b) The valve is telescoped 
within the graft and sutured with 5-0 Polypropylene to the prosthesis prior to implantation of the 
coronary buttons
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The partial root replacement, including Uni-Yacoub and Bi-Yacoub, technique 
has been adopted by other groups, with a reported freedom from reintervention of 
100–90% at 10 years or more [3, 56, 57]. Urbanski used a similar strategy in 46 
patients with TAAAD with no valve related reintervention at mean follow-up of 
4.5 years [58]. However, the selective sinus repair excellent results have not bee 
replicated by other group; in Chiu series 11% of patients who had unisinus or bisi-
nus repair had a reintervention, while 0% of the Bentall group [27]. A study from 
Japan reported repair of AAAD in 19 patients, using the remodelling technique with 
VAJ ring stabilisation; the perioperative mortality was 5.6% and one patient needed 
reoperation for AI during a follow-up of 56 months [52]. The experience with this 
strategy in TAAAD is still its infancy, and we would be curious for long-term results 
and larger series to be reported.

The largest series to date of VSRR in TAAAD is from Hannover; Beckmann 
et  al. reported their results of 109 patients who underwent David procedure for 
TAAAD. The in-hospital mortality was 11%, despite 40% of patients undergoing 
concomitant total arch replacement, which is below the mortality reported by IRAD, 
with a 10-year freedom from reoperation of 85%. Freedom from AI < +1 was 96%. 
Interestingly, when adjusted for perioperative mortality, the long-term survival of 
patients treated with VSRR for TAAAD is no different from elective patients [59]. 
These excellent results should be evaluated bearing in mind that in Hannover, on 
average, 22 VSRRR are performed electively every year; while in the USA the 
median number of aortic root surgeries performed by a centre is 2, and only 5% of 
centres performed more than 16 aortic root operations annually [60].

At Emory we published our experience in VSRR in TAAAD patients over 
13 years. Of the 132 patients, 52 had VSRR. The 30-day mortality was 3.4% and 
14.3 in the VSRR and root replacement groups respectively. The freedom from AI 
+2 was 94% at midterm follow-up and no patient required AVR. Furthermore, long- 
term survival benefit has been demonstrated following VSRR [31, 38, 61].

A comparative study of Bentall and David procedure in 135 TAAAD patients, 
reported similar adjusted perioperative mortality, no reoperations in the David 
group, and a better 10 year survival in favour of VSRR, 98% vs. 57% at 10 years. 
The Leipzig group reported the results of 208 root replacement in TAAAD, 130 
Bentall, 51 modified Yacoub, 21 David, with similar perioperative results, despite 
the longer bypass time in the reimplantation group; the freedom from reoperation 
was also similar and in excess of 80% in all groups at 5 years [62]. Higher freedom 
from reoperation rates were reported in smaller series [63]. It is likely that in self- 
selected institutions good results are obtainable [64]. However, the encouraging 
results of VSRR in TAAAD are not consistent. Tanka et al. reported 24 VSRR, from 
a total cohort of 328 TAAAD patients, with a freedom from reoperation and free-
dom from moderate AI of 65% [65]. Tanaka’s series is over a 16 years period, which 
may reflect a small volume of VSRR, and may explain the discouraging results. On 
the other hand, an element of publication bias is likely, as centres with good results 
are more likely to publish them.
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A meta-analysis of valve sparing root replacement, 10% had TAAAD, reported 
a linearized mortality rate of 1.5%, 0.4% thromboembolic events, and a rate of 1.7% 
of major adverse valve related events [66]. Furthermore, a meta-analysis comparing 
Bentall and VSRR, including 9 studies and 706 patients, reported an improvement 
in early mortality and late mortality in the pooled VSRR group with an OR 0.77 
(0.21–0.57 95% CI) for early mortality. The linearized late mortality was 4.1% and 
19.8% for VSRR and Bentall respectively, OR 0.34 (95% CI 0.21–0.57) for later 
mortality. However, reintervention rate was higher in the VSRR group. The number 
of patients included in each study ranged from 52 to 295 patients, and all the studies 
were cohort studies. It is likely that there is an element of selection bias in all the 
reported studies based on surgeons’ experience and patents’ characteristic. Yet it is 
safe to conclude that in the appropriately selected patient VSRR provides long term 
benefit, these findings resonate with meta-analysis findings in aneurysmal aortic 
root disease [67, 68].

Aubin et  al. reported a single surgeon experience of liberally employing the 
reimplantation in 45 patients with TAAAD. All patients with root involvement, in 
the absence of haemodynamic instability or serious organ dysfunction had reim-
plantation repair. Despite an increase in ischaemic time, cardiopulmonary bypass 
time by an approximately 50 min, the 30-day mortality of the reimplantation and 
non-reimplantation groups was 17% and 23% respectively. No reoperations were 
required for proximal disease, and the mean AI grade was 0.6 at 5 years follow-up. 
While Aubin’s series is relatively small, it is among the most recently published data 
reflecting an increase in experience with reimplantation, a trend of a more aggres-
sive approach to the root. It highlights importance of the surgeon’s experience in 
achieving a good outcome in this challenging condition [69].

Others have demonstrated the association between surgeons with aortic interest 
and an aggressive approach towards the root, with a potential survival benefit [70]. 
The trend towards a more radical root strategy is particularly evident in the light that 
the University of Pennsylvania group published a series, just under a decade ago, of 
“new paradigms” in TAAD in which under a quarter of patients had aortic root 
replacement [71]. We have seen time and time again in cardiac surgery “the pendu-
lum swing” and only more data would enable us to assess if swing in the other direc-
tion is needed.

 Conclusion

In experienced centres VSRR should be considered if the valve morphology is 
favourable and in the absence of increased perioperative mortality risk factors. 
Young patients and patients with dilated aortic root or genetic aortic syndromes 
would probably benefit the most from valve conservation and preservation of native 
valve function.
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Surgery for acute type A aortic dissection is associated with high operative mortal-
ity and morbidity largely because of its heterogeneity in pathology, pathophysiol-
ogy and clinical presentation. Many patients die before reaching an emergency 
room whereas others walk in a doctors’ office complaining of vague chest discom-
fort or other symptom and are found to have acute type A aortic dissections. The 
dissection may involve only the ascending aorta in some cases whereas in most 
patients the entry tear is in the proximal ascending aorta and the false lumen extends 
down to the thoracic, abdominal and even femoral arteries causing various degrees 
of organ malperfusion. The faster the diagnosis is made and the faster the patient 
can be taken to the operating the better for the patient, and probably for the surgeon 
too. The mortality of acute type A aortic dissection during the first 24 h is very high 
and referring these patients to an aortic center may be inappropriate because what-
ever might be gained in operative mortality if the operation is performed by an 
experienced aortic surgeon the overall mortality might be higher by delaying sur-
gery. In addition, even experienced aortic surgeons find challenging to operate on 
certain patients with acute type A aortic dissection. Thus, the general cardiac sur-
geon working somewhere distant from an “aortic center” is probably the best person 
to save the patient’s life. This is an operation that every cardiac surgeon should be 
able to perform, and if it is planned and executed well, the mortality and morbidity 
rates can be reduced.

This chapter was written with the “general cardiac surgeon” in mind, the one 
who sees only a few patients with acute type A dissection each year. Based on my 
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lifetime experience working in a teaching hospital, I will be describing techniques 
that I know that are reproducible if only followed correctly and performed with care 
and attention to the details I will enumerate. Although I already mentioned, I firmly 
believe that prompt diagnosis and immediate surgery are crucial in this disease, and 
the sooner you can get the patient on the operating table, the better the operative and 
long-term outcomes will be.

 The Hemodynamically Unstable Patient

Hemodynamic instability after acute type A aortic dissection occurs because acute 
myocardial ischemia due to the dissection or ruptured of the false lumen into the 
pericardial cavity with consequent pericardial tamponade or rupture into the chest 
of abdominal cavities. It is difficult and sometimes impossible to save the patient 
with acute rupture of the false lumen in the pleural or abdominal cavity. However, it 
is relatively common to have to operate on patients with myocardial ischemia or 
pericardial tamponade. Patients with acute type A dissection and myocardial isch-
emia may have been treated by emergency room doctors with drugs such as ticagre-
lol which immensely increases the risk of massive postoperative bleeding. I have 
operated on only two such patients and one died as consequence of massive blood 
transfusion after a correctly and expeditiously performed operation for acute type A 
dissection.

An arterial line on the right radial or brachial artery, a central venous line, and a 
good peripheral IV are indispensable in hemodynamically unstable patients. 
Although transcutaneous cannulation of the femoral vessels can be performed, I 
believe you should start the operation by making an incision in the inguinal area and 
expose the anterior wall of the femoral vein and common femoral artery. If the 
femoral artery has evidence of a false lumen, mobilize this vessel circumferentially 
and put tapes around it. If there is no dissection, simply put a purse string suture on 
the anterior wall of the common femoral artery. A purse string suture should also be 
place on the femoral vein. Next, go to the chest and do a full median-sternotomy. If 
the hemodynamic instability is due to tamponade the pericardial cavity will be tense 
and blue. Don’t open it because if you do there is a risk of a hypertensive crisis and 
the aorta may blow up and make things messy. Give heparin and insert perfusion 
cannulas in the femoral vessels using the Seldinger technique. If the femoral artery 
has a false lumen, clamp it and open it transversely and insert a cannular into the 
true lumen. Both the arterial and venous cardiopulmonary bypass lines should have 
a second arm of tubing 80–100 cm long in case you need another venous cannula to 
completely drain the right side of the heart, or another arterial cannula. Go on 
bypass and start to cool the patient. Make a small incision in the pericardium and 
begin to drain the fluid slowly. Alert the anesthetist of possible hypertension and 
reduce the doses of inotropes and vasopressors. The rupture that caused the tampon-
ade is often sealed and there is no active bleeding in most patients. If this is the case, 
carry on and you may want to insert a cannula in the right atrium for better venous 
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drainage. The heart is not likely to fibrillate very soon if left undisturbed because it 
is the last organ to receive cold blood when blood is pumped into a femoral artery. 
However, if the heart is ischemic because of occlusion of the right coronary artery 
by the dissection and/or if there is severe aortic insufficiency, the heart may fibrillate 
sooner than you hope. Regardless, it is safer to insert a vent into the right superior 
pulmonary vein and gently advance it into the left ventricle. In addition, you should 
do two more things while the patient is being cooled: insert a cardioplegia cannula 
into the coronary sinus and put a tape around the superior vena cava. If the heart 
begins to fibrillate but the left ventricle is not distending, wait until the nasopharyn-
geal temperature reaches 20–22 °C. If the ventricle is distending, apply suction on 
the ventricular vent and increase the pump flow into the femoral cannula. 
Uncommonly, the aortic insufficiency is so severe that perfusion pressure cannot be 
maintained or the heart remains distended and requires more than an occasional 
manual squeeze to decompress it. In this case, reduce the pump flow to 1 l/min and 
apply a large clamp on the proximal half of the ascending aorta, as close to the sino-
tubular junction as possible without much dissection (you will have to clamp part of 
the pulmonary artery too), and gently increase the pump flow. When the heart is 
empty give 1–2 l of cold blood cardioplegia into the coronary sinus. You may also 
want to use some topical cooling by placing ice over a sponge on top of the right 
ventricle.

When the target temperature is reached, snare the superior vena cava and wait for 
30 s before stopping the pump (venous hypertension prevents air from entering the 
cerebral circulation). Transect the ascending aorta at its mid-portion and incise its 
anterior wall (false and true lumens) up to the level of the innominate artery. Visually 
inspect the intima of the aortic arch for any tear, and if there is none, cut the ascend-
ing aorta a few millimeters below the level of the innominate artery.

If you did not have to clamp the aorta because of severe aortic insufficiency, now 
is the time to give retrograde blood cardioplegia (the perfusionist has to know in 
advance that cardioplegia will be given during circulatory arrest).

Choose a tubular Dacron graft that fits inside the true lumen of the arch, usually 
26–30 mm in diameter, depending of the size of the patient and aorta. Dacron grafts 
manufacturers make large straight grafts with a side arm (8–10 mm) that can be used 
for antegrade perfusion. Next, suture the Dacron graft 5–7 mm inside the intima on 
the posterior wall of the aortic arch with a horizontal mattress suture of 4–0 polypro-
pylene buttressed on a 4–5 mm wide strip of Teflon felt on the adventitia. The needle 
should be the thinnest you can find. Begin to suture the graft into the posterior wall 
of the arch by making sure that the graft lies at least 5–7 mm inside the dissected 
intima of the aortic arch. Every bite should be through the intima first, 3–4 mm apart 
from each other, and 5–7 mm into the arch and in the graft. Once you reach the 
innominate artery, take the second arm of the suture and begin to sew the anterior 
wall of the graft inside the intima with the same precision that you sutured the pos-
terior wall. Never pull the suture against the intima; pull it always against the graft to 
prevent tears in the intima along the suture line. I do not think you should use French 
glue or BioGlue® (Cryolife, Kennesaw, GA) but other experienced surgeons believe 
that it makes the anastomosis more hemostatic. If you are going to use glue, do so 

Basic Approaches for the Surgical Management of Acute Type A Aortic Dissection…



286

sparingly and only in between the dissected layers along the first centimeter where 
you are going to suture the graft. Fibrin glue can also be used to “glue” the layers 
together before suturing the graft and it does not cause tissue necrosis like the others 
do. Next, remove the arterial femoral cannula and insert into the Dacron graft, 1 cm 
from the distal anastomosis by making a small transverse cut in the graft (smaller 
than the size of the arterial cannula) and placing two 4-0 polypropylene sutures, one 
on each end of the cut to secure the cannula, and later to close the hole in the graft. 
Conversely, if you have large Dacron grafts with a side arm for perfusion, insert the 
cannula into the perfusion limb of the graft. Start antegrade perfusion with an open 
graft and carefully de-air the aortic arch. Clamp the Dacron graft close to the new 
arterial cannula or perfusion limb of the graft and increase perfusion pressure. 
Release the tape on the superior vena cava and re-establish full cardiopulmonary 
bypass. The distal anastomosis seldom leaks if performed as described. If it does, 
place extra stitches but reduce the pump flow to 1 l/min while you are putting the 
stitches and tying them. When the anastomosis is perfect, begin to re-warm the 
patient. Figure 1 illustrates the sequence of the technique described above.

I have had a few patients in whom the ascending aorta was bleeding actively 
when I opened the pericardium and I had to exsanguinate the patient into the venous 
reservoir, clamp the aorta above the rupture and re-establish full cardiopulmonary 
bypass before proceeding with the operation as described above. Those patients did 
not always survive surgery.

To Oxygenator

From Oxygenator
Cannula

out

Fig. 1 Femoral artery perfusion reverses the flow in the false lumen and aortic clamping should 
be avoided to reduce the risk of malperfusion. The distal anastomosis should be performed under 
circulatory arrest. The femoral cannula should be removed and inserted into the Dacron graft for 
antegrade perfusion after completion of the distal anastomosis or connected to a perfusion branch 
already sewn to the Dacron graft
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Clamping the aorta just below the takeoff of the innominate artery in acute type 
A aortic dissection should be avoided when arterial blood is pumped in the femoral 
artery because it can increase the risk of malperfusion and cause multiple ruptures 
of the false lumen (Fig. 1).

It is generally believed that it is important to resect the primary tear in type A 
aortic dissection. Luckily, in most patients the tear starts just above the sinotubular 
junction in the greater curvature of the ascending aorta. However, the primary tear 
can be in the aortic arch and resection can be complicated because it may require 
replacement of the entire aortic arch, and sometimes even replacement of the proxi-
mal parts of the brachiocephalic arteries. This is not an operation for a “general 
cardiac surgeon”. I believe that the safest thing for you to do is to replace the ascend-
ing aorta as described above and leave the tear in the aortic arch unless you can 
resect the tear without detaching the brachiocephalic vessels from the aortic arch 
and descending thoracic aorta. You should do your best to save the patient’s life and 
if further surgery is needed in the future, so be it, and it is certainly much better than 
death or a devastating stroke if you try to replace the aortic arch and brachiocephalic 
arteries in this acute setting.

 The Hemodynamically Stable Patient

In the hemodynamically stable patient with acute type A aortic dissection you can 
take a bit more time and do things differently. You should have two monitoring arte-
rial lines, one on each arm, and perhaps even a third one in a femoral artery (all this 
to control malperfusion during cardiopulmonary bypass). If you know how to 
expose the right axillary artery, this is the ideal vessel to use as arterial return during 
cardiopulmonary bypass unless there is a complex arch dissection with tears that 
extend into the right subclavian artery which his uncommon but when it does you 
should not use it for arterial return. The right axillary artery should be mobilized for 
a length of 25–30 mm and elastic vessel loops passed around it proximally and dis-
tally or you also can use fine vascular clamps. A tubular graft of 6 or 8 mm (Dacron 
or Gore-Tex) should be sutured to it in an end-to-side fashion and used for arterial 
return (Fig. 2). You do not have to give heparin to perform this anastomosis because 
there are plenty collaterals around the axillary artery. Once the anastomosis is com-
pleted, release the distal vessel loop first and let some blood out. Occlude the vessel 
distally and release the proximal vessel loop for a fraction of second. Clamp the 
graft a few millimeters from the anastomosis and release both vessel loops. Make 
sure the anastomosis is intact. The blood pressure in the right radial artery should 
return to normal after releasing the vessel loops.

Do a full median-sternotomy, open the pericardium and give heparin. Connect 
the arterial line to the axillary artery graft (Fig. 2). This line should have a second 
limb of tubing 80–100 cm for another arterial cannula if needed. Use the right 
atrium for venous drainage. Go on cardiopulmonary bypass and began to cool the 
patient. If the mean arterial pressure in the right arm is greater than 15–20 mmHg 
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than in the left arm, gently snare the distal vessel loop on the axillary artery until 
the mean pressures are similar. If the arterial resistance in the pump head is too 
high to deliver the calculated blood flow, you need to insert a second arterial can-
nula, probably in the femoral artery. Insert a left ventricular vent through the right 
superior pulmonary vein. You can now clamp the ascending aorta 1–2 cm below 
the takeoff of the innominate artery and wait for a few seconds to make sure the 
blood pressure remains the same in both arms. Transect the aorta and give car-
dioplegia either directly into the coronary arteries or retrograde into the coro-
nary sinus.

Carefully dissect the aortic arch and brachiocephalic arteries. Start by detaching 
the pericardial reflection around the distal ascending aorta, then the innominate 
vein, and finally the three brachiocephalic arteries. When the nasopharyngeal tem-
perature is 25 °C and the rectal is below 30 °C (the rectal temperature will not drop 
as fast as the nasopharyngeal because cold blood is being pumped into the axillary 
artery) you can reduce the flow to 10 ml/kg/min, clamp all three bachiocephalic 
vessels, remove the aortic clamp and cut the ascending aorta (true and false lumens) 
immediately below the level of the innominate artery. Suture a tubular Dacron graft 
to the aortic arch as described above for the hemodynamically unstable patient. 
Once this anastomosis is completed you may to use the axillary artery for antegrade 
perfusion or insert a new arterial cannula into the Dacron graft as described above. 
If the anastomosis is intact, begin to re-warm the patient.

If you are unfamiliar with axillary artery anatomy or this artery is too small to 
supply blood to the entire body, you may use the femoral artery for cardiopulmo-
nary bypass and conduct the operation as we described for the hemodynamically 
unstable patient but avoid clamping the aorta to reduce the risk of malperfusion and 
further expand the false lumen.

Fig. 2 Axillary artery perfusion may prevent malperfusion because blood is pumped into the true 
lumen. With this type of arterial return during cardiopulmonary bypass the ascending aorta may be 
clamped without increasing the risk of malperfusion
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 The Patient with Malperfusion

Malperfusion of one or more organs (heart, brain, mesenteric, renal and periph-
eral arteries) was associated with higher operative mortality in all three large 
registries on acute type A aortic dissection (International Registry on Acute 
Aortic Dissection, German Registry for Acute Aortic Dissection Type A, and the 
Nordic Consortium for Acute Type A Aortic Dissection). Malperfusion of at least 
one organ occurs in approximately one-third of all patients. The best approach to 
manage these patients remains controversial and it ranges from immediate sur-
gery and repair of the proximal aorta to force the blood into the true lumen to 
percutaneous intervention with fenestration and stenting of the descending tho-
racic aorta and delay repair of the proximal aorta. What should the general car-
diac surgeon do when a patient presents with life threatening malperfusion? If the 
patient has mesenteric ischemia and profound lactic acidosis, surgery may be 
futile. If resources for percutaneous intervention are available, fenestration and 
stenting can be considered. If the patient has myocardial, cerebral, renal or 
peripheral malperfusion and has no serious co- morbidities, I believe immediate 
surgery with cardiopulmonary bypass with at least two arterial cannulas (axillary 
and femoral) or one central cannula into the true lumen (if you can do this safely) 
is probably the safest approach. If malperfusion persists after proximal aortic 
repair which restored flow into the true lumen, a separate procedure may be nec-
essary and this may involve transcatheter interventions such as fenestration and 
stenting of large and medium size arteries or an extra-anatomic bypass such as 
axillary artery to femoral artery bypass for lower limb ischemia. Patients with 
persistent malperfusion after proximal aortic repair usually succumb postopera-
tively in spite all available therapies.

 The Patient with Aortic Arch Tear

The aortic arch can be the primary site of an aortic tear and the dissection can propa-
gate distally (antegrade false lumen) or proximally (retrograde false lumen) or in 
both directions. Patients with antegrade aortic arch dissection can be managed med-
ically initially as if they had Type B aortic dissection, however, if the dissection 
extends proximally the risk of rupture into the pericardial cavity appears to be simi-
lar to Type A and surgery with total arch replacement and probably and descending 
thoracic aortic stent should be done. These types of operations are in the domain of 
experienced aortic surgeons and referral to an aortic center may be the best for the 
patient.
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 The Aortic Root

Once the distal anastomosis is completed attention is turned to the aortic root. 
Transect the false and true lumens 5–7 mm above the sinotubular junction. Gently 
suspend the three commissures of the aortic valve and inspect the cusps. If they are 
normal or near normal, an attempt should be made to save them. Next, inspect the 
aortic sinuses and the extensiveness of the dissection. If it involves only the non- 
coronary aortic sinus and part of the right (the most common finding in acute type 
A dissection), and the sinuses are not aneurysmal, they can be preserved. I don’t 
believe you should use BioGlue® (I prefer to use fibrin glue to seal the intima with 
the adventitia) but many surgeons disagree with me. If you are going to use glue do 
so sparingly to minimize tissue necrosis and false aneurysms later on. Suspend the 
three commissures and approximate them until the three cusps touch each other. 
Measure the diameter of the imaginary circle that include all three commisures and 
use a Dacron graft of this size to repair the root. In one end of the graft make three 
equidistant marks (approximately at 120° from each other), unless the inter- 
commissural distances are grossly different (the left cusp is usually the smallest of 
the three and so is its inter-commissural distance). Using three horizontal mattress 
sutures (4-0 polypropylene with a fine needle) secure the Dacron inside the aortic 
root immediately above each commissure using the marks made in the end of the 
graft as reference points. Buttress these sutures on a strip of Teflon felt on the adven-
titia of the aortic root. As with the distal anastomosis, carefully suture the Dacron 
graft to the aortic root using the same principles (the bites should be 3–4 mm apart 
and 5–7 mm into the aortic wall and Dacron graft, and the needle is always passed 
from the inside to the outside of the aortic root). Once this anastomosis is com-
pleted, inject blood cardioplegia under pressure inside graft by clamping its distal 
part. This maneuver tests the integrity of the proximal anastomosis and aortic valve 
competence. In my experience, if the ventricle does not distend while cardioplegia 
is given and the ventricular vent is not on suction there must be none or less than 
mild aortic insufficiency.

If the aortic sinuses are aneurysmal or extensively dissected but the cusps are 
normal, an aortic valve-sparing operation can be performed. Reimplantation of the 
aortic valve in a tubular Dacron graft has been shown to provide excellent long-term 
results in patients with acute type A aortic dissection that need aortic root repair. 
Aortic valve sparing operations are complex procedures and usually out of the 
domain of the general cardiac surgeon and I believe that an aortic root replacement 
is probably safer in this setting. Depending on the patients’ age you may use a 
mechanical or a tissue valve.

Finally, if the aortic sinuses are relatively normal with minimal dissection but the 
aortic cusps are diseased, replace the aortic valve, leave the coronary arteries where 
they are, and suture a graft in the supra-coronary position.
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If the dissection involved the orifice of the right coronary artery but the intima of 
this artery is intact, there is no need to bypass it as elimination of the false lumen 
alone should re-establish normal flow. If there is an intimal tear around the orifice 
of the right coronary artery or its intima is damaged, it is safer to tie it off and bypass 
it with a saphenous vein graft 1 or 2 cm from its origin. Remember that suturing a 
vein graft into collagen impregnated Dacron can cause ostio-stenosis of the vein due 
to pannus. Thus, if the vein has a small caliber (<4 mm), it is safer to sew a patch of 
vein graft on the Dacron graft (a circular patch 1–1.5  cm2 is adequate) and the 
saphenous vein graft onto the vein patch.

Trim the distal and proximal Dacron grafts and suture them together. Remember 
that the total length of the ascending aorta graft should be only 4–5 cm. Thus, both 
the distal and the proximal grafts should be relatively short to prevent kinking of the 
graft. De-air the heart and unclamp the distal graft. Reperfuse the heart and when 
the rectal temperature is around 36 °C discontinue bypass. If things are stable and 
you have a cannula into the aortic graft, remove it before reversing the heparin and 
put it into the right atrium in the place of the venous cannula. Tie the sutures that 
you placed to secure the cannula in the graft and run a fine polypropylene suture for 
hemostasis. Obviously, this is not necessary if you used a Dacron graft with a per-
fusing branch. Give protamine and make sure hemostasis is perfect. Transfusion of 
platelets and other clotting factors are often needed in acute type A aortic dissection 
because most of these patients develop coagulopathy.

Do this operation as described and your patient will have a 90% chance to go 
home alive and without neurological deficit. Unfortunately you will lose some 
patients mostly because of malperfusion, which remains an unresolved problem in 
surgery for acute type A aortic dissection.

 Postoperative Care

Most surgically treated patients with acute type A aortic dissection require more 
than one day in the intensive care unit. In addition to the routine postoperative care 
for patients who undergo surgery on cardiopulmonary bypass they need close sur-
veillance for malperfusion and may need further intervention if the malperfusion is 
life-threatening.

Antihypertensive agents, particularly betablockers, are extremely important to 
prevent or retard the expansion of the false lumen. A CT angiogram is advisable 
before discharge from hospital to determine patency, extension and diameter of the 
false lumen. These patients need lifelong surveillance of the false lumen with peri-
odical images of the entire thoracic and abdominal aorta as well as echocardiogra-
phy of the aortic root.

Basic Approaches for the Surgical Management of Acute Type A Aortic Dissection…
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 Introduction

Acute Type A aortic dissection is a rare life-threatening condition with an incidence 
of between 2.9 and 4.7 per 100,000 persons per year [1–6]. Conservative treatment 
is associated with a high mortality rate approaching 60% within 48 h [7, 8]. Mortality 
is due to complications associated with type A dissection such as rupture, stroke, 
myocardial infarction, and acute heart failure from aortic valve insufficiency (AI). 
Emergency surgery is indicated in acute type A aortic dissection as it significantly 
improves survival compared to conservative therapy. The primary goal of surgery is 
to resect the primary entry tear, exclude the false lumen from systemic blood flow, 
re-establish dominant flow in the true lumen, and in cases with AI, re-establish aor-
tic valve (AV) competence.

Although acute Type A aortic dissection spares the aortic root and AV in many 
cases, as many as 40–75% of patients present with moderate or severe AI [9–11]. 
Re-establishing AV competence can be achieved through a variety of surgical 
options and techniques that include replacement and repair of the AV. Choosing the 
surgical technique is largely driven by the mechanism of AI. Herein, we explore the 
different mechanisms of AI in acute type A aortic dissection and associated surgical 
techniques to repair the AV.
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 Aortic Valve Anatomy and Function

A thorough understanding of AV anatomy and function is essential to its successful 
preservation and repair. The basis of a normally functioning AV is a complex inter-
action between the annulus and the AV cusps. Although surgeons commonly refer 
to the annulus as a single entity, in reality, the functional aortic annulus (FAA) is 
made of three components: the sinotubular junction (STJ), the ventriculo-aortic 
junction (VAJ), and the anatomic crown-shaped annulus on which the cusps insert. 
The cusps normally coapt at the center of the AV orifice and midway between the 
STJ and VAJ. A basic tenet of AV repair is that lesions of the FAA and the cusps 
should both be addressed at the time of valve repair.

 Mechanisms of Aortic Valve Insufficiency in Acute Dissection

The optimal management of significant AI in the context of acute Type A aortic dis-
section remains somewhat controversial. Whereas in the past there was a trend 
favoring aortic valve replacement [12–15], more recently, there is a growing trend 
to spare and repair the AV in select patients, which incurs a moderate risk of reop-
eration but a low risk of thromboembolism, bleeding, and endocarditis [16–22]. A 
detailed understanding of the possible mechanisms of AI in acute dissections is 
paramount for the surgeon to decide on a tailored AI management strategy. 
Preoperative computed tomography (CT) coupled with intraoperative transesopha-
geal echocardiogram (TEE) and visual inspection of the aortic root and AV can help 
the surgeon describe the mechanism of AI and choose an appropriate surgical 
technique.

The emergence of a repair-oriented classification of AI (Fig. 1) has allowed AV 
repair to transition from an art performed by a few skilled surgeons to a systematic 
and scientific process that can potentially be adopted by most surgeons [23]. First, 
it provides a framework to understand the mechanisms of AI in a specific patient 
and choose an appropriately tailored technique or combination of techniques to 
restore normal valve function. Second, it provides us with a universal vocabulary, 
which helps with communication in both the clinical and research settings, much 
like the Carpentier classification did for mitral valve repair [24].

In this classification, type I is aortic insufficiency associated with normal cusp 
motion. Type I is further divided into type Ia due to dilatation of the ascending aorta 
and STJ, type Ib due to dilatation of the VAJ and the STJ, type Ic due to dilatation 
of the VAJ, and type Id due to cusp pathology without involvement of the 
FAA.  Patients presenting with acute type A dissection often have an associated 
ascending aortic aneurysm leading to dilatation of the STJ (type Ia) and/or an aortic 
root aneurysm leading to dilatation of the STJ, sinuses of Valsalva, and VAJ (type 
Ib). In the absence of aneurysms or aortic dilatation, a unique mechanism in acute 
dissection may be due to a dissection flap prolapsing through the AV and causing 
valve incompetence (type Id).
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Type II AI is due to cusp prolapse. In patients with acute Type A aortic dissection 
this may be due to chronic underlying cusp pathology in the form of excessive cusp 
tissue or due to acute extension of the dissection into the root causing commissural 
disruption. Prolapse may also be unmasked or induced when a dilated STJ is 
restored to normal dimensions.

Type III AI is due to cusp restriction from calcification, thickening, or fibrosis of 
the cusps. In the context of acute Type A aortic dissection, most often these are 
chronic underlying findings found in a bicuspid, degenerative, or rheumatic valve 
that are unrelated to the acute dissection. Nevertheless, all lesions found at the time 
of surgery need to be addressed.

 Aortic Valve Repair in Acute Aortic Dissection: Selection

Patient selection for aortic root intervention and AV repair in patients presenting 
with AI and acute Type A dissection hinges on a combination of factors: the patient’s 
condition, the surgeon’s expertise, and anatomic factors.

The first factor in decision-making is the patient’s condition upon presentation. 
The basic principle is that emergency acute type A dissection surgery is a life-saving 
surgery. Therefore, a hemodynamically unstable patient or one presenting with end 
organ malperfusion and dysfunction may benefit from a more conservative approach 
with the shortest ischemic time that saves the patient’s life, despite the risk of future 
re-intervention.

The second factor is surgeon expertise. If limited surgical experience is a factor, 
then a Bentall procedure may be safer than a valve-sparing root procedure. 
Furthermore, without a real indication to replace the aortic root such as intimal 
injury, dissection flap, or dilatation of the aortic root >45 mm, a simple aortic valve 

AI Class Type I
Normal cusp motion with FAA dilatation or cusp perforation

Type II

Cusp Prolapse

Type III

Cusp RestrictionIa Ib Ic Id
Mechanism

Repair 
Techniques

STJ Remodeling

Ascending aortic 
graft

VSRR

Reimplantation
or

Remodeling+SCA 

SCA
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External Ring

Patch Repair
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pericardium

Leaflet Repair

Triangular 
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Fig. 1 Repair-oriented functional classification of aortic insufficiency (AI) with description of 
disease mechanisms and repair techniques used. Non-shaded columns are the focus of this review. 
FAA functional aortic annulus, STJ sinotubular junction, VSRR valve sparing root replacement, 
SCA subcommissural annuloplasty
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replacement (AVR) and a supracoronary ascending aorta replacement may be the 
safest procedure. In many of these decision-making scenarios, the age of the patient 
and the risk of re-intervention must be weighed against the increased risk of mortal-
ity from a more complex operation.

The third factor relies on understanding the mechanism of AI in terms of anat-
omy and physiology and deciding whether there is an indication for aortic root and 
AV intervention and if the conditions are favorable for AV repair. The pre-operative 
CT scan is the surgeon’s first glimpse at anatomy. It shows the extent of the dissec-
tion (whether it extends into the aortic root) as well as the dimension of the aorta at 
various levels (ascending, STJ, sinuses of Valsalva). An underlying aneurysmal 
ascending aorta sparing the root versus one that involves the aortic root may be the 
first indication of the extent of surgery required. In most patients, the aortic root and 
valve can be safely spared and repaired using aortic valve resuspension [22].

Next, an intra-operative TEE corroborates the anatomic factors seen on CT. In addi-
tion, it provides physiological information about the mechanism of AI. Key aspects to 
consider include jet origin and direction, end-diastolic measurements of the VAJ, STJ, 
and Sinuses of Valsalva, cusp thickness, mobility, and presence of calcification.

Despite gathering essential information from CT and TEE, intra-operative visual 
inspection remains the final arbiter on the reparability of the AV. Cusp tissue quality 
is perhaps the most important factor in deciding whether preservation and repair of 
the AV is feasible. Heavily calcified or fibrotic cusps usually preclude repair. 
Similarly, severely dilated STJs are associated with stress fenestrations along the 
commissures, which makes a durable AV repair unlikely. Decreased cusp geometric 
height (<16 mm) is another marker of cusp restriction that may preclude a good AV 
repair. Sievers type 1 bicuspid AVs [25] with commissural angles <140° also can be 
challenging to repair and may require techniques such as tricuspidization. In the 
context of a root aneurysm and one of the above cusp findings, a valve replacement 
may be the preferred technique [26]. Finally, visual inspection is essential in cases 
of a prolapsing ascending intimal flap. Relying on TEE may be difficult as the pro-
lapsing flap interacting with the AV may be the only cause of AI or there may be 
other underlying mechanisms for AI obscured by the flap.

 Aortic Valve Repair in Acute Aortic Dissection: Techniques

Type I AI lesions are most frequently due to dilatation of the various components of 
the FAA and may occur in isolation or with associated cusp disease.

 Repair of Type Ia AI

An acute aortic dissection is associated with a rapid increase in the size of the 
affected aorta [27]. When this rapid increase is greater than 30% of baseline, STJ 
dilatation alone may be sufficient to cause AI [28]. Type Ia aortic valve insufficiency 
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is due to dilatation of the ascending aorta with concomitant STJ dilatation leading 
to a central cusp coaptation defect and ensuing central regurgitant jet. In milder 
cases without associated cusp disease, cusp tissue quality remains intact and the 
valve can easily be repaired. However, a chronic, severely dilated STJ will often be 
associated with stress fenestrations along the commissures. If large fenestrations 
exist in multiple cusps and especially if they are within the coaptation zone of the 
valve, it may be best to replace the valve. The former case can be corrected by 
replacing the ascending aorta and remodeling the STJ using a Dacron tube graft. 
Sizing of the aortic prosthesis is performed by placing three commissural retraction 
sutures and applying traction to place the valve in physiologic closing position. The 
STJ is sized in that position using a valve sizer (Fig. 2). Accurate sizing is essential 
as oversizing can lead to central AI and undersizing can lead to cusp prolapse. The 
anastomosis is performed at the level of the STJ using the three separate commis-
sural sutures, ensuring correct orientation and appropriate spacing between the 
commissures. Uneven spacing between the commissures can induce cusp prolapse. 
When the dissection flap extends to the STJ, then either one or two layers of Teflon 
felt strip can initially be added on the inside and outside of the aorta to bring back 
together the layers of the aortic wall and the commissural sutures can be pledgeted. 
In cases of significant AI and widening of the interleaflet triangle, the surgeon may 
need to add a subcommissural annuloplasty using braided sutures (Fig. 3). The first 
arm of the pledgeted braided suture is passed from the aortic to the ventricular side, 
in the interleaflet triangle, and comes back out to the aortic side at the same level. 
The second arm of the suture is passed in a similar fashion below the first. A free 
pledget is added and the suture is tied, reducing the width of the interleaflet triangle 

Fig. 2 (a) Sizing of aortic prosthesis. Traction is applied to the commissural retraction sutures to 
place the valve in physiologic closing position with adequate cusp coaptation. The sinotubular 
junction is sized in this position. Oversizing the prosthesis can lead to central regurgitation, 
whereas undersizing can induce cusp prolapse. (b) Orientation and spacing. The anastomosis is 
performed at the level of the sinotubular junction starting with three separate sutures, one at each 
commissure. This ensures correct orientation of the prosthesis and appropriate spacing. Unequal 
spacing between commissures can induce cusp prolapse. Reprinted with permission from 
Boodhwani, M and El Khoury, G. Aortic Valve Repair. Operative Techniques in Thoracic and 
Cardiovascular Surgery. Volume 14, Issue 4, Winter 2009:266–280. 

a b
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and increasing the coaptation surface of the valve leaflets. This is performed at each 
commissure. These sutures are usually placed at midcommissural height, except at 
the noncoronary/right coronary commissure, where it should be placed higher to 
avoid the membranous septum and conduction tissue. A sub-commissural annulo-
plasty, or Cabrol stitch, should NOT be performed within a dissected aortic root as 
it will further exacerbate the dissection and potentially cause new tears in an already 
dissected aorta. This technique should be reserved for roots that are completely intact.

 Repair of Type Ib AI

Type Ib lesions are due to dilatation of the VAJ and STJ leading to a central cusp 
coaptation defect and regurgitant jet. In the context of acute Type A dissection, the 
surgeon should consider replacing the aortic root when it is >45 mm in diameter, 
when there is an entry tear or significant dissection involving the root, and in genetic 
syndromes. If there is only limited dissection of the aortic root and no tears in the 
root, then it may be preserved in select cases. If the cusps are heavily calcified, 
fibrotic, or have fenestrations and in Sievers type 1 bicuspid AVs with commissural 
angles <140°, the surgeon should proceed with a Bentall procedure. Otherwise, a 
valve-sparing root replacement (VSRR) is reasonable in expert hands. Details of 
Bentall and VSRR in type A dissection are discussed in other chapters of this book. 
Briefly, for VSRR, either the reimplantation or remodeling plus annuloplasty tech-
nique can be used. However, an important disadvantage of the remodeling tech-
nique is the need to sew the graft to a potentially dissected aortic rim and the 
resulting risk of bleeding complications. In contrast, since the reimplantation tech-
nique anchors the graft below the aortic valve, in an area unaffected by the dissec-
tion, it can be a safe procedure from a hemostatic perspective. Remodeling of the 

Fig. 3 Reprinted with permission from Boodhwani, M and El Khoury, G. Aortic Valve Repair. 
Operative Techniques in Thoracic and Cardiovascular Surgery. Volume 14, Issue 4, Winter 2009: 
266–280.
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aortic root is also postulated to better preserve annular dynamics during the cardiac 
cycle, though the impact on clinical outcome remains uncertain [29]. However, 
long-term results of the remodeling technique have not been as good as the reim-
plantation technique, especially in patients with aortic root aneurysms associated 
with bicuspid AV insufficiency and genetic syndromes [30–33]. Lastly, there is little 
published data on the use of the remodeling technique in acute aortic dissection. In 
addition to the root replacement, the cusps need to be assessed after the root is 
replaced and possible adjunctive cusp repair techniques may be used at that point. 
These techniques are further discussed under type II and type II lesions.

 Type Ic AI Repair

Type Ic lesions are due to dilatation of the VAJ due to dilatation of the left ventricle. 
This is uncommon in acute type A dissections, unless there was an underlying 
chronic left ventricular pathology leading to dilatation. Severe VAJ dilation in the 
context of acute dissection may be best treated with a reimplantation procedure, 
when indicated.

 Type Id AI Repair

This lesion typically includes cusp defects due to large fenestrations or defects from 
endocarditis. However, in the context of acute Type A dissection there is a more 
frequent scenario of a prolapsing flap from the ascending aorta that interferes with 
the functioning of the AV. The valve and root may be completely normal, but the 
prolapsing flap interacts with the AV and sometimes protrudes into the left ventricu-
lar outflow tract, leading to AI [34]. This is easily repaired with a supracoronary 
ascending aorta replacement. However, the surgeon must be careful in assessing for 
the presence of other lesions that may be difficult to see on TEE, which are masked 
by the prolapsing flap.

 Type II AI Repair

Type II lesions are due to cusp prolapse and leads to an eccentric regurgitant jet seen 
on TEE. One or more cusps will coapt lower than the usual midpoint between the 
STJ and VAJ. It is the most frequent cusp pathology and may be due to underlying 
intrinsic cusp pathology or in the context of VSRR using the reimplantation tech-
nique to reduce the annular dimension. Central free margin plication using a small 
caliber Prolene suture placed in the center of the free margin can correct slight cusp 
prolapse [35]. This suture plicates, shortens, and reduces the length and therefore 
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raises the height of the prolapsing cusp. For slightly larger degrees of prolapse, an 
alternative technique is free margin resuspension performed by passing a PTFE 
suture over and over the free margin and exteriorizing the suture at the commis-
sures. Pulling on this suture has the effect of performing multiple plications along 
the free margin thereby shortening and raising it [35]. For severely prolapsing cusps 
with excess tissue, a larger degree of correction may be needed by resecting a small 
portion of the cusp with primary reapproximation.

 Type III AI Repair

Type III lesions are due to cusp motion restriction. This is usually caused by underlying 
cusp pathology and is unrelated to the acute type A dissection. Nevertheless, the lesion 
must be addressed if it is causing significant AI at the time of surgery. This may be due 
to a calcified or fibrotic cusp in degenerative and rheumatic valves or in type I bicuspid 
aortic valves with conjoint cusp restriction due to a fibrous or calcified raphe. If the valve 
pathology is degenerative or rheumatic, then the valve should be replaced. For bicuspid 
valves, shaving the fibrous raphe may be all that is needed. If shaving is not adequate 
then resection of the raphe with primary reapproximation can be performed if there is 
sufficient cusp tissue. Alternatively, resection and cusp restoration with patch material 
may be required if there is insufficient cusp tissue left for primary reapproximation. 
Patch material has also been used for tricuspidization of bicuspid valves. However, the 
use of patch material in AV repair is a predictor or long-term failure [36]. In addition, if 
the surgeon lacks experience or complex bicuspid valve repair is required, an aortic 
valve replacement should be performed.

 Aortic Valve Repair in Acute Aortic Dissection: Outcomes

The decision to intervene on the aortic root and to repair or replace the aortic valve 
can be a complex one and requires consideration of numerous factors. The primary 
objective of the operation is to save the patient’s life by eliminating potentially fatal 
complications. Intervening on the aortic root without a clear indication and attempts 
at AV repair that significantly prolong myocardial ischemic time, fail and require 
AV re-exploration are undesirable and can increase the risk of the operation. On the 
other hand, the risk of prosthetic valve-related events and lifelong anticoagulation 
may complicate future management of residual aortopathy in these patients. 
Although aortic valve repair and leaving the native aortic root increase the risk of 
long-term reintervention, these patients often have competing risks of morbidity 
and mortality related to their aortopathy, making such risks less relevant. 
Furthermore, the cases requiring re-intervention can be done in a more elective and 
controlled setting. Data on mid- and long-term valvular outcomes shows that the 
risk of proximal re-intervention after a dissection repair is low. All studies around 
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these topics are retrospective and have inherent limitations related to heterogeneity 
of patient populations, surgeon experience, myriad of surgical techniques and per-
mutations, and biases in surgeons’ complex decision-making processes.

When the aortic root is not dilated and does not have an entry tear, then AV repair 
through an AV resuspension has good immediate outcomes even with severe AI at 
presentation [37]. Long-term freedom from reoperation rates at 10 years on repaired 
AVs range from 69% to 95% [38–40]. Sievers et al. found that a valve-sparing root 
repair strategy has similar 30-day mortality and 15-year freedom from reoperation 
compared to valve sparing root replacement using reimplantation or remodeling 
techniques [41]. In patients without an indication to replace the root, they found a 
valve-sparing root repair strategy as a less complex and faster technique in this 
emergent setting. Others have argued that given the similar short- and long-term 
results of a root replacement strategy compared with a supracoronary ascending 
replacement and AV resuspension, then one should perform the “curative proximal 
repair” by replacing the root, whether by a composite valve conduit (Bentall proce-
dure) or a valve sparing root replacement [42, 43].

A contemporary meta-analysis of AV preservation and repair in acute type A dis-
section evaluated 2402 patients in 19 observational studies [22]. Early pooled mor-
tality was 19% with a late estimated mortality pooled rate of 4.7%/patient-year. 
From this data the survival estimates at 5 and 10 years were 58% and 34%, respec-
tively. In the 13 studies reporting late AV re-intervention, the pooled rate was 2.1%/
patient-year, with a 5- and 10-years freedom from AV reintervention of 89% and 
79%, respectively. The composite outcome of thromboembolism and bleeding had 
a pooled rate of 1.4%/patient-year. This study highlighted the limited long-term 
survival of acute type A dissection patients, moderate risk of reoperation and low 
risk of valve-related complications in preserved valves.

 Conclusions

Acute type A dissection is a complex, life-threatening disease with multiple con-
siderations for management. Adding to this complexity, decision-making related 
to the aortic valve in acute type A dissection needs to factor in the perioperative 
risks of morbidity and mortality, which may be affected by the patient’s stability 
at presentation, procedural complexity, and the surgeon expertise, as well as com-
peting risks of late mortality related to residual aortopathy or other comorbidities. 
Other important considerations include the incidence of valve-related events and 
risk of late aortic valve reoperation. In carefully selected patients, aortic valve 
repair techniques can prove useful with similar outcomes to valve replacement in 
expert hands.
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 General Considerations

The goal of surgical treatment of acute aortic dissection is the replacement of the 
ascending aorta in order to eliminate the segment that can and will lead to pericar-
dial tamponade. The seemingly “straightforward” operation is performed under 
emergency conditions due to the characteristics of acute aortic dissection type A 
(AADA). The inherent risks or difficulties are related to the disease, i.e. the patient 
often presenting in shock, the frequent occurrence and dynamic character of malp-
erfusion of vital organs, and the fragility of the aortic wall. The need for surgery is 
clear. Different opinions exist regarding extent of aortic replacement, handling of 
the fragile aortic wall, details of cannulation, and cerebral protection. In view of all 
differing opinions regarding patient management it must not be forgotten the pri-
mary goal is to save the patient’s life.

In this chapter we review the evidence regarding the controversial issues with a 
focus on management of the aortic arch and then describe our routine in more detail.
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 Extent of Aortic Replacement

The primary goal of the operation is to bring the patient out of the operating room 
and hospital alive. A second goal is and has been to minimize the probability of later 
downstream aortic dilatation; this has long been known to be more frequent if arch 
dissection and a patent false lumen persist.

Traditionally, this operation has been performed as replacement of the tubular 
ascending aorta with a cross clamp placed just below the brachiocephalic trunk [1]. 
Later it was proposed to perform the aortic replacement with an open anastomosis, 
i.e. include the proximal arch in the replaced aortic segment (Fig. 1) [2, 3]. The early 
mortality for limited replacement of the ascending aorta has been 7–25%, and that 
for proximal arch replacement 9–22% [2–10]. The mortality has apparently been 
mostly related to patient-specific risk factors, such as preoperative shock or the 
existence of relevant malperfusion [7, 11–13]. Smaller studies, even an early meta- 
analysis, did not find obvious differences in postoperative morbidities and early/late 
mortality between open (with deep hypothermia) and closed (with cross-clamp) 
distal anastomosis techniques [4–6]. A large registry study (NORCAAD, n = 1134) 
showed that patients who were operated by closed technique had worse short- and 
mid-term survival than those who had been treated by open anastomosis [7].

The rationale for routine partial arch replacement, which has become the stan-
dard in most cardiac surgical units, has been that this eliminates entry tears created 

Fig. 1 Partial arch 
replacement. Depending 
on the location of an entry 
or re-entry tear the 
replacement of the arch 
may be extended in the 
convexity of the arch
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by the aortic cross clamp [5]. In addition, it allows inspection of the arch for a pos-
sible entry site and its resection. Partial arch replacement seems to reduce the preva-
lence of a persistent false lumen in the downstream aorta. If the dissection is limited 
to the proximal aorta (DeBakey type II), an open arch anastomosis will lead to 
complete elimination of dissection by suturing to the non-dissected arch. The posi-
tive effects were confirmed in several series [8, 14]. The open distal anastomosis 
using hypothermic circulatory arrest with or without cerebral perfusion has become 
a standard part of AADA surgery for the majority of western surgeons. In the 
German registry circulatory arrest was not used in only 5% of patients, and thus 
some form of arch replacement in 95% [15]. Freedom from secondary operations 
for progressive dilatation of the downstream aorta is 87–97% at 5 years after the 
initial operation [16–21].

Total replacement of the arch has been used rarely in most western series, while 
it was proposed on an almost routine basis, primarily by Japanese groups [13, 22–
24] in order to minimize the probability of distal aortic dilatation. Others have been 
concerned over an increased risk of mortality and morbidity and employed total 
arch replacement rarely [25–28]. Over the years total arch replacement has become 
more popular, in part driven by increasing popularity of the frozen elephant trunk 
extension [24, 29–32]. In judging the value of the more extensive operation, we 
need to keep in mind that operative mortality largely depends on patient character-
istics. In previous series, partial arch replacement had at an average an early mortal-
ity of 10–15%, while total arch replacement was associated with a higher mortality 
of 20% [11, 12].

Total arch replacement may be performed using different technical variants. The 
anatomic form of total replacement of the arch with implantation of the aortic island 
carrying the orifices of the supraaortic vessels (Fig. 2) [19, 20, 28, 29, 32, 33] is 
feasible also in acute dissection. On the other hand, achieving hemostasis on the 

Fig. 2 Total arch replacement in its anatomic form. The island of the aortic arch carrying the ori-
fices of the supraaortic branches is implanted in the arch graft
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distal suture line, i.e. between graft and descending aorta, may be challenging in 
acute dissection. The Japanese variant (Fig. 3) of this operation includes the distal 
anastomosis and three separate grafts connected to the supraaortic branches. The 
time required to complete the arch repair is thus longer, but control of the distal 
anastomosis is facilitated. The Griepp group suggested a modification, which com-
bines advantages of both approaches (Fig. 4). In this technique a smaller graft (e.g. 
14 or 16 mm) is anastomosed in end-to-side fashion to the island carrying the supra-
aortic branches. The aortic graft is connected to the descending aorta while the 
supraaortic graft is intubated or clamped for antegrade cerebral perfusion. All vari-
ants may be combined with a short conventional or frozen elephant trunk [34, 35].

A recent meta-analysis including a large number of Asian patients (42%) revealed 
that total arch replacement was performed in 32.3% of all procedures [36]. Total 
arch replacement was performed in almost 50% of all operations for cute type A 
dissection in 2017 in Japan [37]. In the international registry (IRAD), the German 
registry (GERAADA), and American database (STS) the frequency of total arch 
replacement has been only 26.9%, 16.2%, and 14.1%, respectively [11, 12, 38]. It is 
even less than 10% in Italian and Nordic registry; 6.9% and 5.9%, respectively 
[39, 40].

One Japanese series demonstrated superior freedom from aortic events after total 
arch replacement (83%) compared with ascending aortic replacement (51%) at 9 
years [41]. A lower rate of reoperation was observed during 10 years after extensive 
repair than proximal repair (5.4% vs 16.9%, P < .05) in another series [42]. Many 
other studies have not found any significant difference in the incidence of late distal 
reoperation or major adverse events between aggressive and conservative approach 
for the aortic arch [11, 16, 36, 40, 43]. One meta-analysis identified increased inci-
dence of aortic reoperation (proximal or distal unknown) after proximal 

Fig. 3 Total arch 
replacement with separate 
anastomoses of the 
supraaortic vessels. It may 
or may not be combined 
with a limited elephant 
trunk extension into the 
descending aorta
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replacement compared with total arch replacement [44]. Failure to exclude the pri-
mary entry site was identified as predictor for distal aortic events [45]. On the other 
hand, one should keep in mind that elective reoperation for progressive enlargement 
of the distal aorta was not necessary in more than 80% of the patients undergoing 
proximal arch replacement only; in addition, the complexity of such an elective 
procedure is far from that of acute dissection.

This increased complexity is confirmed by a higher early mortality after total 
arch replacement in the majority of registries [11, 12, 36], and it was statistically 
significant so in a recent meta-analysis (odds ratio = 0.77) [36]. So far, only the 
Japanese database shows a different result [37]. It is unclear whether this is related 
to the procedure per se or rather differences in patient selection. Total arch replace-
ment is unquestionably associated with longer procedural time [11, 16, 36, 41–44, 
46]. Several registries show a similar incidence of postoperative stroke between 

Full systemic
perfusion

SCP
axillary

perfusion

Fig. 4 Modified total arch replacement. A smaller graft is anastomosed to the island carrying the 
orifices of the supraaortic branches. This graft can then be perfused in antegrade fashion while total 
arch replacement is performed. The two grafts are then connected. The operation may be combined 
with a limited elephant trunk extension into the descending aorta
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replacement of the total arch and the ascending aorta [11, 12, 29, 36], while the STS 
database and Nordic database report a higher incidence for total arch replacement 
[38, 40]. The incidence of postoperative acute renal failure was also increased in 
extended arch replacement according to the IRAD data [11]. So far, total arch 
replacement has not improved log-term survival [11, 36, 41, 43]; survival seems to 
be affected mainly by patient-related factors [43, 45, 46].

The addition of a (frozen) elephant trunk (Fig. 5) has been associated with throm-
bosis of the distal false lumen, at least in the proximal descending aorta [30, 31, 42, 
47]. While this technical variant does not prolong cross-clamping time, there is a 
prolonged lower-body arrest time [29, 30]. In a meta-analysis thrombosis of the 
distal false lumen was seen in 96.8% of cases who were treated with frozen elephant 
trunk [29]. Thrombosis rate of the proximal descending aorta was 25–66% after 
proximal repair and 82–100% after extended repair with frozen elephant trunk in 
single center experiences [31, 42, 47]. It is yet unclear whether this technique indeed 
reduces the need for secondary distal aortic replacement sufficiently.

 Cannulation for Extracorporeal Circulation

Venous cannulation for these procedures is standard. Single venous drainage from 
the right atrium using a two-stage cannula is sufficient in essentially all patients. In 
unusual instances, venous cannulation through a femoral vein may be used 
alternatively.

Fig. 5 Total arch 
replacement combined 
with a frozen elephant 
trunk. In this variant 
separate grafts are 
connected to the 
supraaortic vessels
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Arterial cannulation has undergone changes over time. The femoral artery has 
been the traditional cannulation site, and it remains one of the fastest and easiest 
sites for arterial cannulation. In 2011–2012, the femoral artery was still the first 
choice of arterial cannulation site for AADA (45.9%), however, the aorta (29.1%) 
and the axillary artery (31.0%) were used equally as the second choice in STS data-
base [48]. Retrograde perfusion may, however, decrease cerebral perfusion intraop-
eratively if the false lumen is perfused preferentially. The potential risk of 
malperfusion of other vital organs is also inherent with this adjunct. In order to 
minimize these problems, it has been combined with cannulation of the aortic graft 
once arch repair was finished in order to establish antegrade perfusion into the true 
lumen [2].

In the 2000s, right axillary artery cannulation became popular as an alternative. 
Its use in aneurysm surgery has reduced the incidence of embolic cerebral compli-
cations [49, 50] by avoiding retrograde flow through an atherosclerotic descending 
aorta. In acute dissection, its main advantage lies in the fact that there is probably 
better maintenance of blood flow through the right carotid artery. The axillary artery 
can be cannulated directly using Seldinger technique [34]. Alternatively, an 8 mm 
Dacron graft is anastomosed in end-to side fashion to the artery and intubated with 
the arterial cannula [51]. After termination of cardiopulmonary bypass this Dacron 
graft can simply be oversewn or ligated, thus avoiding potential repair procedure on 
the artery itself.

Two meta-analyses published in 2015 found the superiority of axillary artery 
cannulation over femoral artery cannulation in reducing early mortality and the inci-
dence of permanent neurological dysfunction [52, 53]. However, one of them failed 
to find clinical benefit of axillary artery cannulation in preventing malperfusion 
[53]. In 2015, the axillary artery was used as the first choice of arterial cannulation 
site in more than half of European and Canadian patients with acute setting (54% 
and 76%, respectively) followed by the femoral artery (28% and 17%, respectively) 
[33, 54].

Direct cannulation of the proximal aorta has emerged in recent years [55, 56]. 
This can easily be done by cannulating the non-dissected arch in type II dissections. 
Different approaches have been proposed for cannulation of the dissected arch [57–
59]. The aorta may be cannulated using Seldinger technique guided by epiaortic 
ultrasonography or transesophageal echocardiography [57]. The position of the can-
nula within the true lumen can be confirmed by a guidewire, which is in the true 
lumen both in the ascending and descending aorta as judged by echocardiography. 
At times the fragility of the aortic tissue may make this form of cannulation diffi-
cult. We therefore use it only in selected circumstances.

Some groups cannulate inside the true lumen directly after transection of the 
ascending aorta [58, 59]. The senior author has a limited personal experience with 
this approach; it has been difficult to ascertain a stable position in the ascending 
aorta for controlled perfusion. We therefore do not use this technique. Finally, also 
the left ventricular apex has been proposed as cannulation site. In the authors’ expe-
rience, this has been difficult, and left ventricular distension may occur in the pres-
ence of aortic regurgitation. Even though there have been small studies showing that 

Management of the Aortic Arch in Acute Aortic Dissection Type A



312

the transapical cannulation is safe [60, 61] it should not be one of the preferred 
approaches.

 Cerebral Protection

Any form of arch replacement has to consider the different options of cerebral pro-
tection. Deep hypothermia has traditionally been used as the main method of cere-
bral protection and is probably safe at a nasopharyngeal temperature of 20 °C for up 
to 20–25 min [62, 63]. Different other temperatures have been stated to be followed, 
such as rectal, bladder, or tympanic. In interpreting the results of different groups it 
is important to look at this in detail; tympanic or nasopharyngeal temperature best 
represent brain temperature [64]. A target brain temperature may already be reached 
at a bladder temperature of 28 °C.

Retrograde perfusion via the superior vena cava has originally been proposed by 
a Japanese group [65]. Later studies [66, 67] showed a positive effect in that it 
reduced the incidence of embolic cerebral complications. Since it probably does not 
provide nutritive blood flow to the brain [68] it can be used as a way of cooling the 
head and brain and reducing potential embolic phenomena. Exclusively in patients 
with acute aortic dissection who underwent isolated proximal aortic repair, retro-
grade perfusion was associated with shorter procedural time and similar mortality 
and neurological outcome to antegrade fashion [69]. We use it only for that purpose 
and commonly employ a flow of 600–1000  ml/min, adjusted to have a central 
venous pressure of less than 20 mmHg.

More recently, antegrade perfusion of the brain has become a popular means of 
cerebral protection. This can be achieved by placing perfusion catheters into the 
supraaortic branches. Alternatively, when the right axillary artery is used for arterial 
inflow, the brachiocephalic trunk may be clamped and a catheter introduced only 
into the left carotid artery. Installing such catheters requires a certain time of circu-
latory arrest [70], so it is commonly used in conjunction with hypothermia. 
Antegrade perfusion provides nutritive blood flow to the brain and is the only safe 
means of cerebral protection if the time for arch repair exceeds 30 min [71, 72].

 Management of Dissected Tissue

Traditionally, the biggest challenge in surgery for AADA has been handling of the 
fragile tissue and consecutive hemostasis. This changed dramatically when the so- 
called “French Glue” became available [73]. The glue is injected between the dis-
sected wall layers, which are then adapted with special clamps or bulldog clamps 
(Fig. 6a, b). While the adhesive capacity of this glue is limited, it resulted in tanning 
of the tissue and creation of more normal aortic wall texture. Later Bioglue 
(CryoLife, Kennesaw, GA, USA) [74] became available with similar effect. Both 
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adhesives have facilitated hemostasis similarly and apparently reduced mortality. 
Early series reported that the use of GRF glue decreased in-hospital mortality from 
23% to 10.5% [75] or 45% to 21% [76, 77]. The use of Bioglue has been associated 
with reductions in postoperative blood loss and hospital length of stay [78].

Due to the limited adhesive effect, this surgical glue has not affected the patency 
of the distal false lumen [8, 79]. There have been observations indicating that an 
excessive amount of glue may negatively influence tissue stability, possibly as a 
consequence of local tissue necrosis [80, 81]. Therefore, sparing use of such glue 
seems advisable.

In order to support the suture line and facilitate hemostasis, an intussusception 
(adventitia inversion) technique has been proposed (Fig.  7) [82]. With this tech-
nique, the aorta is transected completely, and the dissected media is shortened by 
approximately 1 cm compared to the adventitia. The adventitia is then invaginated 
into the true lumen. In creating the suture line, each bite on the aorta will have 
adventitia on the outside and inside. We have explored this technique and found it 
easy to use and very hemostatic.

 How We Do It

In view of all knowledge and considerations, we attempt to keep the operations as 
simple as possible. This involves standard cannulation, hypothermia, and an open 
anastomosis to the arch. We rarely deviate from this standard approach. If the patient 
is in shock due to tamponade, the first procedure is the median sternotomy and lim-
ited opening of the pericardium to relieve the tamponade. Blood pressure will 
always increase, and anesthesia carefully monitors blood pressure and—if neces-
sary—administers a vasodilator to avoid sudden rupture due to hypertension. This 
allows us to rapidly treat hypotension and continue under controlled conditions.

Following a median sternotomy, our standard cannulation involves an 8  mm 
Dacron graft sutured to the right axillary artery. A standard arterial cannula is ligated 
into the graft. We always use a two-stage, single venous cannula for optimal venous 
drainage. Extracorporeal circulation is started, and the core temperature is cooled to 

Bioglue

a bFig. 6 (a) The application 
of adhesive to the dissected 
wall layers improves the 
handling characteristics in 
acute dissection. Because 
of possible local toxicity 
the adhesive should be 
used sparingly. (b) Using 
clamps the aortic wall 
layers are adapted until the 
adhesive has hardened
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a nasopharyngeal temperature of 20 °C. In cases where the patient’s history (back 
pain as initial presentation) or the CT scan indicate a distal location of the entry, we 
will cool to a nasopharyngeal temperature of 18 °C. If the degree of aortic regurgita-
tion is limited, we will introduce a left atrial vent catheter through the right superior 
pulmonary vein when the heart fibrillates and will continue cooling until the desired 
temperature is reached. If aortic regurgitation is severe and the left ventricle is dis-
tending upon fibrillation, we will cross-clamp the aorta and give blood cardioplegia 
directly into the coronary ostia. At this time the aorta is carefully inspected for the 
location of the entry tear. If it is found in the ascending aorta the procedure is con-
tinued according to plan. If there is no entry in the ascending aorta the patient is 
cooled to a temperature of 18 °C.

Independent of the type of root procedure, extracorporeal circulation is stopped 
when the desired nasopharyngeal temperature is reached. With the patient in an 
anti-Trendelenburg position the cross-clamp is removed. The distal ascending aorta 
is transected approximately 0.5–1 cm proximal to the brachiocephalic trunk and the 
arch inspected.

If there is an entry in the concavity of the arch it is resected by extending the 
aortic transection level to the entry. Similarly, if there is no entry in the arch, the 
operation is continued as planned, i.e. a hemi-arch replacement is performed. The 
arch tissue is mobilized for 1 cm, and Bioglue is administered sparingly. The layers 
of the aortic wall are compressed with special clamps (Fig. 6b) or strong bulldog 
clamps until the glue has become firm. The chosen Dacron graft is then obliquely 

Fig. 7 Invagination technique without tissue adhesive in acute dissection. Following transection 
of the aorta the adventitia is left longer than the media and folded around the media. The aortic 
graft is then sutured to the folded aortic edge. A strip of Teflon may or may not be used for the arch 
suture line

T. Kunihara and H.-J. Schäfers



315

anastomosed to the arch using a 4-0 polypropylene suture. In the past years we have 
explored the use of the intussusception technique (Fig. 7) as alternative to adhesive 
and found it similarly effective. This type of arch repair can usually be accom-
plished within a cerebral ischemic time of less than 15 min, and we therefore do not 
employ antegrade cerebral perfusion.

If the entry is located in the convexity of the arch or in the proximal descending 
aorta, a decision for total arch replacement is made. Our preferred approach to total 
arch replacement is the modification proposed by the Griepp group [25, 34, 68], 
since we feel it gives us best control of the operation and exposure of the distal 
anastomosis while minimizing operative complexity (Fig. 4).

As a first step most of the aortic tissue is resected around the orifices of the supra-
aortic branches. A 14 or 16 mm Dacron graft is anastomosed to the island of the 
origins of the head and neck vessels. Since the duration of hypothermic circulatory 
arrest is less predictable under these circumstances, we then clamp the graft and 
resume antegrade perfusion with a blood temperature of 15 °C and a flow rate of 
500 ml/min. Alternatively (if the right axillary artery had not been used for arterial 
cannulation) we place the aortic cannula into this arch graft and snug it with a tour-
niquet or clamp for antegrade perfusion.

A second graft is then chosen for the aortic arch. If the descending aorta is of 
normal caliber, end-to-end anastomosis is created. In order to secure hemostasis, 
either application of adhesive (Bioglue, CryoLife, Kennesaw, GA, USA) or the 
intussusception technique are employed. We rarely employ Teflon felt to buttress 
the suture line; for the suture to the descending aorta, however, we always use it. If 
the diameter of the descending aorta is larger than 3 cm, either a short elephant 
trunk extension or a frozen trunk are added. This seems particularly helpful if true 
lumen compression was present on the preoperative CT.

After the distal suture is complete an opening is created on the cephalad circum-
ference of the aortic graft. The smaller graft connected to the head and neck vessels 
is shortened and implanted into the aortic prosthesis. Full aortic perfusion is 
restarted, and hemostasis can be checked on the two anastomoses.

If a complex entry is present between the origins of the supraaortic orifices we 
choose total arch replacement using a branched aortic graft. The distal aortic arch is 
transected at just distal to the left subclavian artery take-off, taking care not to injure 
the left recurrent nerve. The false lumen is obliterated by surgical glue, expanding 
the true lumen with a Foley catheter.

A short tube graft with the same diameter of the distal aorta is inserted into the 
true lumen as an elephant trunk (Fig. 8). This will not only facilitate distal hemosta-
sis but also improve reverse remodeling of the downstream aorta. The distal end of 
the prefabricated arch graft with four branches is cut short and anastomosed to the 
distal aorta using a 4-0 polypropylene suture with the graft inside and felt reinforce-
ment outside. Subsequently the separate arch grafts are connected to the respective 
arch vessels using 5-0 polypropylene running suture and perfusion is resumed 
sequentially followed by gradual rewarming. After termination of selective cerebral 
perfusion, full systemic rewarming becomes feasible. One of the advantages of 
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individual branch reconstruction is small anastomosis with low tension and good 
hemostasis.

Antegrade selective cerebral perfusion is performed through an individual circuit 
and pump other than systemic one. Three balloon catheters (15 Fr for the brachio-
cephalic artery, 12 Fr for the left common carotid artery and the left subclavian 
artery) are inserted into the true lumen of the three arch vessels. Total perfusion flow 
is initially set at 12 ml/kg and adjusted according to the bilateral radial artery pres-
sures and regional cerebral oxygen saturation. When cannulation to the left subcla-
vian artery is complicated, it can be clamped and perfusion flow is reduced. In case 
of right axillary artery cannulation, all three arch vessels can simply be clamped at 
their origin and cerebral perfusion can simply be performed through the right axillar 
artery alone.

In patients with marked true lumen collapse preoperatively, the use of a frozen 
elephant trunk can be considered aiming at early reverse remodeling of the down-
stream aorta. In this scenario, one or two arch vessels can be translocated, which 
will also facilitate anastomosis and hemostasis. An advantage of this technique is 
that injury of the left recurrent nerve or phrenic nerve can absolutely be avoided. 
The aortic arch is transected just distal or proximal of the left common carotid artery 
according to the location of primary intimal tear. The left subclavian artery with or 
without the left common carotid artery are transected and their proximal ends are 
closed. Each arch vessel is connected to the respective branch of the prefabricated 

Felt strip

False lumen

Mini elephant
trunk

Fig. 8 Creation of the distal anastomosis in total arch replacement for AADA.  A short graft 
(5–8 cm long) is introduced into the true lumen of the descending aorta and a Teflon strip is placed 
outside the aorta. The aortic graft is connected to the distal aorta, “sandwiching” the aortic wall 
between the trunk graft and the Teflon strip
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arch graft which originates from more proximal than natural anatomy (=transloca-
tion). A frozen elephant trunk is inserted into the true lumen of the distal aorta. Care 
must be taken not to injure the intimal flap and not to extend it too far distally to 
minimize the risk of spinal cord injury [29, 83]. The major drawback is kinking of 
the branches of the prefabricated arch graft because of unfavorable angles.
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 The Problem

Interposition graft replacement of the ascending aorta only is the most commonly 
performed operation for acute aortic dissection. However, arch and downstream 
aortic dissection persist in the majority of patients following a limited conventional 
repair and the patency of the downstream false lumen has been associated with 
worse survival and risk for reoperation [1, 2]. Simultaneous replacement of the 
ascending aorta and total arch during the primary procedure may improve outcomes 
by providing better downstream perfusion and can potentially improve prognosis by 
promoting earlier reverse remodeling of the aorta [3]. This approach has been criti-
cized, however, for adding complexity to the initial emergency/high-risk procedure 
[4]. Several modifications to the conventional surgical approach to extend repair to 
the arch have been described including the elephant trunk technique first described 
in the 1980s [5, 6]. Soon after the development of stentgrafts, stents were added to 
surgical graft repairs to extend into the proximal descending aorta. This stent fixa-
tion of the elephant trunk graft became the frozen elephant trunk [7–9].

Just as was seen with open arch repair, multiple variations of performing frozen 
elephant trunk repair have been described. Most frozen elephant trunk operations 
resemble the conventional operations in that a series of multiple anastomoses are 
performed including the arch branch vessels. Ischemic times during these opera-
tions have been directly correlated with neurological risk and the risk of periopera-
tive death [10–13]. The simple addition of a stented component has not necessarily 
made the technological challenges of performing arch replacement readily accessi-
ble to most surgeons who may rarely perform thoracic aortic operations. There is an 
unmet need in the treatment of aortic dissection involving the arch to provide a more 
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extended repair without adding the increased neurologic and bleeding risk com-
monly associated with the conventional approaches to more extended repairs.

 Room for Improvement

With improvements in patient care such as improved imaging, more frequent use of 
selective antegrade brain perfusion, and dedicated surgical teams performing cardio- 
aortic operations, surgical outcomes for aortic dissection continue to improve [14]. 
It has been demonstrated that there is a volume to outcome relationship for treating 
aortic dissection, and patients who present with end organ ischemia or malperfusion 
still represent the greatest challenge in the acute phase [15]. During intermediate 
follow-up, survival depends upon the patency of the downstream false lumen and 
for a population of patients with an average age less than 60 years usually without 
significant coronary disease, the 5 year survival is rather poor [16]. An extended 
operation at the time of acute dissection that optimizes true lumen flow distally 
holds promise to improve distal malperfusion and promote the reverse remodeling 
that may also improve later survival [17].

 Novel Approaches

As thoracic endovascular devices have become more available, and cardio-aortic 
surgeons have become more familiar with the characteristics and unique features 
including advantages and limitations of these devices, they have been used more 
commonly during open thoracic aortic operations as part of a hybrid reconstruction 
strategy [18, 19]. Most commonly, TEVAR devices are used in combination with an 
open repair to perform the so-called frozen elephant trunk repair for patients with 
multi-segment disease. What is common to all of the frozen elephant trunks is: 1) 
the use of a commercially available thoracic stentgraft device delivered in an ante-
grade fashion through the open aortic arch during a period of at least partial circula-
tory arrest (i.e. nearly always including selective antegrade brain perfusion); 2) 
direct suturing of the stentgraft device to the patient’s native aorta.

These operations have become common at some larger centers of excellence 
especially in Europe and Asia, but have not been widely adopted due to the com-
plexity of these operations and the lack of dedicated devices (in the US). Furthermore, 
there is not a standard for how these operations are performed.

The frozen elephant trunk operation can be performed on any patient with type 1 
dissection. However, it is particularly helpful for patients with the retrograde aortic 
dissection extending from a distal entry tear, those with the aneurysmal distal aorta, 
distal malperfusion from a smaller true lumen, and those who are young or with 
suspicion for a genetically triggered cause of aortic disease, placing them at higher 
risk for later false lumen aneurysmal degeneration [20].
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 A Better Way

Our surgical technique of frozen elephant trunk repair in acute aortic dissection has 
evolved over the last 10 years into what we refer to as the Branched Stented 
Anastamosis Frozen Elephant trunk Repair [21, 22] (Fig. 1). The latest iterations of 
this procedure will be described later in this chapter.

The cornerstone to achieving successful outcomes for treating complex aortic 
pathology is the creation of a multi-disciplinary Aortic Team that consists of emer-
gency care transport, cardiology intensive care physicians (cardiology), cardiovas-
cular imaging specialist (radiologists/cardiologists/radiology technicians), 
cardiothoracic anesthesia, cardiovascular surgery, vascular surgery, hybrid trained 
operating room nursing and perioperative nursing, and perfusion. The entire team is 
alerted when a possible acute aortic dissection is en route with the goal to provide 
comprehensive and expeditious care to patients with acute aortic syndromes using 
standardized protocols with improved coordination and communication across the 
various disciplines [23, 24] (Fig. 2).

A careful analysis of contrast enhanced 3D computed tomography (CT) imaging 
by the operating surgeon is essential to understand the individual patient’s anatomy, 
the dissection morphology and to select the endograft devices used during the repair. 
The stent graft sizing is done precisely based on the aortic measurements in cross 
section to the centerline of flow, at the level of suturing in the arch (usually zone 1 
or 2, adjacent to the left common carotid artery). Over sizing is avoided to minimize 

a b c

Fig. 1 Chronological evolution of the simplified frozen elephant trunk repair technique for acute 
aortic dissection. (a) Left, 2009 version with a large scallop creation, (b) Middle, 2012 version 
with on table fenestration, and (c) Right, latest version with direct bridging arch branch stent graft-
ing—Branched Stented Anastomosis Frozen Elephant trunk Repair (B-SAFER). Image reprint 
with permission [22]
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graft material infolding at the level of the anastamosis. The frozen elephant trunk 
device main aortic stent graft is usually 10 or 15 cm long, depending on the shape 
of the arch so that it can extend beyond the curve of the arch and land parallel into 
the upper descending aorta. The use of devices longer than 15 cm may increase risk 
for spinal cord injury and should be avoided. If the arch branch vessel stenting is 
also planned, these devices are also selected preoperatively based on detailed imag-
ing analysis of target vessels [25].

Our preferred technique for repair in the patient who is hemodynamically stable 
on presentation begins with cutdown and exposure of the right axillary artery and 
end-to-side anastomosis of an 8 or 10 mm side graft on the axillary artery [26]. 
Median sternotomy and standard two-stage venous cannulation are then employed. 
For patients who undergo this technique, right radial or brachial arterial access is 
mandatory to monitor brain perfusion pressure during selective antegrade brain per-
fusion (SABP). A second arterial line in the contralateral arm or either femoral 
artery is also helpful in determining accurate systemic perfusion pressures. 
Cardiopulmonary bypass is then initiated via the axillary artery and cooling is begun.

In the hemodynamically unstable patient who presents in extremis, we forego 
axillary artery cannulation and initiate cardiopulmonary bypass as expeditiously as 
possible. Our preferred technique in this instance is emergency median sternotomy 
to relieve tamponade followed by central aortic cannulation utilizing modified 
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Seldinger technique with echocardiographic guidance to ensure the cannula is in the 
true lumen of the aorta. As we have gained more experience with this technique, we 
have increasingly been using it in stable patients as well to save time [27].

Once cardiopulmonary bypass is initiated and as the patient is being cooled, 
exposure of the distal ascending and aortic arch is obtained. The innominate vein is 
dissected free and retracted cranially using a self-retaining retractor. The remainder 
of the arch is dissected via takedown of the pericardial reflection and dissection of 
the head vessels, which are then encircled with vessel loops. When the patient has 
been cooled to a goal nasopharyngeal temperature of <24 °C and bladder tempera-
ture of <28 °C with electrical silence on bispectral index monitoring, the heart is 
arrested, the innominate and left common carotid arteries are clamped and selective 
antegrade brain perfusion (SABP) is initiated. We typically run the SABP perfusate 
at a rate of ~1 L/min and a perfusate temperature of <18 °C.

The aorta is then transected obliquely from the base of the innominate artery to 
the underside of the aortic arch. The stent is then brought into the field, precurved, 
and delivered in an antegrade fashion down the descending aorta. Use of Intravascular 
Ultrasound (IVUS) to help guide wire placement prior to device delivery can assist 
with safe access of the stent graft into the true lumen. After deployment, the stent 
graft is secured to the lesser curve of the aortic arch with a 4-0 polypropylene suture. 
Fine adjustment to the position of the device can be made before suturing into place. 
It is usually positioned such that it covers the left subclavian artery ostia and depend-
ing upon the location of entry tear, it may also cover the origin of left common 
carotid artery. Fenestrations in the device are cut with a scalpel at the location of 
covered arch branch arteries. Short branch stent grafts (typically 2–3 cm in length) 
are selected so as to minimize branch vessel manipulation. The branch stent grafts 
are directly positioned through these fenestrations over a wire into the target vessels 
and deployed. Proper positioning of branch stent is confirmed by direct visualiza-
tion and the devices are expanded by direct manipulation with a clamp and gently 
molded with a soft conformable occlusion balloon. The branch devices are aligned 
with about 5–10 mm of extension into the aortic lumen to assure good overlap and 
fixation. This first suture line is then run circumferentially to the stentgraft and the 
aortic wall and typically runs around the distal edge of the left common carotid 
(zone 2) or innominate artery (zone 1) to optimize fixation and seal in the arch.

The surgical graft to replace the ascending aorta and hemiarch is sized based on 
the diameter of the sinutubular junction. The graft is beveled distally and then 
sutured circumferentially to the transected aorta and the stentgraft and along the 
proximal edge of the innominate artery. In patients with particularly complex branch 
anatomy, or a large aneurysm of the arch itself, the innominate or left common 
carotid arteries may be separated from the aorta and reconstructed as separate anas-
tomoses. This multiple anastamotic variation of the B-SAFER operation is typically 
reserved for chronic dissection cases (Fig. 3).

Following anastomotic completion, the entire graft is deaired and clamped proxi-
mally. Full cardiopulmonary bypass is then re-initiated and warming commenced. 
During re-warming, attention is turned to the aortic root. Next the attention is 
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directed to the proximal aortic reconstruction based on the condition of the aortic 
root. Mostly, the valve and root can be preserved by re-approximation of the dis-
sected layers at the level just above the coronary ostia. Other options included valve 
replacement with a bioprosthesis and supracoronary graft anastomosis, total root 
replacement with reimplantation of the coronaries and valve replacement (modified 
Bentall), or valve sparing root replacement (modified David’s procedure in young 
stable patients).

In case of concern that the patient may have ongoing distal malperfusion, aor-
tography or intravascular ultrasound may be performed. Based on the findings 
additional endovascular interventions can be extended distally [28]. This may 
include the addition of a bare aortic dissections stent (Zenith dissection device, 
Cook, Indiana, USA) directed at dynamic compression or additional branch ves-
sel stenting directed at treating focal static branch occlusion. These adjunctive 
procedures can best be performed in a timely manner in the hybrid operat-
ing room.

Postoperative care for the patient with the frozen elephant trunk repair is the 
same as any other patient who presents with acute type A dissection. Patients are 
imaged with contrast-enhanced CT angiography prior to discharge, 3 months post-
operatively, and annually.

Fig. 3 Illustration of the 
multiple anastomoses, 
single stent B-SAFER 
operation
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 Results

Several reports have been published from Europe and Asia where frozen elephant 
trunk devices have been commercially available for several years. Outcomes for 
these procedures in most of the experiences have been similar to what is expected 
with conventional approaches [29, 30]. In a recent combined series from two of the 
busiest centers in Europe the mortality was 14.9%, stroke rate was 10.8%, and spi-
nal cord injury was 5.5% [31].

One of the biggest concerns with the early reports on the frozen elephant trunk 
repair has related to the potential for increased risk of spinal cord injury, a complica-
tion not typically seen with limited repair of acute dissection [32]. Although results 
from a recent multi-center analysis of patients undergoing total arch replacement 
with or without FET demonstrated no increase in risk of spinal cord injury with the 
addition of FET to a total arch—4% for total arch replacement and 6% for FET [33]. 
This data suggests that the exact mechanisms of spinal cord injury are yet to be 
elucidated. The risk is likely related to extent and pattern of disease as much as it is 
to the techniques used to address it. Improvements in technique and a concerted 
effort to reduce the circulatory arrest time may help to reduce neurologic risks as the 
experience improves.

The largest single center series from Beijing have demonstrated excellent results 
with mortality of 6.5%, stroke 2%, and spinal cord injury of 2.4% [34]. It is impor-
tant to note that the patient population in the Chinese series was about 10 years 
younger (mean 46 years old) than their European and American counterparts. Also, 
the mean time from dissection to operation was 5 days so this likely represents a 
select population of patients who are less likely to have the severest forms of malp-
erfusion. Malperfusion at presentation has repeatedly been shown to be an impor-
tant predictor of acute outcomes and the addition of FET to acute repair may prove 
to be beneficial in these patients as the technique optimizes distal true lumen flow 
[35, 36].

The primary advantage of the B-SAFER technique is that it allows for repair of 
the entire ascending, arch, and proximal descending aorta in one relatively efficient 
operation with a limited period of circulatory arrest. In the early experience with 
this technique, the results were good with mortality, stroke, and spinal cord injury 
risk of 4%, respectively. In patients in whose dissection extends only into the arch, 
this can be the definitive procedure. In those who have residual thoracoabdominal 
dissection, the residual dissected segment beyond the FET component can be easily 
addressed with a future endovascular repair [37, 38].

 The Future

Next generation frozen elephant trunk devices feature additional branch limbs aris-
ing from the surgical graft component and easier to use delivery and deployment 
systems (Thoraflex, TerumoAortic, Scotland—Fig. 4a; EvitaNeo, Cryolife, 
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Atlanta—Fig. 4b). Additional devices that are currently in trial include a bare stent 
that extends across the arch with or without and additional descending stentgraft 
component.

Our experience with the B-SAFER technique has continued and now accounts 
for the majority of acute DeBakey Type 1 repairs and chronic aortic dissection 
repairs performed in our center. The operation has been performed by nine of our 
staff surgeons in over 250 patients. We are currently actively enrolling patients in a 
physician sponsored investigational device exemption study to allow for prospec-
tive assessment of the outcomes for this procedure. Additional advances in the 
development of frozen elephant trunk repair devices are likely to include built-in 
branch grafts to accommodate the left subclavian artery and to further simplify 
extended repair.

Although progress has been slow, it has been steady and we should continue to 
see improvements in the care of aortic dissection with the use of frozen elephant 
trunk techniques becoming the new standard of surgical treatment.
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One-Stage Repair of Extensive Chronic 
Thoracic Aortic Dissection

Alexander Kulik and Nicholas T. Kouchoukos

 Introduction

Following successful repair of acute type A aortic dissection with graft replacement 
of the ascending aorta and part of the aortic arch, the false lumen frequently remains 
patent. Progressive dilation of the remaining dissected aorta may thereafter develop 
[1, 2], occurring most commonly in younger patients and those with connective tis-
sue disease (Marfan syndrome) [3–5]. Ultimately, up to 30% of patients will require 
operative re-intervention for aneurysmal disease or progressive aortic valve insuf-
ficiency 5–10 years after the initial dissection surgery [1–4, 6–10]. Late reopera-
tions for thoracic aortic dilation may also be necessary for patients who develop 
aortic dissection after coronary or valve operations [11–13], and for those who 
develop retrograde dissection and enlargement of the aortic arch following type B 
aortic dissection or endovascular stent-graft repair of the thoracic aorta [14–16]. 
While several operative techniques exist, the optimal surgical approach for the man-
agement of patients who develop substantial enlargement of the remaining dissected 
thoracic aorta has yet to be determined. Options for management include staged 
procedures, commonly using conventional [17–19] or frozen elephant trunk tech-
niques [20–23], hybrid procedures using endovascular grafts to exclude the aneu-
rysmal thoracic aortic segments [24–26], and 1-stage procedures [27–29]. Herein, 
we present our experience with the 1-stage technique which we have used exclu-
sively since 1995 for patients with chronic thoracic aortic dissection who require 
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extensive resection of the descending thoracic aorta. We have focused on the details 
of the surgical technique, and have highlighted the early and late clinical outcomes 
associated with the procedure.

 Technique

Previously reported [27, 30–33], our operative technique involves the use of bilat-
eral anterior thoracotomy incisions through the fourth intercostal space and a 
transverse sternotomy (Fig.  1). Peripheral venous cannulation is performed 
through the right common femoral vein using a 2-stage cannula with the tip posi-
tioned in the superior vena cava, and arterial cannulation is achieved through the 
right common femoral artery and the right axillary artery. For axillary cannula-
tion, through a right subclavicular incision, an 8- or 10-mm collagen-impregnated 
polyester graft (Hemashield Platinum straight tube graft; MAQUET Cardiovascular 
LLC, Wayne, NJ) is sutured to the axillary artery in an end-to-side fashion and the 
graft is then connected to the cardiopulmonary bypass (CPB) circuit (Fig. 2a, b). 
Two separate arterial lines from the pump oxygenator are used during aortic arch 
operations, and the desired ratio of flow through the two arterial lines is achieved 

Fig. 1 Patient is positioned in a modified right lateral decubitus position. Dashed lines indicate 
sites of incision. (From Kouchoukos [33])
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during the operation by using occluders and in-line flowmeters. The femoral arte-
rial line is initially clamped, and CPB is established using the axillary perfusion 
graft. Cooling is then initiated, and a catheter is inserted into the right superior 
pulmonary vein for venting the left heart. A cannula is also inserted into the coro-
nary sinus for delivery of cold blood cardioplegic solution (Fig. 3). During cool-
ing the head is packed in ice and intravenous methylprednisolone (7–10 mg/kg) 
and thiopental (10–15 mg/kg) are administered. The pericardium is incised over 
the distal ascending aorta and aortic arch, and the left phrenic and left vagus 
nerves are identified and protected without isolation or traction. If the ascending 
aorta can be safely clamped, additional antegrade cardioplegia is administered 
(Fig. 4). When the nasopharyngeal temperature reaches 13–18 °C and the electro-
encephalogram becomes isoelectric, circulatory arrest is established. The axillary 
perfusion graft is clamped and the ascending aorta and aortic arch are opened with 
care to prevent dislodgment of atheromatous debris. The brachiocephalic arteries 
are dissected from the surrounding tissue and transected at their origins from the 
aorta. In the presence of atheroma or dissection, the arteries may require division 
more distally (Fig. 5). Perfusion from the axillary artery is then slowly initiated to 
evacuate trapped air and debris (Fig. 6). The arteries are flushed and individually 
clamped. Cerebral perfusion is then initiated from the right axillary artery graft 
(flow 10–15 mL/kg/min; temperature 20–22 °C) to provide perfusion to the right 
carotid and right vertebral arteries, and, through the circle of Willis and other col-
lateral channels, to the left side of the brain. The flow rate is adjusted to maintain 
a mixed venous oxygen saturation of 85–95% using bilateral cerebral oximetric 
monitoring. Perfusion pressure is continuously monitored from the left radial 
artery. A clamp is placed on the descending thoracic aorta distal to the aneurysmal 

Two-stage venous
cannula with tip in SVC

Arterial line

Rt Axillary a.

Cannula in femoral a.a b

Fig. 2 (a) Axillary artery graft. (From Kouchoukos [33]]. (b) Right femoral artery and vein can-
nulation. (From Kouchoukos [33])
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segment and flow to the lower body is initiated through the femoral arterial can-
nula. An appropriate sized presewn multibranched graft is positioned in the 
opened aortic arch. The distal limb of the graft is positioned into the descending 
thoracic aorta beneath the left phrenic and left vagus nerves (Fig. 7). The three 
adjacent branches of the aortic graft are cut to the appropriate lengths and sutured 
sequentially to the brachicephalic arteries, beginning with the left subclavian and 
ending with the innominate artery (Fig. 7). Perfusion from the right axillary artery 
continues while these anastomoses are performed. When the anastomoses are 
completed, the aortic graft is clamped distal to the left subclavian artery, the 
clamps on the three branches are removed, and air is evacuated from the proximal 
open end of the aortic graft. The aortic graft is then clamped just proximal to the 
innominate artery and antegrade flow is established through the three arteries, 
maintaining the same flow rate, pressure, and temperature (Fig.  8). The fourth 
branch of the aortic graft is ligated. Flow from the femoral artery cannula is dis-
continued and the site for attachment of the distal end of the graft to the descend-
ing thoracic aorta is determined. This is generally where the diameter of the 

Left heart vent in right
superior pulmonary v.

Retrograde
cardioplegia cannula

LITA pedicles

Fig. 3 The left heart is vented through the right superior pulmonary vein. A balloon-tipped can-
nula is positioned in the coronary sinus through purse-string suture in right atrial wall. (From 
Kouchoukos [33])
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remaining dissected aorta does not exceed 3.5–4.5 cm. A segment of the septum 
between the true and false lumens of the distal aorta is excised to permit perfusion 
of both channels. The graft is stretched tightly to avoid buckling and is anasto-
mosed to the open descending thoracic aorta, reinforcing the suture line with a 
strip of polytetrafluoroethylene felt (Fig. 8). Intercostal arteries above the seventh 
intercostal space are ligated. Those below this level, if patent, are preserved by 
beveling the aorta to preserve the posterior wall. As the distal suture line is being 
completed, femoral arterial perfusion is initiated slowly to evacuate distal air and 
debris. Rewarming then commences, using only arterial flow through the right 
axillary artery. During rewarming, aortic valve or aortic root replacement and 
coronary artery bypass grafting are performed, if indicated. The proximal end of 
the aortic graft is sutured to the ascending aorta at the level just above the aortic 
commissures (Fig. 9), to an existing aortic graft, or to a newly inserted composite 
graft. CPB is discontinued once rewarming is completed. The axillary artery graft 
is subsequently ligated close to the artery and divided.

Left carotid a.

Innominate a.

Left innominate v.

Left subclavian a.

Left phrenic & left vagus nerves

Antegrade cardioplegia

Fig. 4 The ascending aorta is clamped, if feasible, and antegrade cardioplegia is administered. 
The left inferior pulmonary ligament is divided to mobilize the left lung and the distal limit of 
excision of the descending aorta is identified. (From Kouchoukos [33])
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Right subclavian a.

Left carotid a.
Left subclavian a.

Left phrenic
  & vagus nerves

Fig. 5 After circulatory 
arrest is established, the 
axillary graft and femoral 
venous lines are clamped. 
A clamp is placed on the 
descending thoracic aorta 
distal to the aneurysmal 
segment. The ascending 
aorta is incised vertically 
on the anterior surface and 
the incision is extended 
across the aortic arch up to 
the level of the left phrenic 
nerve. A separate incision 
is made in the descending 
thoracic aorta lateral to the 
left vagus nerve. The three 
brachiocephalic arteries are 
transected from their 
origins or more distally, if 
necessary. (From 
Kouchoukos [33])

Right axillary a.

Right subclavian a.

Carotid arteries

Left subclavian a.

Fig. 6 Perfusion from the axillary artery is slowly initiated to remove air and debris from the 
brachiocephalic arteries. (From Kouchoukos [33])
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 Results

During a 21-year interval ending in December, 2015, we employed the technique 
described above to treat 80 patients with chronic, extensive aortic dissection and 
aneurysmal enlargement of the thoracic aorta. During the procedure, all aneurysmal 
aorta was resected and replaced with graft; this included the ascending aorta, the 
aortic arch, and varying lengths of the descending thoracic aorta. One half or more 
of the descending thoracic aorta was replaced in 62 of the 80 patients. Seventy-three 
patients had type A dissection (61 of whom had previously undergone repair of 
acute type A dissection), and seven patients had type B dissection with proximal 
extension. The mean patient age was 57 years (range, 22–81 years), and 72% were 
men. Thirteen patients (16%) had genetically mediated connective tissue disorders. 
Among the 61 patients undergoing reoperation, the mean interval between the ini-
tial and the 1-stage procedures was 62.5 months (range, 1.7–265 months).

In the operating room, the mean transfusion requirements were 8 ± 5.1 units of 
packed red blood cells, 6.3 ± 3.9 units of fresh-frozen plasma, 4.6 ± 3 units of plate-
lets, and 10.8 ± 18 units of cryoprecipitate. The average hospital length of stay after 
surgery was 20.5 days (median, 11; range, 6–71 days). Regarding early outcomes, 
the hospital and 30-day mortality rates were 2.5% (two patients). Six patients (7.5%) 
required reoperation for bleeding. Stroke occurred in one patient (1.2%), and spinal 
cord ischemic injury (paraplegia) occurred in one patient (1.2%). Renal failure 
requiring dialysis occurred in six patients (7.5%), and two of the six patients were 
receiving dialysis at the time of hospital discharge. Twelve patients (15%) required 

Left subclavian a.
sewn to graft

Fig. 7 After brain 
perfusion is established, a 
presewn multigraft branch 
is positioned in the open 
end of the aortic arch, 
passing the distal limb into 
the descending thoracic 
aorta beneath the phrenic 
and vagus nerves. The 
three adjacent branches of 
the graft are cut to the 
appropriate lengths and 
sutured sequentially to the 
brachial arteries beginning 
with the left subclavian 
artery. (From Kouchoukos 
[33])
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a tracheostomy, nine of whom had the tracheostomy in place at the time of dis-
charge. One patient was treated conservatively for a deep chest wound infection.

At 1-year, the mortality rate was 12% (eight patients). During the follow-up 
interval, which extends to 18.2 years, there have been 42 late deaths. No patient 
whose cause of death was known died of aortic rupture. Actuarial survival at 5 and 
10 years was 76.4% and 52.6%, respectively. Sixty-five of the 78 hospital survivors 
(83%) had serial imaging studies suitable for calculation of growth rates of the 
remaining dissected thoracic and abdominal aorta. The annual growth rate of the 
distal aorta for the entire cohort was 1.7 mm/year. The maximum aortic diameter 
increased in 40 patients (mean, 2.8 mm/year), remained unchanged in 16 patients, 
and decreased in 9 patients (mean, −0.6 mm/year). The growth rate was highest for 
the 12 patients whose initial aortic diameters were 4.5 cm or greater (2.5 mm/year). 
For the 8 patients in whom the dissection was confined to the thoracic aorta, the 
annual growth rate was −0.2  mm/year, whereas it was 1.9  mm/year for the 57 
patients in whom the dissection extended into the abdominal aorta.

Fig. 8 After completion of the branch anastomoses, the aortic graft is clamped distal to the left 
subclavian artery. The clamps on the three branches are released, and after evacuation of air, the 
aortic graft is clamped just proximal to the innominate artery and antegrade flow is established 
through the three arteries (arrows). The fourth branch of the graft is ligated. Arterial flow from the 
femoral artery is discontinued, and the clamp on the distal thoracic aorta is removed. A segment of 
the septal tissue between the true and false lumens is excised to permit perfusion of both lumens, 
and the graft is cut to the appropriate length and sutured to the outer circumference of the aorta, 
incorporating a strip of polytetrafluoroethylene felt. Arterial flow from the femoral artery is discon-
tinued, and antegrade flow is established from the axillary artery. (From Kouchoukos [33])
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Five patients required reoperation on the contiguous thoracic or abdominal aorta 
distal to the aortic graft for aneurysmal degeneration at 8, 27, 34, 51, and 174 
months postoperatively. Four of the five patients had replacement of the remaining 
thoracic aorta and the abdominal aorta to a level just above the aortic bifurcation, 
while the fifth patient underwent a hybrid procedure with abdominal debranching 
followed by endovascular stent graft repair. No patient whose dissection was con-
fined to the descending thoracic aorta has required reoperation. Actuarial freedom 
from reoperation for aneurysmal growth of the contiguous distal aorta at 5 and 10 
years was 95.4% and 93% (Fig. 10). Seven additional patients required operations 
on the aorta or its major branches, on the aortic graft, or the aortic valve for indica-
tions unrelated to aneurysmal growth of the contiguous aorta. Actuarial freedom 
from any aortic reoperation was 89.2% at 5 years and 81.4% at 10 years (Fig. 11). 
Survival free of aortic reoperation at 5 and 10 years was 68.6% and 43.9%, 
respectively.

 Discussion

We have used the 1-stage technique exclusively since 1995 for patients with chronic 
aortic dissection who require extensive resection of the thoracic aorta. The bilateral 
anterior thoracotomy incision provides excellent exposure of the heart, the 

Fig. 9 The proximal end 
of the graft is cut to the 
appropriate length and 
sutured to the ascending 
aorta just above the aortic 
commissures, to an 
existing aortic graft, or to a 
composite graft. (From 
Kouchoukos [33])
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Fig. 10 Freedom from reoperation on the contiguous distal aorta for aneurysmal degeneration 
after the 1-stage surgical procedure. CI confidence interval. (From Kouchoukos et al. [27])

100

75

50

25

0

Patients
at Risk

Fr
ee

do
m

 fr
om

 A
ny

 A
or

tic
 R

eo
pe

ra
tio

n 
(%

)

0

Reoperation

1 year          97.3% (95%CI: 89.5%, 89.3%)

5 years          89.2% (95%Cl: 78.5%, 94.7%)

10 years          81.4% (95%Cl: 67.4%, 89.9%)

15 years          60.1% (95%Cl: 26.8%, 82.2%)

80 42 19 3

Years Postoperatively

5 10 15

Fig. 11 Freedom from any aortic reoperation after the 1-stage surgical procedure. CI confidence 
interval. (From Kouchoukos et al. [27])

A. Kulik and N. T. Kouchoukos



343

brachiocephalic arteries, both phrenic and the left vagus nerves, and the entire 
descending aorta. Injury to the dilated ascending aorta (that can occur with ster-
notomy during reoperation) is avoided because the transverse thoracotomy incision 
is generally made below this level. The wide exposure of the left pleural cavity helps 
avoid excessive manipulation of the left lung and the potential for intrapulmonary 
hemorrhage in a fully heparinized patient. In the usual scenario, mobilization of the 
heart from the pericardium is necessary only along the lateral surface of the right 
atrium and the interatrial groove. However, if concomitant CABG is required, expo-
sure of the coronary arteries is easily accomplished. Tricuspid or mitral valve pro-
cedures can also be performed with exposure of the right atrium and the 
interatrial groove.

Use of the bilateral anterior thoracotomy technique permits resection of the 
entire thoracic aorta. This eliminates the need for two-stage procedures and the 
attendant mortality and morbidity that can occur in the interval between the stages 
or during the second thoracic aortic procedure [34–36]. While the traditional method 
for total arch replacement involves the distal aortic anastomosis first before the arch 
anastomosis [37–39], we apply an arch-first approach and implant a branched aortic 
graft. This differs from the older technique where a cuff of aorta surrounding the 
brachiocephalic arteries was sutured to the aortic graft. Since longer periods of cir-
culatory arrest are associated with greater risk of perioperative stroke and death [39, 
40], with the 1-stage technique described above, antegrade hypothermic cerebral 
perfusion is rapidly initiated to minimize the duration of brain ischemia, and the 
mean duration of circulatory arrest was 12.1 ± 6.7 min. Arterial brain perfusion is 
provided via the axillary artery, thus avoiding the need for direct cannulation of the 
brachiocephalic arteries (a potential cause of stroke) or a separate perfusion circuit 
for the brain.

Several alternative options exist for the management of chronic dissecting aneu-
rysms confined to the thoracic aorta. These include a staged approach, commonly 
using the elephant trunk technique, or hybrid procedures using debranching and 
stent graft techniques [17–19, 36, 41, 42]. One of the major limitations of a staged 
approach relates to the cumulative risk of the two operations and the risk of aortic 
rupture in the interval between the stages. In four of the largest reported series of 
elephant trunk procedures, which contain a substantial number of patients with 
chronic aortic dissection (31–39% of the total), the cumulative mortality for the two 
procedures and the risk of death from aortic rupture in the interval between the two 
procedures exceeded 20% [18, 19, 34, 36]. Our mortality rate of 2.5% for the 1-stage 
operation compares favorably with the early mortality associated with the conven-
tional elephant trunk procedure for the first stage of a two-stage procedure [18, 19, 
34, 36, 43–46]. Applying newer techniques, the frozen elephant trunk operation has 
a reported mortality rate of 10.2–15.5% [21–23, 47, 48], and the early mortality 
associated with the hybrid debranching option has ranged from 3% to 17% in 
reported series [24–26].
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Despite the sacrifice of both internal thoracic arteries using the bilateral ante-
rior thoracotomy approach, we have noted excellent wound healing and only one 
deep wound infection in our series. With regards to other perioperative morbidity, 
the prevalence of stroke, renal failure, and left recurrent laryngeal nerve injury in 
our experience has not exceeded that reported for patients undergoing conventional 
first-stage elephant trunk procedures [17–19, 36, 46], and the intraoperative transfu-
sion requirements have been substantially less [17, 19]. Our rates of stroke (1.2%) 
and renal failure requiring dialysis (7.5%) also compare favorably to those reported 
from series of patients undergoing the frozen elephant trunk procedure (2.2–9.8% 
and 12–22%, respectively) [20–23, 47, 48], or hybrid stent graft procedures (3–8% 
and 0–11%, respectively) [24–26]. Of note, in a recent meta-analysis summarizing 
the data from 1103 patients treated with the frozen elephant trunk procedure, the 
prevalence of spinal cord ischemic injury was 7.9% [49]. With the hybrid procedure, 
potentially fatal complications such retrograde aortic dissection can occur [24–26].

The relatively high prevalence of pulmonary dysfunction and need for tracheos-
tomy rate have been considered by other groups to be significant limitations of the 
1-stage procedure [20, 50, 51]. However, our rate of pulmonary complications does 
not exceed that reported for the first stage of a two-stage approach [39]. Among 
patients undergoing the conventional 2-stage elephant trunk procedure (sternotomy 
for the first stage), the prevalence of tracheostomy has been reported at 16.5% fol-
lowing the two procedures [46]. For patients undergoing the frozen elephant trunk 
procedure, the frequency of prolonged intubation for more than 72  h has been 
reported at 12–24% [21, 23]. In our experience with the 1-stage technique, trache-
ostomy was required in 15% of patients, and with increasing experience, this rate 
has decreased [27].

The fate of the distal aorta and the need for subsequent aortic interventions are 
important considerations for the management of patients after extensive thoracic 
aortic repair. For patients in whom the conventional elephant trunk procedure is 
used to treat patients with extensive chronic thoracic aortic dissection, a second 
open or endovascular procedure is almost always required, and there is a risk of 
death from aortic rupture during the interval between the operations. For patients 
treated with the frozen elephant trunk procedure, reintervention on the distal aorta 
during follow-up is not infrequent, ranging from 22% to 25% in two of the largest 
published series [21, 47]. In the largest series of patients with chronic aortic dissec-
tion treated with hybrid procedures, additional stent grafts were needed in 18% of 
patients for type I and type II endoleaks during a mean follow-up interval of only 2 
years [26]. This may relate to the progressive thickening and stiffening of the sep-
tum between the true and false lumen, as well as the presence of multiple septal 
fenestrations, limiting the ability of stent grafts to fixate to the aortic wall and induce 
complete thrombosis of the false lumen [52, 53]. In the aggregate, a substantial 
number of aortic reinterventions are necessary following elephant trunk or hybrid 
techniques.

However, after the 1-stage procedure, we have noted a reoperation rate on the 
contiguous downstream aorta of only 7% at 10 years and a low overall rate of growth 
of the distal aorta. These findings indicate that after replacement of the more 
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proximal aneurysmal aortic segments using this technique, distal aneurysm forma-
tion is infrequent. Possible explanations for the low rates of growth and aneurysm 
formation after the 1-stage procedure include stabilization of the aorta at the distal 
anastomosis that results from firm fixation to the aortic graft with felt buttressing, 
and maintenance of flow into both the true and false lumens. Despite the low rate of 
reoperation in our series, we continue to advocate annual surveillance with serial 
imaging studies after the 1-stage procedure, which is of particular importance in 
patients with Marfan syndrome and other genetically mediated conditions, espe-
cially since reoperations were required as late as 174 months postoperatively.

 Conclusion

Our extended experience with the 1-stage open procedure confirms its safety and 
durability for the treatment of chronic aortic dissection with enlargement confined 
to the thoracic aorta. The procedure is associated with low operative risk and a low 
incidence of reoperation on the contiguous distal aorta. The prevalence of spinal 
cord ischemic injury is substantially less than that reported for the frozen elephant 
trunk and hybrid procedures. By limiting the duration of circulatory arrest and pro-
viding hypothermic cerebral perfusion with axillary cannulation, we have been able 
to achieve low rates of stroke and temporary neurologic dysfunction. It remains our 
treatment of choice for extensive chronic aortic dissection with aneurysmal dilata-
tion confined to the thoracic aorta, and we believe it represents a suitable alternative 
to the 2-stage, frozen elephant trunk and hybrid procedures that are also used to treat 
this condition. Because growth of the distal aorta occurs at a variable rate, lifelong 
surveillance of patients with chronic aortic dissection is required.
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 Introduction

Acute type A aortic dissection (ATAAD) is a potentially lethal disease, with a mortal-
ity estimated at 1% per hour for the first 48 h and a 30-day mortality of 90% without 
surgical intervention [1]. Despite improvements in diagnostic capabilities, surgical 
management, and critical care, the operative mortality for ATAAD remains signifi-
cant even when performed at specialized centers reporting to large databases like the 
International Registry of Acute Aortic Dissections (IRAD), the German Registry for 
Acute Aortic Dissection Type A, or the Nordic Consortium for Acute Type A Aortic 
Dissection [1–3]. Malperfusion of aortic branch vessels complicates up to a third 
of ATAAD cases, and represents one of the most catastrophic sequela influencing 
outcomes [4]. The gold standard approach to ATAAD involves immediate repair of 
the ascending aorta [5, 6]. While there is some controversy surrounding the optimal 
approach for patients presenting with advanced malperfusion syndromes, the abys-
mal outcome for patients with medical management is not debatable.

 Classification Systems, Definitions, and Epidemiology

The DeBakey classification system was the first nomenclature to define the extent 
of aortic dissection [7]. A type I dissection begins in the ascending aorta and extends 
into the descending aorta, while a DeBakey II dissection begins in the ascending 
aorta and often terminates in the aortic arch. Type III dissections begin distal to the 
left subclavian artery with a IIIa limited to the descending aorta and a IIIb extending 
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into the abdominal aorta. The Stanford classification system is based more on the 
location of the primary tear and was first described in 1970 [8]. In 2009, Augoustides 
and colleagues introduced a clinical classification system for ATAAD that stratified 
patients according to their ischemic profile (Table 1) [9]. Penn Class “a” patients are 
characterized by the absence of branch vessel malperfusion or circulatory collapse. 
Penn Class “b” patients include those with localized branch vessel ischemia (vis-
ceral, central nervous system, renal, peripheral). Class “c” patients are those with 
circulatory collapse and generalized ischemia. Class “b and c” patients have both 
localized and generalized ischemia. This classification was predicated on an obser-
vational cohort of 221 patients, and later validated as a risk assessment tool for 
predicting operative mortality [10].

Some authors have since proposed modifications to include subcategories of end 
organ ischemia [11], while others have proposed a mortality risk score based on 
lactate levels, creatinine, and the presence of hepatic malperfusion [12]. Recent 
analysis of the large cohort of patients in the GERAADA led the authors to con-
clude that a simple preoperative stratification of “complicated” and “uncompli-
cated” groups based on the presence or absence of malperfusion best predicts risk 
and aids in the planning of therapeutic strategy [4]. Irrespective of the classification 
system used, the presence of end-organ malperfusion remains a preoperative risk 
factor highly associated with worse outcome for patients with ATAAD.

Malperfusion of a vascular bed is a direct result of the dissection process itself; 
either the dissection flap or resultant false-lumen thrombus compress or occlude the 
true lumen of the branch vessel resulting in coronary, cerebral, spinal, visceral, 
renal, or limb ischemia. Branch obstruction can be classified as dynamic, static, or 
both, and characterized by intermittent or persistent malperfusion [13–15]. Dynamic 
malperfusion is caused by a mobile intimal flap obstructing the orifice of a branch 
vessel and is responsive to hemodynamic forces and changes in blood pressure. 
Static malperfusion results from dissection of the branch vessel with obstruction of 
the true lumen, most often by the thrombosed false lumen (Fig. 1). Both dynamic 
and static malperfusion may resolve with immediate central repair. Patients with 
static lesions and a delay in diagnosis or treatment resulting in more advanced organ 
ischemia may be better managed by alternative strategies to the standard immediate 
ascending aortic repair. When assessing risk, it is important to distinguish between 
vascular compromise based on imaging alone, versus clinical end-organ ischemia, 
i.e., “malperfusion syndrome (MPS).” Imaging can be frightening to look at but it is 
the presence of end-organ dysfunction that portends a poor prognosis [16]. MPS can 

Table 1 University of Pennsylvania acute type A dissection classification system [9]

Classification Ischemic Profile

Class a Absence of branch vessel malperfusion or 
circulatory collapse

Class b Branch vessel malperfusion with ischemia
Class c Circulatory collapse
Class b and c Both branch vessel malperfusion and circulatory 

collapse
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manifest as changes in physical exam and/or abnormalities in laboratory data, but 
should also include radiographic evidence of vessel compromise.

The widespread use of computed tomographic (CT) scans performed on patients 
presenting to emergency departments with chest pain has contributed to an increase 
in the number of ATAAD cases identified with malperfusion. Even without detailed 
imaging, however, a simple vascular exam can be quite useful in risk assessment. 
Pulse deficits are a harbinger of malperfusion in other organs and are present in 
nearly a third of patients in the IRAD database [17]. They were demonstrated to be 
an independent predictor of mortality and in-hospital adverse events. Hospital mor-
tality was directly correlated with the number of affected vessels: 24.7% with no 
deficits, 36.2% with one, 48.9% with two, and 55.9% with three. Similar to the 
results reported from IRAD, the GERAADA Registry also identified a linear cor-
relation between operative mortality and the number of malperfused organs present 
at the time of diagnosis (Fig. 2) [4].

The incidence of the different forms of malperfusion are interestingly consistent 
across a wide spectrum of reports on ATAAD [4, 17–19]. Coronary perfusion and 
peripheral malperfusion are the most common forms occurring in 10–15% and 
10–13% of patients, respectively. Cerebral malperfusion is the third most common 
form of this potentially lethal disease occurring in 6–14% of cases while spinal 

Static thr

thr

F T

thr

Dynamic

Static + dynamic

Fig. 1 Diagram depicting anatomical relationship of dissection flap with branch artery [15]. In 
static malperfusion, the dissection flap extends into the branch vessel and thrombus (thr) in the 
false lumen can compress and obstruct the true lumen. In dynamic malperfusion, the dissection 
flap prolapses over the vessel origin
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(2–5%), mesenteric (4–6%), and renal malperfusion (6–9%) occur in far fewer 
numbers. The prognostic implications of malperfusion very much depend on the 
involved vascular bed. The coronary, cerebral, and visceral circulations are the most 
sensitive to ischemia. MPS involving these vascular beds confers the greatest risk.

 Coronary Malperfusion

Coronary artery malperfusion is thankfully a rare complication, occurring in 
6.1–11.3% of ATAAD cases in single institution series and 10–15% in larger regis-
tries [4, 17, 20–23]. It may be easily confused with an acute coronary syndrome 
(ACS) leading to delays in diagnosis that are associated with a very high mortality. 
In the IRAD data, the presence of an abnormal ECG on presentation conferred a 
77% increased risk of mortality, similar to the 88% increase seen in patients reported 
to GERAADA [4, 19]. As it is not uncommon for dissection patients to have con-
comitant coronary artery disease (CAD), differentiation between ischemia second-
ary to ATAAD and an ACS can be quite challenging. ECG changes, arrhythmias, 
wall motion abnormalities on echocardiogram, hemodynamic instability in the 
absence of pericardial tamponade, and acute valvular dysfunction are all common 
endpoints of myocardial ischemia regardless of etiology. The subsequent triage of a 
patient down an incorrect treatment pathway may result in catastrophic 
consequences.

In a recent series of 76 patients with coronary artery malperfusion due to ATAAD, 
25% were originally diagnosed as having an acute myocardial infarction and were 
found to have a dissection only during diagnostic coronary angiography [21]. 
Further confusion may result from ischemic ECG changes that occur in the setting 
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of global malperfusion often seen with ATAAD. Neri and colleagues found that, of 
the 18.9% of ATAAD patients presenting with ECG signs of myocardial ischemia, 
only 11.3% had dissection involving a coronary ostium. All patients found to have 
dissection-related coronary malperfusion, however, exhibited ST or T-wave abnor-
malities on ECG, with two thirds presenting with Q waves [20]. ECG changes iden-
tified in the setting of an established ATAAD should prompt a heightened awareness 
for the potential need to harvest conduit for coronary artery bypass grafting (CABG).

In general, patients presenting with ATAAD are not evaluated with coronary 
angiography prior to proceeding to the operating room even in the setting of ongo-
ing myocardial ischemia. Patients who have undergone previous CABG and who 
are hemodynamically stable may be the exception. In a study of 103 patients with 
ATAAD after previous cardiac surgery, hemodynamically significant tamponade 
was rare, occurring in only 1% of patients presenting more than 30 days from their 
primary surgery. Nearly all patients in this series with prior CABG required opera-
tive management of CAD during their dissection repair. Preoperative coronary angi-
ography and operative management of native and graft coronary disease had the 
strongest impact on survival, supporting its use in stable ATAAD patients with prior 
CABG [24]. A rapid evaluation for evidence of concomitant CAD should include a 
focused history with review of prior ECGs, when possible. Calcifications in the 
coronary arteries on CT scan should be noted, and an intraoperative evaluation com-
prised of direct visualization and manual palpation may identify areas with signifi-
cant plaque. Wall motion abnormalities on intraoperative echocardiogram also alert 
one to the possible need for surgical revascularization.

Whenever the decision is made to cross-clamp and open the ascending aorta, 
direct visualization of the coronary ostia is mandatory to guide the operative strat-
egy. Neri and colleagues identified the three main types of lesions that can cause 
coronary malperfusion [20]. Type A lesions are those where the dissection abuts the 
ostium and creates a bulging local flap, causing malperfusion by a trapdoor mecha-
nism. Type B lesions are those in which the dissection extends along the length of 
the coronary artery, creating a false channel. Type C lesions are those in which the 
dissection results in detachment or complete avulsion of the coronary intima 
(Fig. 3). Once the presence of coronary malperfusion is identified, immediate con-
siderations should be given to methods of myocardial protection, strategies for cor-
onary revascularization, and available options for postoperative support of the heart 
after an ischemic insult.

In the setting of preoperative myocardial ischemia, the adequacy of myocardial 
perfusion during systemic cooling may be difficult to assess. Routine use of a myo-
cardial temperature probe permits one to measure regional cooling of the myocar-
dium even before cross-clamping. In those who do not routinely utilize retrograde 
cardioplegia, failure to achieve anticipated levels of myocardial hypothermia during 
the administration of antegrade cardioplegia may heighten one’s awareness of the 
need for earlier surgical revascularization. While the use of an internal mammary 
artery graft provides optimal long-term survival, the need to deliver cardioplegia 
expeditiously may alter surgical planning and mandate the use of a rapidly  harvested 
greater saphenous vein.
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Once the distal aorta anastomosis is completed, management turns to the proxi-
mal aorta and the coronary ostia. Patients with coronary malperfusion are more 
likely to need full root replacement rather than root preserving operations as the 
coronary ischemia is a marker of greater root destruction [25]. For those fortunate 
to have a single type A lesion, these potentially can be managed by resuspension of 
the commissures and reconstruction of the aorta at the sinotubular junction. 
However, one must be aware of the potential for persistent perfusion of the false 
lumen in the sinuses of Valsalva through needle holes in the aortic suture line, or 
through distal coronary re-entry tears on type B lesions. Should this occur, or for 
those with type C lesions, CABG with oversewing of the coronary ostia will be 
necessary.

There are a number of surgical options to consider when attempting to repair 
type A and B lesions in the setting of performing a full root replacement. Safe and 
hemostatic coronary button reimplantation mandates meticulous surgical technique 
and a proper evaluation of the integrity of the dissected tissue. After mobilizing but-
tons, one may decide to buttress the separated layers by a neo-media of Teflon felt 
before reattaching to the ascending aortic graft [26]. Alternatively, one may choose 
to reimplant the buttons directly with suture and to reinforce the suture lines with 
circumferential horizontal mattress, pledgetted sutures. In either case, the integrity 
and functionality of the reimplanted coronary arteries can be tested after reimplan-
tation by pressurizing the aortic root graft with cardioplegia [27]. Failure to cool the 
myocardium under these circumstances should be concerning and may war-
rant CABG.

Algorithms for managing the affected coronaries vary in the literature. Some 
authors prefer bypass grafts to every coronary involved by dissection [23], while 
others attempt repair for all but the completely avulsed artery. Neri and colleagues 
report patch angioplasty and interposition grafts as options for managing type B and 
C lesions, while others question the time-consuming nature of these endeavors, in 
addition to the likelihood of early technical failures [21]. Our general practice 

Fig. 3 Acute type A aortic 
dissection with a type B 
coronary lesion
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involves repair of the coronary at the level of the ostium for most type A and focal 
type B lesions. For extended type B lesions and type C lesions there is a low thresh-
old for proceeding with CABG. Similarly, should there be concerns about the integ-
rity of an ostial repair, bypass grafting is performed. Regardless of the preferred 
mechanism of direct coronary repair or bypass, once the aorta is unclamped and an 
adequate period of reperfusion achieved, a heightened awareness for ongoing mal-
perfusion is paramount. Refractory atrial or ventricular arrhythmias, unresolved 
wall motion abnormalities, and significant right or left ventricular dysfunction are 
indicative of ongoing ischemia and warrant the consideration of bypass grafts to the 
involved coronary distributions.

Mortality rates for patients with coronary malperfusion due to ATAAD are high, 
ranging from 20–33.3% [20–23]. All of the deaths in most series are due to uni- or 
biventricular failure. The preoperative factors heralding the worst prognoses include 
ejection fraction of less than 25% and elevated myocardial enzyme levels. 
Postoperative factors with significantly worse outcomes include the presence of 
ventricular arrhythmias, persistent mitral regurgitation, ejection fraction of less than 
25%, and persistently elevated myocardial enzyme levels [20]. Many surviving 
patients require a prolonged period of myocardial recovery with inotropic support 
for low cardiac output syndrome. Most patients require a prolonged hospitalization. 
Few patients requiring mechanical support to leave the operating room survive [21]. 
Rapid treatment, aggressive myocardial protection, and stable revascularization are 
the cornerstones to rescuing patients from this often fatal complication of ATAAD.

 Cerebral Malperfusion

There is considerable debate regarding the optimal management of patients with 
ATAAD presenting with cerebral malperfusion. Mechanisms for cerebral malperfu-
sion include obstruction of the true lumen by the dissection flap, embolism from 
thrombus, and global ischemia from shock. In a recent IRAD review of 1873 
patients diagnosed with ATAAD, Di Eusanio and colleagues found that 4.7% also 
presented with cerebrovascular accident (CVA) and 2.9% presented with coma. 
Definitions of cerebral malperfusion and its diagnostic criteria vary in the literature 
making interpretation of the data somewhat difficult. The altered consciousness 
with which many of the patients with cerebral malperfusion present may also lead 
to diagnostic challenges that delay treatment.

In the IRAD study, CVA was defined as persistent loss of neurologic function 
caused by an ischemic event. Coma was defined as completely unresponsive to 
stimulation. Scoring systems like the Glascow Coma Scale or National Institutes of 
Health Stroke Scale (NIHSS) can be helpful to classify patients preoperatively. In 
general, greater neurologic insults portend worse results, with mortality increasing 
two- to threefold for patients presenting with CVA or coma, respectively. Right-
sided strokes appear to be the most common, suggesting that malperfusion often 

Management of Complicated Type A Aortic Dissection: The Cornell-New York…



356

occurs from the dissecting flap or false lumen obstructing the ostia of the great ves-
sels (Fig. 4) [28].

Some consider cerebral malperfusion itself to be a contraindication to immediate 
repair. The prominent concerns with immediate central repair, most often done with 
concurrent hypothermic circulatory arrest and with full anticoagulation, include the 
risk of hemorrhagic conversion and reperfusion injury worsening neurologic out-
come. Patients with ATAAD and cerebral malperfusion are also more likely to pres-
ent with other characteristics predictive of poor outcomes, including hypotension, 
shock, tamponade, renal failure, myocardial ischemia, and limb ischemia. The risk 
of delaying surgery for stabilization of the neurologic condition, however, includes 
rupture and death. According to recent IRAD data, surgery is significantly less 
likely to be performed in patients with coma (66.7%) or stroke (75.9%) than those 
without a brain injury (88.9%). However, patients with ATAAD and brain injury 
perform miserably when managed medically, with a 100% mortality if presenting 
with coma. Only 12.8% of those with CVA managed medically survive to discharge. 
Although CVA and coma predict at least a two- or threefold higher mortality, 
patients who receive surgical treatment have a 75% survival to discharge [29].

There are some reports of novel techniques for early cerebral reperfusion includ-
ing direct carotid perfusion, endovascular stenting, or direct surgical fenestration, 
followed by central repair [30–32]. Our standard approach is immediate central 
repair of the dissection. Central cannulation of the true lumen is our preferred arte-
rial cannulation strategy. We utilize a Seldinger technique and the guidance of both 
epiaortic ultrasound and transesophageal echocardiography to ensure true lumen 
perfusion [33]. Near-infrared spectroscopy (NIRS) confirms symmetric great vessel 
flow, thus eliminating the need to manipulate the great vessels. In the small number 
of patients in which we are unable to access the true lumen centrally, we utilize the 
femoral artery for arterial inflow and only use axillary artery cannulation as a last 
resort. In our experience, the depth of the axillary artery, fragility of the vessel, and 
the need to place a perfusion graft onto the artery a majority of the time leads to 
additional cerebral ischemic time that can be avoided.

Fig. 4 Acute type A aortic 
dissection with innominate 
artery dissection and 
occlusion of right carotid 
artery (arrow)
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Intraoperative cerebral monitoring can include any combination of electroen-
cephalogram, NIRS, and transcranial Doppler ultrasound. We routinely use NIRS 
(Somanetics INVOS Cerebral/Somatic Oximeter, Covidien, IL, USA) to evaluate 
cerebral perfusion, particularly during the initiation of cardiopulmonary bypass or 
with aortic cross clamping. A sharp decrease in the cerebral oxygenation suggests 
the need for alternative arterial cannulation or removal of the cross clamp for the 
remainder of cooling. Although the optimal cerebral protection strategy during arch 
surgery is often debated, a recent network meta-analysis of 26,968 patients, in 
which dissections were included, compared deep hypothermic circulatory arrest 
with antegrade (ACP) and retrograde cerebral perfusion (RCP). The authors found 
no difference between ACP and RCP for stroke or operative mortality [34]. We 
prefer RCP and deep hypothermic circulatory arrest (DHCA) with a systemic tem-
perature of 20 °C or less. In the setting of cerebral perfusion we prefer a conserva-
tive strategy of hemiarch reconstruction to limit cerebral ischemic time and quickly 
reestablish antegrade great vessel flow.

Patient selection has been crucial to improving surgical outcomes over the last 
two decades. Although quality of life data is not readily available for patients sur-
viving immediate surgical management of ATAAD with cerebral malperfusion, sev-
eral studies have reported favorable outcomes [28, 29, 32, 35]. Complete resolution 
of neurologic deficits have been reported in up to 84% of patients presenting with 
focal deficits. Patients with more devastating neurologic injury are significantly less 
likely to achieve neurologic improvement. Neither cerebral protection method nor 
extent of aortic arch repair appear to be predictive of neurologic improvement. Early 
intervention, however, particularly within 10 h of presentation of stroke, is integral 
to achieving neurologic recovery [28, 35]. This data should encourage surgeons to 
offer emergent surgery to selected patients, particularly those with focal deficits, 
despite their higher risk profile.

 Spinal Malperfusion

Spinal malperfusion complicating ATAAD is rare, occurring in less than 5% of 
patients [4, 18]. It manifests as paraparesis or paraplegia, may present unilaterally, 
and may be accompanied by urinary or bowel incontinence. Immediate central aor-
tic repair is the mainstay of treatment, with complete resolution of spinal cord injury 
occurring in 61% [18]. The presence of preoperative spinal malperfusion is associ-
ated with increased risk of postoperative complications, and significantly increased 
risk of mortality [4]. Resolution of spinal ischemia, however, is protective against 
the increased risk of early mortality seen by those who do not experience neurologic 
recovery [18]. The presence of preoperative spinal malperfusion should not deter 
surgeons from offering a potentially life-saving procedure. Although nearly 40% of 
patients do not experience complete resolution of their symptoms, there may be an 
opportunity for those with partial recovery to experience additional return of lower 
extremity function with extensive rehabilitation.
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 Mesenteric Malperfusion

Mesenteric malperfusion is fortunately a rare complication of ATAAD, occurring in 
4–6% of patients [4, 36]. It can be insidious in presentation and frequently presents 
with malperfusion of other vascular territories. Patients with mesenteric MPS may 
present with abdominal pain, melena, metabolic acidosis, or elevated liver enzymes. 
The etiology may be dynamic obstruction, occlusive, or thromboembolic. The pres-
ence of mesenteric MPS is highly lethal, with nearly two-thirds of patients dying 
during hospitalization, a threefold increase over those without the complication 
[4, 36].

Management strategies for mesenteric malperfusion are perhaps the most 
strongly debated. The traditional approach of immediate aortic repair remains the 
most commonly utilized. Despite this, nearly one third of patients diagnosed with 
mesenteric ischemia are treated “medically” according to recent IRAD data. This 
likely reflects surgeons’ acknowledgement that, even with repair, mesenteric malp-
erfusion is one of the most threatening dissection-related complications. Without 
intervention, however, less than 5% survive [36].

Over recent decades, some groups have dedicated their efforts to a peripheral 
revascularization first strategy in order to resolve the MPS before moving on to 
primary aortic repair [37–41]. This approach relies heavily on early identification of 
patients who are at great risk of death from end-organ failure, and the availability of 
proceduralists and facilities skilled at performing complex interventional proce-
dures. The theoretical benefit to this approach is that resolving the MPS will reduce 
systemic inflammation and metabolic derangements that otherwise would increase 
the risk of central repair [16]. It may also prevent a futile attempt at open aortic 
repair for the already unsalvageable patient who succumbs to organ failure despite 
reperfusion of the affected vascular bed. Avoiding preventable aortic rupture while 
awaiting resolution of MPS is the biggest challenge of the staged approach. Yang 
and colleagues were able to eliminate fatal aortic rupture with their modified algo-
rithm (Fig. 5), noting that they enforced strict hemodynamic management during 
the endovascular phase and waited only for downtrending rather than normalization 
of ischemic markers before central repair. Despite this, total mortality for patients 
with mesenteric MPS remained high, 33.3–40.3% [38]. Those presenting with 
stroke (odds ratio [OR] 23), lactate >6 mmol/L (OR 13.5), or with bowel necrosis at 
laparotomy (OR 7) are the most difficult to salvage [37].

In many practices, including ours, the most expeditious means to restore end- 
organ function is rapid transfer to the operating room. We most often establish ante-
grade flow into the true lumen early by central cannulation, followed by rapid 
conservative aortic repair. The risk of rupture or fatal tamponade complicating 
delayed central repair is eliminated, and metabolic derangements can be corrected 
while on bypass. Persistently elevated lactates in the operating room after central 
aortic repair or high risk preoperative profile may warrant immediate laparotomy 
after central repair. Ongoing postoperative clinical or biochemical evidence of 
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persistent bowel ischemia after central repair should prompt mesenteric angiogra-
phy with interventional fenestration, angioplasty, or stenting, accompanied by 
abdominal exploration and resection of any ischemic bowel. Patients presenting 
with the particularly moribund risk factors of concomitant stroke or severely ele-
vated lactate may be considered for a staged approach.

Mortality rates for patients with ATAAD complicated by mesenteric MPS are 
dismal with medical and endovascular therapies alone [36]. Disappointingly, how-
ever, when comparing the endovascular first to central repair first approaches, the 
overall mortality for patients with mesenteric MPS complicating ATAAD is still 
alarmingly high [42]. Ongoing efforts supporting more prompt detection and resto-
ration of mesenteric blood flow is paramount to improving outcomes for this 
extremely high-risk cohort.

Acute type A aortic dissection

Hemodynamic instability
(aortic rupture, tamponade)?

Visceral or extremity
malperfusion syndrome (MPS)?

Arterial obstruction?

Endovascular treament
(fenestration/stenting)

Open aortic repair

Optimal medical support in ICU

Hemodynamic instability
(aortic rupture, tamponade)?

Resolution of organ failure?

No

No

No

No

Yes

Yes

Yes

Yes

No

Yes

Fig. 5 Michigan algorithm for acute type A aortic dissection and mesenteric or extremity malper-
fusion syndrome (MPS). ICU indicates intensive care unit [38]
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 Peripheral Malperfusion

Peripheral malperfusion complicates ATTAD in 10–13% of patients in larger regis-
tries, and often accompanies malperfusion of other vascular beds [1, 3, 4, 17, 43]. 
Limb ischemia manifests early as a cool, pulseless extremity with mottled skin, later 
as sensory and motor deficits and, in its most advanced stage, as profound paralysis 
of the limb [44]. Significant preoperative elevations in creatine kinase may signal 
potentially irretrievable tissue damage [45]. Sequelae of limb reperfusion are not 
benign, and include shock, acidosis, rhabdomyolysis, and renal failure. For those 
with advanced limb ischemia, the need to amputate may remain despite reperfusion. 
Aggressive pursuit of fasciotomies after reperfusion are prudent to relieve or avoid 
development of compartment syndrome and to assess the viability of the muscle.

Hemodynamically stable ATAAD with isolated and advanced limb malperfusion 
as the presenting feature may benefit from prioritizing limb reperfusion with a brief 
period of recovery before central aortic repair [38]. For ATAAD patients with mul-
tiple vascular beds affected by malperfusion, and for those with isolated early 
peripheral MPS, our preference is for immediate central aortic repair. Several stud-
ies report favorable results with immediate proximal aortic repair alone relieving 
lower limb ischemia in 60–100% of patients [5, 46–48]. After central repair, intra-
operative recognition of ongoing limb ischemia and expeditious revascularization 
produces excellent outcomes comparable to those of ATAAD patients without mal-
perfusion syndromes [43].

 Conclusions

The ideal approach to the patient with ATAAD and malperfusion includes rapid 
diagnosis and reperfusion of the ischemic vascular beds while minimizing the risk 
of aortic rupture. In cases where there is radiographic and clinical evidence of multi- 
organ malperfusion, or with ongoing hemodynamic instability, an aortic repair first 
strategy optimizes the timing of true lumen reperfusion throughout the aorta and 
eliminates the risk of rupture and influence of pericardial tamponade. However, 
when advanced single organ malperfusion syndromes are present (excluding coro-
nary malperfusion), there may be opportunities to avoid the additional metabolic 
and inflammatory insult of open surgery by utilizing a percutaneous revasculariza-
tion first approach. The operative mortality with all approaches remains disappoint-
ingly high but a gratifying rate of salvage can be anticipated when patients are 
triaged quickly to centers and surgeons with extensive experience caring for a wide 
variety of aortic pathology.
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 Introduction

Acute aortic dissection is a rare, life-threatening condition with an incidence rang-
ing from 5 to 10/100,000 person-years [1]. Cardiac surgeons have long recognized 
that this disease process is clinically challenging with a high mortality rate. Among 
the simplest and earliest classification systems, the Stanford paradigm proposed in 
1970 by Dailey et al. established surgical repair as the standard of care for the ‘Type 
A’ variant involving the ascending aorta (Fig. 1) [2]. While the wealth of experience 
treating this entity over the subsequent five decades has reaffirmed the need for 
prompt surgical intervention, one central theme remains certain: not all aortic dis-
sections are created equal. Within the cohort of patients referred for prompt surgical 
repair of acute type A aortic dissection (ATAAD), many potential complicating fac-
tors contribute to operative candidacy, optimal interventional strategy and morbid-
ity/mortality risk. In particular, the presence of neurologic injury, mesenteric 
malperfusion, limb ischemia or shock mandate rapid decisive action. When present, 
these factors comprise a heterogeneous “complicated ATAAD” variant with height-
ened technical challenges and surgical risk. Whereas the debate around neurologic 
status reflects a question of ‘if’ an operation should be attempted, the presence of 
malperfusion or limb ischemia raises important considerations of ‘how’ it should be 
performed. Various institutional paradigms have been built around theories on opti-
mal management, reflecting the lack of clear consensus across the specialty about 
how to optimally manage these difficult problems. The growing body of literature 
surrounding complicated aortic dissection management underscores the need for 
centralized cardiac surgery referral centers capable of interdisciplinary aortic inter-
ventions and the rapidly evolving practice of the modern aortic surgeon. This chap-
ter presents pertinent lessons learned from institutional experience and multi-center 
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databases to highlight branch points in the treatment algorithm for compli-
cated ATAAD.

 Pre-Operative Evaluation

 Operative Candidacy

Decisions on operative candidacy for ATAAD in general are made difficult by the 
very poor outcomes of medical management alone. While modern mortality esti-
mates for medical management alone are implicitly limited by selection and report-
ing biases, data from the International Registry of Acute Aortic Dissection (IRAD) 
database showed 57% mortality for patients treated medically. Surgical outcomes 
have steadily improved since the inception of the IRAD database with reported 
multi-center surgical mortality rates falling from 25% to 18% between 1995 and 
2013 [3]. Findings from the IRAD database also highlight age-dependent increases 
in mortality risk regardless of treatment modality but consistent superiority of surgi-
cal treatment up to 80 years of age [4]. The paucity of data for patients over 80 
within this cohort precludes robust determination of optimal management for octo-
genarians. Given these dichotomous outcomes, every ATAAD patient should be 
considered for operative repair. With few exceptions, our default pathway is imme-
diate transfer directly to a hybrid operating room and preparation for central aortic 
repair. The presence of distal malperfusion, which may affect one or multiple organ 
beds, represents a central branch point in treatment algorithm for patients present-
ing with ATAAD.

Stanford Classification

Type A Type B

Fig. 1 Stanford 
classification for acute 
aortic dissection. In the 
“Type A” variant, the 
primary intimal tear occurs 
in the ascending aortic 
segment, while in “Type 
B”, the tear occurs distal to 
the aortic arch, affecting 
the descending thoracic 
aorta
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 Malperfusion

Review of computed tomography imaging to confirm the diagnosis and determine 
the extent of dissection is critical to operative planning. In particular, the extent of 
dissection into the aortic arch vessels should be assessed to determine the feasibility 
of axillary artery perfusion strategies. Involvement of mesenteric, renal, and iliac 
artery branches should also be evaluated.

An important distinction related to the complicated ATAAD is the concept of 
“dynamic” versus “static” obstruction of the affected branch vessel [5]. Dynamic 
obstruction, which results from collapse of the true lumen by the pressurized false 
lumen, is rectified by central aortic repair and true lumen pressure/flow restoration. 
Conversely, static obstruction arises from tear entry or intussusception into the 
branch vessel and subsequent thrombosis (Fig. 2). In this scenario, central aortic 
repair does not resolve flow obstruction and delays reperfusion to the affected vas-
cular bed until secondary branch vessel intervention is performed. Careful 

Static

FL

FL

TL

thrombus

TL

Dynamic

Fig. 2 Mechanisms of 
branch vessel 
malperfusion. In static 
cases, dissection into the 
branch leads to thrombosis. 
Ostial obstruction of 
branch vessels by the 
dissection flap may occur 
in dynamic malperfusion, 
which is resolved with true 
lumen pressurization. TL 
true lumen, FL false lumen
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assessment of the celiac and superior mesenteric arteries on CTA imaging is imper-
ative to determine whether static or dynamic malperfusion is present because 
delayed mesenteric reperfusion may be lethal following open aortic repair. This 
upfront distinction is less relevant to myocardial or cerebral malperfusion, both of 
which can be addressed via reconstruction or bypass of the affected branch vessels 
as part of the central repair strategy. Intervention for static renal malperfusion, typi-
cally via endovascular stenting or dissection flap fenestration can typically be 
delayed until after primary surgery in a staged approach. Iliac malperfusion can be 
managed intraoperatively with secondary arterial cannulation of the affected 
extremity during primary aortic repair and secondary bypass when necessary. Thus, 
we regard the combination of clinical mesenteric malperfusion syndrome with 
appearance of static SMA or celiac obstruction on CT imaging as the exception to 
the “central repair first” algorithm and treat these patients with upfront endovascular 
stenting.

While CTA imaging is helpful in identifying affected aortic branch vessels and 
vascular territories, malperfusion is a clinical diagnosis. The presence of peritonitis, 
hematochezia or ileus on pre-operative imaging should alert the surgeon to the pos-
sibility of ongoing mesenteric ischemia. Similarly, oliguria is suggestive of renal 
hypoperfusion. New neurologic deficits or pulseless extremities imply neurologic 
and limb malperfusion states, respectively. Unsurprisingly, both the extent and loca-
tion of malperfusion syndromes affect mortality. In our own series, patients with 
visceral malperfusion had higher unadjusted mortality (28.6%) than renal or limb 
ischemia (16.1% and 14.5%, respectively), and patients with multiple affected vas-
cular beds were at further increased risk [6]. Multi-center data from the German 
Registry for Acute Aortic Dissection Type A (GERAADA) demonstrated stepwise 
increases in operative mortality with increased number of malperfused vascular 
beds (12.6% with no malperfusion up to 43.4% with three affected systems) [7]. 
Lawton et al. demonstrated through retrospective review of their single institution 
series that the constellation of malperfusion and severe metabolic acidosis (base 
deficit or −10 or more) was uniformly fatal [8].

In light of these challenges, the group at University of Michigan has set forth an 
upfront reperfusion strategy utilizing endovascular fenestration or SMA stenting 
followed by an observation period prior to central aortic repair for ATAAD patients 
with visceral malperfusion syndromes [9]. Yang et  al. reported outcomes for 82 
patients treated with this approach over two decades at Michigan; for the 47 patients 
(57%) who survived to open repair they observed equivalent operative mortality 
compared to patients without malperfusion, however 31 patients (37%) died from 
aortic rupture or organ failure following endovascular treatment [10]. Our institu-
tional philosophy remains centered around prompt central aortic repair as the pri-
mary strategy to restore true lumen flow and resolve malperfusion states except 
when clinical gut malperfusion and static celiac or SMA obstruction are encoun-
tered. We recently reported outcomes for 82 patients presenting with ATAAD and 
visceral, renal or peripheral malperfusion syndromes (26.9% of the all patients 
undergoing surgery for ATAAD extending beyond the ascending aorta) [6]. We 
observed no significant difference for in-hospital mortality in patients presenting 
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with ATAAD with malperfusion (13.4%) compared to ATAAD alone (8.5%). 
Unsurprisingly, we observed increased need for aortic branch interventions for the 
malperfused group (12.3% versus 5.7% at 10 years, Fig. 3).
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Cumulatively, these studies highlight the difficulty in applying rigid treatment 
algorithms to this highly variable clinical entity and the importance of pre-operative 
evaluation for malperfusion states. Regardless of general philosophy about the best 
initial treatment approach for complicated ATAAD, these challenges underscore the 
importance of both open surgical and endovascular capabilities in major referral 
centers.

 Neurologic Complications

Among complicating factors, neurologic injury (ranging from transient mild deficits 
to overt obtundation) is present in 10–15% of patients presenting with ATAAD in 
modern series and is associated with significantly higher mortality risk [11]. We do 
not withhold surgery for patients presenting with stroke or obtundation/coma. We 
recently reported our 10-year experience of 345 ATAAD repair cases, of which 50 
(14.4%) presented with neurologic injury. While concerns exist about potential con-
version of ischemic insults to hemorrhagic stroke following systemic hepariniza-
tion, we observed intracranial hemorrhage in only 2 patients (4%) after aortic repair 
on cardiopulmonary bypass [12]. In our experience, time-to-operation did not pre-
dict neurologic or survival outcomes in ATAAD patients with stroke (Fig.  4). 
Conversely, Estrera et al. reported on 16 ATAAD patients treated surgically after 
presenting with stroke; post-operative neurologic improvement occurred only in 
patients who underwent repair within 10 h of symptoms [13]. Tsukube et al. ana-
lyzed outcomes in 27 ATAAD patients presenting with coma and found improved 
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mortality (14% vs. 67%) and neurologic recovery (86% vs. 17%) in patients who 
underwent surgery within 5 h of symptoms [14]. Furthermore, subset analysis of the 
International Registry of Acute Aortic Dissection (IRAD) database has revealed 
return of brain function in 84.3% of patients with stroke and 78.8% of those with 
coma after aortic repair [15]. Collectively, these data support an immediate opera-
tive approach to resolve dynamic obstruction of aortic branch vessels for ATAAD 
patients presenting with neurologic injury. We therefore do not advocate for opera-
tive delays for cerebrovascular imaging or clinical observation.

 Physical Exam

The majority of ATAAD patients are transferred to central referral centers from 
peripheral hospitals, necessarily producing a delay of several hours between diag-
nosis and operation [16]. In complicated cases, this time period may present 
dynamic changes in hemodynamic status, acid/base balance, and neurologic exam. 
Upon arrival to the operating room, a rapid neurologic assessment, abdominal exam 
and determination of peripheral pulses should be performed. Hemodynamic assess-
ment must occur in parallel with preparation for general anesthesia. Hypotension or 
overt shock, which may reflect impending tamponade physiology or aortic rupture, 
are independent predictors of mortality in ATAAD patients [17].

 Operative Technique

 Anesthetic Considerations

Induction of general anesthesia represents a period of vulnerability for patients with 
ATAAD.  Nearly one-fifth of patients with ATAAD present with some degree of 
cardiac tamponade [18]. The surgical team should be present and ready to com-
mence the operation at the time of induction. Blood products should be available 
and central intravenous access obtained. Transesophageal echocardiography after 
anesthesia induction is useful to confirm the diagnosis of dissection, determine the 
degree of pericardial effusion and assess aortic valve regurgitation. As a period of 
circulatory arrest is uniformly necessary during distal graft anastomosis with the 
unclamped aorta, EEG and monitoring of cerebral oxygen saturation with near- 
infrared spectroscopy (NIRS) is advisable.
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 Cerebral Protection Strategy

The goal of central aortic repair for complicated ATAAD is to re-establish true 
lumen flow, resect the primary intimal tear and reverse distal malperfusion. A variety 
of distal repair strategies may be employed depending on the extent of dissection 
and clinical scenario. Regardless of whether the operative approach calls for partial 
or total arch replacement, a period of hypothermic circulatory arrest is required to 
complete the repair. Systemic cooling is a mainstay of cerebral protection, though 
the extent of cooling varies among surgeons. Deep hypothermia (18–20 °C) can be 
safely employed for arch repairs with circulatory arrest times up to 50 min without 
adjunct cerebral perfusion with good long-term outcomes in elective cases, though 
short-term results in dissection patients are less favorable [19]. When combined with 
selective antegrade cerebral perfusion (SACP), Algarni et al. reported that moderate 
hypothermia (22–28 °C) was superior to deep cooling during ATAAD repair (circu-
latory arrest time 25.9 ± 14.3 versus 28.9 ± 19.9 min) [20]. Leshnower et al. simi-
larly showed that moderate hypothermia with unilateral SACP was safe for patients 
undergoing total arch replacement in both elective cases and dissections [21].

Similarly, individual surgeons and institutions utilize multiple variations of cere-
bral perfusion strategies. While SACP comprises strategies to perfuse the cerebral 
vessels directly via ostial cannulation of the innominate and/or carotid artery or 
indirectly via the axillary artery, retrograde cerebral perfusion (RCP) utilizes 
reversed cardiopulmonary bypass flow through the superior vena cava. Some groups 
advocate for RCP, which is technically simpler and faster [22], but SACP is utilized 
more frequently worldwide and has been associated with better long-term outcomes 
in some studies [23, 24]. SACP may be performed using unilateral or bilateral 
approaches; advocates for bilateral cannulation argue that only a minority of patients 
have a functionally complete Circle of Willis (as few as 28% among aortic surgery 
patients as assessed by transcranial doppler) [25]. Nevertheless unilateral SACP was 
equivalent to bilateral cannulation in a German study of over 1000 patients undergo-
ing aortic arch repair using mild hypothermia [26]. For ATAAD cases, we use mod-
erate hypothermia and SACP via the right axillary artery with few exceptions 
(extensive dissection into axillary artery or hemodynamic instability). We employ 
cerebral oximetry intraoperatively to monitor left-sided perfusion and use bilateral 
cerebral perfusion only when concern for inadequate cerebral protection arises.

 Arterial Cannulation Site

The choice of cannulation sites for cardiopulmonary bypass varies among surgeons 
and clinical scenarios. Our primary goal is to establish antegrade perfusion for CPB, 
which can be done via axillary, innominate, or carotid artery graft, direct aortic true 
lumen cannulation over a wire with TEE guidance [27], or transapical placement of 
an aortic cannula across the aortic valve [28]. Reestablishing true lumen pressure, 
which may reduce dynamic malperfusion while on cardiopulmonary bypass, is a 
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central benefit of these antegrade strategies. Retrograde arterial perfusion via femo-
ral cannulation is our last resort, given uncertainty about the relative pressurization 
of true and false lumens and increased stroke rate compared to central cannulation 
[29, 30]. Nevertheless, in an unstable patient, emergency percutaneous or open fem-
oral cannulation may be required prior to sternotomy.

Our preferred arterial cannulation method is the creation of a right axillary artery 
chimney graft, which can be employed in most cases. This technique requires a 
separate infraclavicular incision ideally prior to sternotomy and is therefore best 
suited for hemodynamically stable patients. Direct cannulation of the axillary artery 
is not advisable. The vessel lumen should be inspected for evidence of dissection 
prior to end-to-side anastomosis using a Dacron graft.

An adjunct arterial graft may be added into the arterial circuit to address malper-
fusion states. This technique is particularly useful to perfuse an ischemic limb due 
to proximal iliac occlusion or provide unilateral cerebral perfusion distal to a proxi-
mally obstructed carotid takeoff [31]. Antegrade placement of a superficial femoral 
artery cannula may also be considered for distal perfusion of malperfused lower 
extremities [32].

 Exposure and Dissection

Standard median sternotomy and pericardiotomy are performed, frequently releas-
ing a bloody pericardial effusion which can improve hemodynamics in unstable 
patients. Following systemic heparinization, central venous cannulation is achieved 
via the right atrium and a retrograde cardioplegia catheter is directed into the coro-
nary sinus. Dissection of the aorta can be performed prior to commencing cardio-
pulmonary bypass to minimize time on pump. The arch branches are dissected to 
achieve circumferential control. The axillary chimney graft is then connected to the 
bypass circuit with standard connectors and cardiopulmonary bypass commenced. 
Left ventricular vent placement via the right superior pulmonary vein is advisable 
given the likelihood of significant aortic regurgitation. Systemic cooling is then 
undertaken; we cool to a core temperature of 28 °C for limited arch operations and 
24 °C if the need for total arch replacement is anticipated. Retrograde cardioplegia 
is administered via the coronary sinus and the distal ascending aorta is cross- 
clamped. Direct handheld cardioplegia administration should be used cautiously if 
the coronary ostia are involved with the proximal extent of dissection.

 Limited Root Repair or Aortic Root Replacement

Following transection, the aorta is then resected down to one centimeter above the 
aortic valve commissures. Stay sutures above the commissures assist with exposure 
and evaluation of the aortic root and valve leaflets. Aortic valve resuspension and 
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primary re-approximation of dissected aortic layers represents the standard proxi-
mal repair strategy in uncomplicated dissection. Frequently this can be completed 
while cooling prior to distal repair. Evaluation of the coronary ostia for involvement 
by the proximal extent of dissection requires close attention.

Decision-making about the extent of proximal repair must be predicated on max-
imizing each patient’s chance of survival. While young patients with uncomplicated 
ATAAD may tolerate longer bypass runs for root replacement, a limited root opera-
tion to minimize bypass and operative times may be more appropriate in elderly 
patients or those with malperfusion syndromes. We performed retrospective review 
of 293 patients who underwent limited root repair or full root replacement for 
ATAAD [33]. While there was difference in mortality between groups (Fig.  5), 
patients who had limited root operations were more likely to require aortic root or 
aortic valve reoperation (11.8% vs 0%). A limited repair strategy may therefore be 
most appropriate for surgeons with limited experience performing aortic root 
replacements or in the setting of malperfusion syndromes with the understanding 
that reoperation may be required.

In some cases, performing a full aortic root replacement is appropriate or even 
necessary. Aortic rupture, valve degeneration, commissural destruction, root aneu-
rysm, poor tissue integrity or known/suspected connective tissue disorder are indi-
cations for aortic root replacement during the index operation. We generally utilize 
a composite valve graft (CVG) prosthesis with a patient-appropriate selection of 
mechanical or biologic valve. Valve-sparing aortic root replacement using the reim-
plantation (David V) technique may be appropriate for young patients, particularly 
those with connective tissue disorders, but should be used only by surgeons with 
substantial experience in an elective setting [34]. When full aortic root replacement 
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(Bentall technique) is undertaken, buttons of coronary ostial tissue are fashioned for 
eventual reimplantation. The aortic valve leaflets are resected, annular mattress 
sutures are placed circumferentially, passed through the CVG prosthesis and tied 
down. The graft is then incised at the appropriate level for left coronary button reim-
plantation with end-to-side technique. We complete the graft-to-graft anastomosis 
prior to implanting the right coronary button to ensure appropriate height with the 
aortic graft in final position.

 Aortic Arch Operations

Distal aortic repair commences once the desired systemic cooling threshold is 
reached. Adjunct cerebral protection measures such as cranial topical cooling with 
ice and administration of mannitol and furosemide may be used. Cardiopulmonary 
bypass flow is reduced to 10 mL/kg/min, the innominate and left common carotid 
arteries are clamped and the aortic cross-clamp is removed. Indicators of inadequate 
left-sided protection during SACP include discordant tympanic membrane tempera-
tures or cerebral oxygen saturation reduction greater than 15%, which should 
prompt maneuvers to improve perfusion such as increasing SACP flow or transfus-
ing to increase hematocrit. If necessary and deemed safe, a small retrograde cannula 
can be placed directly into the carotid artery orifice to provide bilateral cerebral 
perfusion.

Once adequate cerebral protection is ensured the primary intimal tear can be 
resected entirely. Frequently the tear can be entirely resected via excision the lesser 
curvature of the aortic arch and graft replacement using an extended “peninsula- 
style” repair (Fig.  6). The dissected layers of the distal aorta must be 

a b

Fig. 6 Aortic arch reconstruction in ATAAD. (a) Extended ‘peninsula’ style hemi-arch repair 
includes resection of the lesser curvature to the level of the left subclavian. (b) Total arch with 
frozen elephant trunk (FET, left) comprises complete arch replacement with Dacron graft and 
antegrade stent-graft placement into the proximal descending aorta
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reapproximated to obliterate flow into the false lumen. Total arch replacement is 
indicated if the primary intimal tear is located within the greater curvature, signifi-
cant arch aneurysm is encountered, distal arch rupture, and for patients with con-
nective tissue disorders. In some cases, the intimal tear may extend into or originate 
in the descending thoracic aorta (the “retrograde type A” variant). To completely 
treat the primary intimal tear in this scenario, especially in the setting of malperfu-
sion, total arch replacement with frozen elephant trunk (FET) distal extension is 
indicated. An invaginated graft is placed into the descending thoracic aortic true 
lumen and end- to- end anastomosis is completed in running fashion. The proximal, 
branched graft portion is then withdrawn, leaving a 5 cm cuff of graft distally. A 
covered 10 cm thoracic endoprosthesis can then be deployed in an antegrade fashion 
distally to “freeze” the surgical graft in place. We deploy these devices antegrade 
over a wire introduced from the femoral artery using intravascular ultrasound 
(IVUS) to confirm true lumen landing distally. Newer generation off-the-shelf 
devices with combined multi-branch arch graft and endoprostheses may also be 
employed for this indication. Minimizing the distal length of the endoprosthesis is 
critical to prevent ischemic injury to the spinal cord during FET reconstruction. This 
technique has good aortic outcomes with acceptable neurologic complications in 
experienced hands and with spinal cord protective measures [35, 36].

After distal anastomosis, a variety of strategies for arch branch anastomosis may 
be employed. Typically, a multi-branch graft is used to anastomose each branch 
individually. While an “island” of arch tissue may be fashioned and reimplanted as 
a single anastomosis, we do not recommend this technique as it can be difficult to 
obtain hemostasis of bleeding from the posterior portion. After de-airing the graft, 
full cardiopulmonary bypass flow is resumed, ending hypothermic circulatory 
arrest. Systemic re-warming, proximal repair and graft-to-graft anastomosis are 
then completed.

 Addressing Malperfusion

Coronary malperfusion due to involvement of the coronary ostia must be recog-
nized early to prevent acute heart failure associated with high mortality. Coronary 
vessels may be affected by static or dynamic malperfusion or in severe cases com-
pletely avulsed or “sheared off”. If the extent of dissection prohibits administration 
of handheld antegrade cardioplegia, we perform upfront coronary bypass prior to 
aortic repair to ensure adequate myocardial protection can be maintained.

Following central repair, attention is redirected to vascular beds with preopera-
tive malperfusion. If abdominal distention is encountered, exploratory laparotomy 
should be considered to assess bowel viability. Similarly, peripheral pulses should 
be re-examined. Malperfused lower extremities should be closely monitored for 
swelling and compartment syndrome which may manifest following reperfusion.

Completion aortography may be considered to confirm mesenteric perfusion 
post-repair. Endovascular intervention (branch stenting, thoracic endograft 
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distal extension, or flap fenestration) may then be performed as necessary. We 
do not routinely perform aortography following repair unless a specific concern 
persists.

 Post-Operative Care

Aggressive resuscitation during and following central aortic repair is critical to 
reverse metabolic derangement resulting from malperfusion and cardiopulmonary 
bypass. Platelets and fresh frozen plasma are frequently required to address coagu-
lopathy. Active warming may be required to maintain normothermia. Metabolic aci-
dosis and elevated serum lactate are frequently present on arrival to the ICU and 
should be monitored for correction with ongoing volume resuscitation. Persistent 
metabolic acidosis should prompt re-evaluation for ongoing malperfusion or unrec-
ognized bowel ischemia. A baseline neurologic status should be obtained within the 
first few hours in ICU; persistent obtundation or change in neurologic exam should 
prompt immediate head CT.

Renal malperfusion due to static obstruction may persist following central repair. 
Oliguria and rising serum creatinine from this entity is difficult to distinguish from 
more typical acute kidney injury after cardiopulmonary bypass and transient low- 
flow states. Devoted renal doppler ultrasound should be obtained in this setting. 
Delayed renal artery stenting can be undertaken following initial resuscitation in an 
attempt to salvage renal function.

 Final Remarks

Complicated ATAAD represents a unique clinical challenge for aortic surgeons. The 
heterogeneous spectrum of presentation precludes the application of a “one size fits 
all” strategy. Despite specialized care at tertiary referral hospitals, surgical mortality 
remains frustratingly high. Effective management requires a broad range of skills, 
sound decision-making and institutional capability to perform both traditional open 
surgery and hybrid endovascular interventions. Care of the complicated ATAAD 
patient is frequently multidisciplinary, encompassing multiple consulting special-
ties to manage complications of malperfusion. Meticulous clinical decision-making 
is a central theme in the determination of operative candidacy, strategy, and extent 
of aortic repair in these patients, decisions which may mean the difference between 
life and death. Finally, ATAAD patients require lifelong surveillance with cross- 
sectional imaging for progressive aneurysmal dilation of the distal dissected aorta. 
We strongly advocate for institution-based aortic teams to manage surveillance and 
secondary interventions for the residual aorta. The “aortic team” consisting of car-
diac and vascular surgeons and devoted cardiovascular Radiology specialists is a 
critical asset in the longitudinal management of this complex patient subset.

Management of Complicated Acute Type A Aortic Dissection: The Stanford Approach



378

References

 1. Mody PS, Wang Y, Geirsson A, Kim N, Desai MM, Gupta A, et al. Trends in aortic dissec-
tion hospitalizations, interventions, and outcomes among medicare beneficiaries in the United 
States, 2000–2011. Circ Cardiovasc Qual Outcomes. 2014 Nov;7(6):920–8.

 2. Daily PO, Trueblood HW, Stinson EB, Wuerflein RD, Shumway NE. Management of acute 
aortic dissections. Ann Thorac Surg. 1970 Sep;10(3):237–47.

 3. Pape LA, Awais M, Woznicki EM, Suzuki T, Trimarchi S, Evangelista A, et al. Presentation, 
diagnosis, and outcomes of acute aortic dissection: 17-year trends from the international reg-
istry of acute aortic dissection. J Am Coll Cardiol. 2015 Jul 28;66(4):350–8.

 4. Trimarchi S, Eagle KA, Nienaber CA, Rampoldi V, Jonker FHW, Vincentiis CD, et al. Role of 
age in acute type A aortic dissection outcome: report from the International Registry of Acute 
Aortic Dissection (IRAD). J Thorac Cardiovasc Surg. 2010 Oct 1;140(4):784–9.

 5. Williams DM, Lee DY, Hamilton BH, Marx MV, Narasimham DL, Kazanjian SN, et al. The 
dissected aorta: percutaneous treatment of ischemic complications – principles and results. J 
Vasc Interv Radiol. 1997 Aug;8(4):605–25.

 6. Chiu P, Tsou S, Goldstone AB, Louie M, Woo YJ, Fischbein MP.  Immediate operation for 
acute type A aortic dissection complicated by visceral or peripheral malperfusion. J Thorac 
Cardiovasc Surg. 2018;156(1):18–24.e3.

 7. Czerny M, Schoenhoff F, Etz C, Englberger L, Khaladj N, Zierer A, et  al. The impact of 
pre-operative malperfusion on outcome in acute type A aortic dissection: results from the 
GERAADA registry. J Am Coll Cardiol. 2015 Jun 23;65(24):2628–35.

 8. Lawton JS, Moon MR, Liu J, Koerner DJ, Kulshrestha K, Damiano RJ, et al. The profound 
impact of combined severe acidosis and malperfusion on operative mortality in the surgical 
treatment of type A aortic dissection. J Thorac Cardiovasc Surg. 2018;155(3):897–904.

 9. Patel HJ, Williams DM, Dasika NL, Suzuki Y, Deeb GM. Operative delay for peripheral malp-
erfusion syndrome in acute type A aortic dissection: a long-term analysis. J Thorac Cardiovasc 
Surg 2008 Jun;135(6):1288–1295; discussion 1295–1296.

 10. Yang B, Norton EL, Rosati CM, Wu X, Kim KM, Khaja MS, et al. Managing patients with 
acute type A aortic dissection and mesenteric malperfusion syndrome: a 20-year experience. J 
Thorac Cardiovasc Surg. 2019;158(3):675–687.e4.

 11. Bossone E, Corteville DC, Harris KM, Suzuki T, Fattori R, Hutchison S, et  al. Stroke 
and outcomes in patients with acute type A aortic dissection. Circulation. 2013 Sep 
10;128(11_suppl_1):S175–9.

 12. Chiu P, Rotto TJ, Goldstone AB, Whisenant JB, Woo YJ, Fischbein MP. Time-to-operation 
does not predict outcome in acute type A aortic dissection complicated by neurologic injury at 
presentation. J Thorac Cardiovasc Surg. 2019;158(3):665–72.

 13. Estrera AL, Garami Z, Miller CC, Porat EE, Achouh PE, Dhareshwar J, et al. Acute type A 
aortic dissection complicated by stroke: Can immediate repair be performed safely? J Thorac 
Cardiovasc Surg. 2006 Dec 1;132(6):1404–8.

 14. Tsukube T, Haraguchi T, Okada Y, Matsukawa R, Kozawa S, Ogawa K, et al. Long-term out-
comes after immediate aortic repair for acute type A aortic dissection complicated by coma. J 
Thorac Cardiovasc Surg 2014 Sep;148(3):1013–1018; discussion 1018–1019.

 15. Di Eusanio M, Patel HJ, Nienaber CA, Montgomery DM, Korach A, Sundt TM, et al. Patients 
with type A acute aortic dissection presenting with major brain injury: should we operate on 
them? J Thorac Cardiovasc Surg. 2013 Mar;145(3 Suppl):S213–221.e1.

 16. Harris KM, Strauss CE, Eagle KA, Hirsch AT, Isselbacher EM, Tsai TT, et al. Correlates of 
delayed recognition and treatment of acute type A aortic dissection: the International Registry 
of Acute Aortic Dissection (IRAD). Circulation. 2011 Nov 1;124(18):1911–8.

 17. Bossone E, Pyeritz RE, Braverman AC, Peterson MD, Ehrlich M, O’Gara P, et al. Shock com-
plicating type A acute aortic dissection: Clinical correlates, management, and outcomes. Am 
Heart J. 2016;176:93–9.

A. J. Pedroza and M. P. Fischbein



379

 18. Gilon D, Mehta RH, Oh JK, Januzzi JL, Bossone E, Cooper JV, et al. Characteristics and in- 
hospital outcomes of patients with cardiac tamponade complicating type A acute aortic dissec-
tion. Am J Cardiol. 2009 Apr 1;103(7):1029–31.

 19. Damberg A, Carino D, Charilaou P, Peterss S, Tranquilli M, Ziganshin BA, et al. Favorable 
late survival after aortic surgery under straight deep hypothermic circulatory arrest. J Thorac 
Cardiovasc Surg. 2017;154(6):1831–1839.e1.

 20. Algarni KD, Yanagawa B, Rao V, Yau TM.  Profound hypothermia compared with moder-
ate hypothermia in repair of acute type A aortic dissection. J Thorac Cardiovasc Surg. 2014 
Dec;148(6):2888–94.

 21. Leshnower BG, Kilgo PD, Chen EP. Total arch replacement using moderate hypothermic cir-
culatory arrest and unilateral selective antegrade cerebral perfusion. J Thorac Cardiovasc Surg. 
2014 May;147(5):1488–92.

 22. Rylski B, Bavaria JE, Milewski RK, Vallabhajosyula P, Moser W, Kremens E, et al. Long-term 
results of neomedia sinus valsalva repair in 489 patients with type A aortic dissection. Ann 
Thorac Surg 2014 Aug;98(2):582–588; discussion 588–589.

 23. Conzelmann LO, Weigang E, Mehlhorn U, Abugameh A, Hoffmann I, Blettner M, et  al. 
Mortality in patients with acute aortic dissection type A: analysis of pre- and intraoperative 
risk factors from the German Registry for Acute Aortic Dissection Type A (GERAADA). Eur 
J Cardiothorac Surg. 2016 Feb;49(2):e44–52.

 24. El-Hamamsy I, Ouzounian M, Demers P, McClure S, Hassan A, Dagenais F, et  al. State-
of-the- art surgical management of acute type A aortic dissection. Can J Cardiol. 2016 
Jan;32(1):100–9.

 25. Smith T, Jafrancesco G, Surace G, Morshuis WJ, Tromp SC, Heijmen RH. A functional assess-
ment of the circle of Willis before aortic arch surgery using transcranial Doppler. J Thorac 
Cardiovasc Surg. 2019;158(5):1298–304.

 26. Zierer A, El-Sayed Ahmad A, Papadopoulos N, Moritz A, Diegeler A, Urbanski PP. Selective 
antegrade cerebral perfusion and mild (28°C–30°C) systemic hypothermic circulatory arrest 
for aortic arch replacement: results from 1002 patients. J Thorac Cardiovasc Surg. 2012 
Nov;144(5):1042–9.

 27. Frederick JR, Yang E, Trubelja A, Desai ND, Szeto WY, Pochettino A, et al. Ascending aortic 
cannulation in acute type a dissection repair. Ann Thorac Surg. 2013 May;95(5):1808–11.

 28. Wada S, Yamamoto S, Honda J, Hiramoto A, Wada H, Hosoda Y. Transapical aortic cannula-
tion for cardiopulmonary bypass in type A aortic dissection operations. J Thorac Cardiovasc 
Surg. 2006 Aug;132(2):369–72.

 29. Benedetto U, Raja SG, Amrani M, Pepper JR, Zeinah M, Tonelli E, et al. The impact of arterial 
cannulation strategy on operative outcomes in aortic surgery: evidence from a comprehen-
sive meta-analysis of comparative studies on 4476 patients. J Thorac Cardiovasc Surg. 2014 
Dec;148(6):2936–2943.e1–4.

 30. Etz CD, von Aspern K, da Rocha E Silva J, Girrbach FF, Leontyev S, Luehr M, et al. Impact of 
perfusion strategy on outcome after repair for acute type a aortic dissection. Ann Thorac Surg. 
2014 Jan;97(1):78–85.

 31. Rylski B, Urbanski PP, Siepe M, Beyersdorf F, Bachet J, Gleason TG, et  al. Operative 
techniques in patients with type A dissection complicated by cerebral malperfusion. Eur J 
Cardiothorac Surg. 2014 Aug;46(2):156–66.

 32. Howe KL, Harlock J, Parry D. Management of lower extremity ischaemia during type A dis-
section repair. EJVES Short Rep. 2018;39:44–6.

 33. Chiu P, Trojan J, Tsou S, Goldstone AB, Woo YJ, Fischbein M. Limited root repair in acute 
type A aortic dissection is safe but results in increased risk of reoperation. J Thorac Cardiovasc 
Surg. 2018 Jan;155(1):1–7.e1.

 34. Rosenblum JM, Leshnower BG, Moon RC, Lasanajak Y, Binongo J, McPherson L, et  al. 
Durability and safety of David V valve-sparing root replacement in acute type A aortic dissec-
tion. J Thorac Cardiovasc Surg. 2019;157(1):14–23.e1.

Management of Complicated Acute Type A Aortic Dissection: The Stanford Approach



380

 35. Poon SS, Tian DH, Yan T, Harrington D, Nawaytou O, Kuduvalli M, et al. Frozen elephant 
trunk does not increase incidence of paraplegia in patients with acute type A aortic dissection. 
J Thorac Cardiovasc Surg. 2020;159(4):1189–1196.e1.

 36. Hohri Y, Yamasaki T, Matsuzaki Y, Hiramatsu T. Early and mid-term outcome of frozen ele-
phant trunk using spinal cord protective perfusion strategy for acute type A aortic dissection. 
Gen Thorac Cardiovasc Surg. 2020 Mar 9;68(10):1119–27.

A. J. Pedroza and M. P. Fischbein



381© Springer Nature Switzerland AG 2021
J. S. Coselli et al. (eds.), Aortic Dissection and Acute Aortic Syndromes, 
https://doi.org/10.1007/978-3-030-66668-2_27

Management of Type B Aortic Dissection

Ali Khoynezhad, Tiffany Worthington, Raffat Jaber, Jeffrey Altshuler, 
and Rodney White

 Introduction

Acute aortic dissection (AAD) is a devastating aortic catastrophe accounting for 
more than 20 cases per million per year. AAD begins with a tear in the intimal layer 
presumably due to existing wall weakness or an episode of high blood pressure. 
Blood under pulsatile pressure subsequently forces the intimomedial tear to open 
within the media of the aorta and dissects along into the media layers in the diseased 
aortic wall, forming a false lumen(s). Temporal classification of AAD includes 
hyperacute (within 24 hours of onset), acute (1–14 days after dissection), subacute 
(15–90 days) or chronic (greater than 90 days from onset. Additionally, AAD is 
classified by the location of the dissection. The Stanford classification system 
divides acute aortic syndromes into two location categories: type A, when the inti-
momedial tear is in the ascending aorta, and type B when the intimomedial tear is in 
the descending thoracic aorta [1]. This classification system is important for patient 
triage, as typically all type A dissections should be evaluated for surgical interven-
tion; however, type B lesions can often be managed with medical therapy alone. 
Some experts disagree as to where the anatomic divide occurs for type A and type 
B classification. The consensus is the origin of the left subclavian establishes the 
divide, however other experts argue that arch dissection without a proximal exten-
sion should be managed conservatively [2].

In the absence of complicating factors such as rupture, malperfusion syn-
dromes, rapid aortic expansion, and/or refractory pain (i.e., complicated acute 
type B aortic dissection), acute type B aortic dissection (TBAD) can often be 
treated with medical management alone. For those that exhibit these complica-
tions or high-risk features, immediate endovascular or open surgical intervention 
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is recommended. This chapter discusses the management of TBAD and when to 
consider additional interventions.

 Presenting Signs and Symptoms

The typical patient with acute TBAD is a male patient, 60–70 years old, with a 
longstanding history of hypertension presenting to the emergency department with 
sudden onset, ripping/tearing back, or abdominal pain. Chest pain is more common 
for those with type A pathology; however up to 62% of those with TBAD may also 
present with this complaint [3]. Patients 40–50 years old with TBAD are less likely 
to have a history of hypertension; instead, they often have a history of the bicuspid 
aortic valve, Marfan syndrome, or another connective tissue disorder, or history of 
prior aortic surgery [4]. Of patients presenting to the emergency department, 90% 
reported this pain as severe or the worst pain of their lives [3]. One out of six patients 
with acute aortic dissection may also describe a migratory quality to the pain [3].

In addition to complaints of pain, patients with aortic dissection may also report 
more generalized complaints such as dyspnea, nausea, diaphoresis, nausea, and 
vomiting. In the event of malperfusion syndrome, patients also may present with 
symptoms specific to branch arteries that have been affected. Diminished perfusion 
to cerebral vessels may lead to stroke or coma. If intercostal or segmental arteries 
are affected, paraplegia or quadriplegia may be present. While patients with acute 
ischemia of the superior mesenteric artery typically have substantial abdominal pain 
and a poor prognosis, those with malperfusion to the lower extremities may take a 
while to exhibit symptoms [5].

Signs and symptoms consistent with malperfusion syndrome may be persistent 
or intermittent due to the dynamic nature of flow obstruction with the mobile inti-
mal flap.

Physical exam findings are often nonspecific and are not sufficiently sensitive to 
rule out aortic dissection, but it can be useful for raising the index of suspicion for 
the presence of dissection and the need for emergent intervention [6]. ED physicians 
were able to correctly suspect aortic dissection in only 65% of cases according to 
one study [7]. Pulse deficits are present in up to 31% of patients with TBAD and 
significantly raise the likelihood ratio of aortic dissection (LR 5.7) [3, 6]. The major-
ity of patients (70%) presenting with TBAD are hypertensive (SBP >150 mmHg) 
[2]. The presence of hypotension is an ominous sign in a patient with dissection.

 Prognosis

Once a patient develops an aortic dissection, the usual survival curve is significantly 
compromised. Although type A dissection is associated with an early mortality rate 
of up to 50%, in patients with acute TBAD the mortality is 10–12% [8]. More recent 
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studies show all-comer hospital mortality of 8.8% for all acute TBAD [9]. Most of 
these patients can be managed medically with antihypertensive medical therapy and 
close follow-up imaging. This cohort of completely uncomplicated type B aortic 
dissection do relatively well in early hospital stay with early mortality of 1.2–3% [9, 
10]. This reduced mortality is mostly due to protocolization, dedicated aortic cen-
ters, and improved anti-impulsive management of these patients.

Patients with complicated acute TBAD have a substantially worse prognosis [11].
The early mortality is around 13% across North American medical centers and 

one-year survival of 81% [12]. Unfortunately, up to 80% of survivors develop aneu-
rysmal dilatation of the false lumen in the follow-up period with intervention 
required in one-third of cases [13]. IRAD data suggest that about one in four patients 
with TBAD died at the three-year mark regardless of the mode of therapy [14]. 
Three-year survival for those treated medically, surgically, and with the endovascu-
lar intervention were 77.6%, 82.8%, and 76.2%, respectively [14]. Independent pre-
dictors of mortality include aortic diameter >4 cm, a patent false lumen, and partial 
thrombosis of the false lumen [15].

 Diagnostic Imaging

The diagnosis of acute aortic dissection in the emergency department remains a 
clinical challenge. The classic presentation of dissection includes chest pain, which 
is the second most common complaint in the emergency department. Of the approx-
imately 4.4 million patients who present annually to the ED for chest pain, only 
about 2000 have an aortic dissection [6, 16]. By this volume, an ED physician see-
ing 3000–4000 patients per year would encounter a patient with aortic dissection 
once every three to four years [16].

The selection of diagnostic imaging depends on several factors, including patient 
stability, availability of resources, and local expertise. The goals for imaging are to 
confirm (or rule out) dissection rapidly, to evaluate the extent of the aortic injury, 
locate intimal tears, confirm the presence of false lumen as well as any associated 
thrombus formation, assess arterial branch involvement, identify aortic regurgita-
tion and locate any signs of local rupture including pericardial or pleural effusion.

Chest x-ray findings classically associated with aortic dissection include pleural 
effusion, displaced intimal calcification, abnormal aortic contour, and widened 
mediastinum. Unfortunately, sensitivity and specificity of chest X-ray for the diag-
nosis of aortic disease are limited (64% and 86% respectively); thus the presence or 
absence of these findings does not sufficiently rule out dissection [17]. In 12.4% of 
patients with aortic dissection, no chest X-ray abnormality was noted [3]. For this 
reason, a chest X-ray should be avoided in the patient with suspected aortic disease, 
as this may lead to further delay of definitive imaging.

Definitive imaging is crucial in the workup for aortic dissection. Imaging options 
available include computed tomography angiography (CTA), transesophageal echo-
cardiography (TEE), aortography, and magnetic resonance angiography (MRA). 
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Aortography has lost popularity as a diagnostic imaging tool. Currently, angiogra-
phy is used for diagnosis in <4% of cases [18]. It is associated with numerous dis-
advantages, including large contrast requirements (1 mg/kg), the time it takes to 
complete the procedure (up to 2 h), and the usual risks associated with an invasive 
procedure.

Sensitivity for CTA, TEE, and MRA are similar for the diagnosis of aortic dis-
section (98–100%). CTA is widely available and offers visualization of the entire 
aorta. It is the first choice for work up in aortic dissection and can often identify 
intimal flap location, the extent of branch vessel involvement, and is relatively rapid 
to perform. Disadvantages include the need for contrast administration and patient 
transportation to the imaging suite. Due to the static nature of imaging, functional 
assessment of the aortic valve cannot be performed with CTA.

MRA is not generally recommended as a first-line imaging choice for suspected 
acute dissection due to the extended duration of the study and the rarity of avail-
ability on an emergent basis.

TEE is an acceptable alternative for patients who are hemodynamically unstable 
and unable to leave the emergency department for alternate imaging [2]. Advantages 
include the ability to perform echocardiography at the patient bedside and accept-
able sensitivity in identifying aortic pathology. TEE is more sensitive in detecting 
type A pathology than type B (93.5% v 88.1%, respectively) [19].

 History of Surgical Versus Medical Management

Morgagni initially described aortic dissection in the 1700s. For two hundred years, 
although awareness persisted for the disease, treatment options for patients with 
dissection were limited. Hirst et al. published a case series in 1958 describing 505 
patients noting the manifestations, pathologic correlations, and historical aspects to 
characterize further factors associated with aortic dissection [20]. Until the 1950s, 
the management of aortic dissection was limited. After the landmark aortic opera-
tion by Drs. DeBakey and Cooley in the 1950s, TBAD became a surgically man-
aged condition [21]. During that time, most patients with acute TBAD were offered 
replacement of the descending thoracic aorta with an operative mortality of 30–40%. 
In the 1960s, Wheat et al. started research on the effects of anti-impulsive therapy 
[22]. To further evaluate medical treatments of aortic disease, researchers used a 
variety of animal models. Dog models were used to assess the effects of the force of 
contraction (dP/dT) and blood pressure control [23]. Male broad-breasted white 
turkeys, which are naturally quite prone to aortic dissection, were used to assess the 
effects of various medications on the elastin and collagen properties of aortic tissue. 
The turkeys were fed B-aminopropionitrile (BAPN), which would cause medial 
degeneration through the disruption of collagen cross-links and elastin fibers in the 
media of the turkey. The beneficial effects of propranolol and hydralazine on aortic 
elastin and collagen were identified through these models [24]. Through the 1970s, 
medical management of uncomplicated TBAD became the standard of care as 
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availability of potent beta-blockers increased and comparative mortality to surgical 
intervention favored a more conservative approach.

Early experience with the thoracic endovascular aortic intervention was initially 
published in 1988 by Volodos et al. on the intervention of patients with a traumatic 
aortic aneurysm [25]. In 1991, Juan Parodi published his experience with endovas-
cular intervention for the treatment of an abdominal aortic aneurysm [26]. The fol-
lowing year, Dake et al. published cases of endovascular intervention in the thoracic 
aorta [27]. Initial stent-grafts were designed using a 24F delivery system, were cus-
tom made for each case, and were used predominantly in patients with aortic aneu-
rysm. White and co-workers used physicians-sponsored investigational device 
exemptions for early evaluation of TEVAR for acute and chronic dissection in the 
early 1990s [28]. This research laid the foundation for the studies that led to the first 
indication in the United States for thoracic endografts for patients with malperfu-
sion by the FDA. This allowed Medtronic and Gore to obtain rapid approval for 
malperfusion indication and was later used to cover additional thoracic indications 
with the agreement to participate in post-market surveillance for other indications. 
This led to rapid approval for numerous indications, faster than what would be 
expected with individual studies. Cook is now doing a post-market study to get the 
same approvals.

Through the late 1990s, less than ten percent of patients with TBAD were treated 
with stent-grafts [29]. According to IRAD data in 2000, 20% of patients with type 
B dissection underwent surgical therapy, 4.3% underwent percutaneous fenestration 
or stenting [3]. In 2015, 8% underwent surgical intervention, 31% underwent endo-
vascular intervention, and 63% were treated with medication alone [30]. This is in 
contrast to today’s clinical practice, where the overwhelming majority of acute 
TBAD offered an intervention, undergo aortic stent grafting.

 Initial Medical Management

Management options for patients with aortic dissection include medical, surgical, or 
endovascular interventions. Regardless of the treatment approach considered, initial 
intervention should be aimed at reducing the propagation of the dissection by 
decreasing aortic wall stress [31]. This is achieved by controlling blood pressure 
and left ventricular ejection force (dP/dT). Upon suspicion of aortic dissection in a 
patient in the ED, the patient should be emergently assessed by the ED provider 
with an abbreviated history and physical examination including the time of onset, 
risk factors for aortic dissection, and assessment for findings consistent with aortic 
dissection. Two large-bore IVs should be established, supplemental oxygen admin-
istered, and the patient placed on a cardiac monitor. EKG, portable chest x-ray, and 
lab work including type and cross are critical if massive transfusion is needed for 
hemodynamic collapse.

Patients with uncomplicated type B aortic dissection should be admitted to the 
cardiac intensive care unit with close monitoring including arterial line blood 
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pressure monitoring, frequent neurologic status checks, urine output monitoring, 
telemetry, supplemental oxygen, and pain control.

Initial management of acute type B aortic dissection
In the emergency department
    (1) Establish two large-bore IVs (>18 gauge)
    (2) Administer supplemental oxygen
    (3) Cardiac monitoring, EKG, chest X-ray
    (4) Obtain CBC, chemistry panel, coagulation panel, UA, CK, troponin, d-dimer
    (5) Type and cross 10 units packed red blood cells
    (6) Early surgery consultation
Imaging
    1. Computed tomography angiogram (CTA)
    2. Echocardiogram
    3. Magnetic resonance angiogram (MRA)
Blood pressure, heart rate, pain management
Goals: heart rate < 60 beats/min, systolic blood pressure < 100 mmHg)
    1. First line: beta-blockers
        a.  Esmolol (200–500 mcg/kg IV loading dose) + 25–50 mcg/kg/min infusion (up to 300 

mcg/kg/min max dose)
        b. Labetalol (20 mg IV bolus) + 0.5–2 mg/min IV infusion (up to 10 mg/min max dose)
    2. If hypertension persists: vasodilators
        a. Nicardipine (2.5–5 mg/h IV infusion titrated up to max dose 30 mg/r)
    3. Pain relief: morphine
Hemodynamically unstable patients
    1. Tracheal intubation, mechanical ventilation
    2. Blood pressure support with IV fluids, PRBCs if rupture suspected

Studies suggest that 97% of patients with uncomplicated type B aortic dissection 
will require at least one parenteral antihypertensive during admission [9]. Most 
patients will require a regimen consisting of multiple antihypertensive medications 
that require frequent titration to achieve a systolic BP less than 120 mmHg [32]. All 
patients with type B aortic dissection should be discharged on antihypertensive 
medications.

First-line antihypertensive therapy includes beta-blockers such as labetalol, 
esmolol, and metoprolol to reduce left ventricular contraction force (dP/dT) [33].

Adequate hemodynamic stabilization will reduce the risk of progression of dis-
section and help to reduce the risk of rupture [34]. In patients with contraindication 
to beta-blockers such as asthma and heart failure, a trial of esmolol may be initiated, 
the short half-life is typically well tolerated in patients with a history of pulmonary 
disease. In the event esmolol is not well tolerated, non-dihydropyridine calcium 
channel blockers can be used as an acceptable alternative [35]. A labetalol is an 
attractive option for first-line therapy due to the alpha- and beta- characteristics 
which work to reduce both dP/dT as well as have vasodilatory properties. Caution 
should be used in using beta-blockers in the presence of significant acute aortic 
valve insufficiency due to the effects on compensatory mechanisms [2].
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These medications also work to prevent reflex tachycardia which can occur with 
the use of vasodilator medications. In the event of contraindications to beta-blocker 
usages such as asthma and heart failure, calcium channel blockers can be used as an 
alternative. Heart rate should be kept below 60 bpm with systolic blood pressure 
below 120 mmHg [2].

Hydralazine and sodium nitroprusside were used historically for the manage-
ment of blood pressure, however, are closely associated with reflex tachycardia and 
increasing left ventricular contractile force (dP/dT), thus should be avoided in 
patients with dissection. Nicardipine is a vasodilator of choice in patients with dis-
section. Patients often require multiple antihypertensive medications to achieve the 
guideline recommendation of <120 mmHg [35].

Pain control includes the use of morphine which also provides a reduction in 
stress-induced hypertension due to its sedative properties. Poorly controlled pain can 
lead to a hyperadrenergic state further potentiating the progression of dissection [36].

In the rare event of hypotension, it is crucial to confirm the absence of pseudohy-
potension as a result of measurement in an extremity with flow compromise. Blood 
pressure should be measured in both arms and both legs to determine the highest 
central blood pressure [2]. Fluid resuscitation should be performed with crystalloid, 
PRBCs, or other colloid solutions.

During hospitalization for the uncomplicated type B dissection patient, contin-
ued blood pressure control should be maintained with the goal of SBP between 
100–120  mmHg and heart rate <60  bpm [2]. This is most commonly initially 
achieved through the use of parenteral medications, however during the hospital 
stay, the patient should be transitioned to oral antihypertensives as a bridge to dis-
charge and long-term blood pressure control. Continued telemetry monitoring and 
arterial line monitoring are important measures during the patient’s stay in the 
intensive care unit. As the patient stabilizes on oral medications, transfer to a telem-
etry unit, and subsequently to home is reasonable if there are no signs of end-organ 
ischemia or malperfusion, blood pressure has been stabilized to goal with oral medi-
cations, and repeat imaging is without significant progression of the disease.

 Endovascular Repair

Optimal medical therapy remains the standard of care for uncomplicated dissection, 
however, this strategy fails to prevent long-term aortic-related morbidity and mor-
tality. The paucity of supporting data has created controversy surrounding the opti-
mal treatment strategy for acute type B dissection. Medical therapy has low early 
mortality in centers experienced in the management of acute aortic syndrome, how-
ever, 30% of the patients will require an operation due to enlargement of the chronic 
dissection within the first five years. Recent data and trends show a paradigm shift 
favoring early TEVAR in acute type B dissection. TEVAR improves the chance of 
reverse remodeling of the descending thoracic aorta and therefore reduced the rate 
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of reoperations in the follow-up. TEVAR is a reasonable option for patients with 
aortic disease, however, some concern remains regarding reintervention rates and 
aneurysmal dilatation in the setting of dissection.

A meta-analysis was performed of 39 studies involving a total of 609 patients 
who underwent stent-graft placement for a type B dissection [37]. Procedural suc-
cess was reported in 98% of patients. Major complications were reported in 11% 
with the most dreaded neurologic complications in 2.9% of patients. Periprocedural 
stroke was encountered more frequently than paraplegia (1.9% versus 0.8%). The 
major complication rate was significantly higher for acute compared with chronic 
dissection (21.7% versus 9.1%). Minor complications occurred in 2.5%. The rate of 
complications compared favorably with previous reported surgical series. The in- 
hospital mortality rate was 5.2%. Thirty-day mortality was 5.3% and was signifi-
cantly higher for acute compared with chronic dissection (9.8% versus 3.2%) [37].

Outcomes were much better in centers that had performed more than 20 endovascu-
lar procedures compared with fewer. This included significantly lower rates of overall 
complications (7.7 versus 20.9 percent), neurologic complications (1.0 versus 5.7 per-
cent), and 30-day mortality (3.2 versus 8.5 percent). One report evaluated 19 patients 
with an acute dissection (15 with type B) and an indication for surgery [37]. Complete 
thrombosis of the false lumen was achieved in 79 percent, and revascularization with a 
relief of ischemic symptoms occurred in 76 percent of obstructed aortic branch sites. 
The 30-day mortality rate was 16 percent, and morbidity was 21 percent morbidities 
included small bowel and renal infarction and lower extremity gangrene [37].

In an IRAD report of 384 type B dissections, 46 (12%) were managed with endo-
vascular stent-grafting [38]. Stenting was only performed for patients who had at 
least eight weeks of medical management. Inpatient mortality was only in three 
patients (6.5%). Two-year follow up of 49 patients was performed for patients who 
underwent stent-graft placement for treatment of acute or chronic type B dissection. 
Serial computed tomography (CT) studies in the 32 patients with type B aortic dis-
section showed that, at two years, total occlusion of the false lumen was achieved 
with acute dissection in 76 percent of patients [39].

ADSORB is a randomized trial that compared outcomes between patients with 
acute uncomplicated TBAD who were treated with best medical therapy alone 
(n = 31) or medical treatment in addition to TEVAR (n = 31) [40]. The 30-day mor-
tality and neurological complication rates were 0% for both groups, but a signifi-
cantly higher rate of favorable remodeling (complete false lumen thrombosis) was 
reported at 1 year after stenting (57 vs. 3%, p < .001). The study was not powered 
for mortality or late aortic intervention.

INSTEAD is the larger trial that prospectively randomized patients with uncom-
plicated chronic TBAD to continuing optimal medical therapy (n = 68) or medical 
therapy in addition to stent-graft placement (n = 72) [41].

At 2 years, despite a higher rate of favorable remodeling in the stented group, 
all-cause and aorta-related mortality were similar between the two groups. There 
was also no significant difference in the rate of secondary interventions as cross-
overs to endovascular repair in the medical therapy group were balanced by stent 
extensions and access-vessel repairs in the TEVAR group. Long-term analysis at 
5 years did, however, demonstrate a significantly higher aorta-specific mortality in 
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medically managed patients than those who underwent elective stenting (19.3 vs. 
6.9%, p = .045) [41].

INSTEAD, XL was a follow-up study of the subjects enrolled in the INSTEAD 
trial and continued original analysis for 5 years following the original procedure [42]. 
Analysis for subjects managed with optimal medical therapy (OMT) and TEVAR 
(n = 72) versus OMT alone (n = 68) included all-cause mortality (0% versus 16.9%; 
P = 0.0003), aorta-specific mortality (0% versus 16.9%; P = 0.0005), and progression 
(4.1% versus 28.1%; P = 0.004). Stent graft induced false lumen thrombosis at 5 years 
after TEVAR was associated with both improved survival and less progression of dis-
ease in 90.6% of subjects (P < 0.0001) [42]. Despite this data, the treatment strategy for 
acute type B dissection remains controversial. Early treatment has been suggested to 
positively affect overall reverse aortic remodeling and visceral flow (Fig. 1). High-risk 
morphologic features including partial thrombosis in false lumen, total aortic diam-
eter > 4 cm, false lumen diameter > 2.2 cm, and refractory pain should be considered 
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Fig. 1 Three year follow-up imaging on type B dissection following thoracic endovascular aortic 
repair (TEVAR). Positive aortic remodeling demonstrated in post-TEVAR images with progressive 
thrombosis of proximal false lumen over time
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when evaluating a patient for early TEVAR versus OMT alone. Additionally, given 
that the benefit associated with early TEVAR is not achieved until years following the 
intervention as illustrated in the INSTEAD XL findings, patient age and comorbidities 
should be considered before deciding to proceed with TEVAR (Fig. 2).

 Complicated Acute Type B Dissection

Up to 50% of patients with uncomplicated type B dissection will experience 
sequelae which can include further propagation of dissection either retrograde con-
verting to a type A, or antegrade with risk for malperfusion syndromes. Additionally, 
aneurysm degeneration and possible rupture can occur during the long-term follow 
up of these patients [43]. Comorbidities that can be associated with the progression 
of an uncomplicated dissection to a complicated state include a bicuspid aortic 
valve, underlying connective tissue disorders (such as Marfan syndrome and Loeys 
Dietz), aortic coarctation, poorly controlled hypertension, and cocaine abuse [44].

There is an unpredictable variability to blood flow patterns in the dissected aorta, 
this can lead to spontaneous resolution of malperfusion syndromes in some cases. 
Dynamic obstruction from the prolapse of intimal flap blocking flow into branch ves-
sels can lead to intermittent signs and symptoms. In the event of a direct extension of 
dissection into the branch vessel (static obstruction), a more sustained presentation 
may occur [2]. Additional contributors to the development of malperfusion post-dis-
section include arterial thrombosis, embolization, compression of branch vessels from 
false lumen expansion, rupture or leakage of the false lumen into surrounding struc-
tures, and distortion of the aortic valve leading to acute aortic valve insufficiency [2].

Aortic Dissection Acuity
Uncomplicated
    1. No rupture
    2. No malperfusion
    3. No high-risk features
High-Risk Features
    1. Refractory pain
    2. Refractory hypertension
    3. Bloody pleural effusion
    4. Aortic diameter > 4 cm
    5. Radiographic only malperfusion
    6. Readmission
    7. Entry tear: lesser curve location
    8. False lumen diameter > 22 mm
Complicated
    1. Rupture
    2. Malperfusion

From: Lombardi JV, Hughes GC, Appoo JJ, Bavaria JE, Beck AW, Cambria RP, Charlton-Ouw K, 
Eslami MH, Kim KM, Leshnower BG, Maldonado T. Society for Vascular Surgery (SVS) and 
Society of Thoracic Surgeons (STS) reporting standards for type B aortic dissections. The Annals 
of Thoracic Surgery. 2020 Jan 27.
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a1 a2

b1 b2

c1 c2

Fig. 2 Pre and post-treatment IVUS images of perivisceral true lumen of uncomplicated TBD 
dissection. True lumen in very small Celiac (a1) SMA (b1) and renal (c1) arteries, post-treatment 
the true lumen has dramatically expanded after covering the entry tear with a stent graft (a2, b2, c2)
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The presence of malperfusion syndrome is a significant contributor to mortality 
in patients with type B aortic dissection. The most common cause of death in 
patients with type B aortic dissection is mesenteric ischemia [2]. Fortunately, mes-
enteric ischemia is uncommon, presenting in only 3.7% of cases [45].

Endovascular stent grafting has been used as a less invasive alternative to open 
surgery for the management of type B aortic dissection. The stent-graft is positioned 
to cover the intimal flap to seal the entry site of the dissection, resulting in thrombo-
sis of the false lumen [46]. With successful coverage of the intimal tear, perfusion is 
restored in patients with dynamic aortic obstruction in approximately 95% of 
patients.

Initial repair of the dissection often resolves peripheral ischemia; however addi-
tional distal stenting of the aorta or rarely fenestration of the intimal flap may be 
required to achieve adequate perfusion in cases of persistent peripheral or visceral 
ischemia.

Despite the favorable aortic remodeling reported after TEVAR in patients with 
aortic dissection, a review of 1108 patients found that there is the continued growth 
of the thoracic aorta in 6.6–84% of patients [47]. In a review of 397 patients with 
TBAD, abdominal aorta growth was reported in 10–54% of cases [47].

Stabilization of the distal flap has been investigated using the PETTICOAT tech-
nique (provisional extension to induce complete attachment). In this approach, a 
proximal endograft is placed in the true lumen, with a bare-metal stent extension 
distally. With the deployment of the bare metal stent, the aim is to stabilize the distal 
intimal flap and allow blood flow to the visceral vessels [48]. In one review which 
investigated outcomes of acute (89 cases) and subacute (54) type B dissection, the 
PETTICOAT procedure had an overall 30-day mortality rate of 4.9% and a clinical 
success rate of 90.2% [49]. Early expansion of the true lumen of the thoracic and 
abdominal aorta was observed; however there was no evidence of improved short 
and mid-term survival when compared to standard stent-grafting [49].

The Study of Thoracic Aortic Type B Dissection Using Endoluminal Repair 
(STABLE I) trial is a nonrandomized multicenter prospective study that was per-
formed to evaluate the safety and performance of the Zenith Dissection endovascu-
lar stent system. This system is specifically designed for the treatment of dissection 
and is comprised of a proximal stent-graft with distal bare-metal stent based on the 
PETTICOAT approach [50]. In this study, 86 patients were enrolled, inclusion cri-
teria included acute phase and non-acute phase patients with TBAD presenting with 
branch vessel obstruction or compromise, impending rupture, resistant hyperten-
sion, persistent pain or symptoms, or rapid aortic growth [50]. During this feasibil-
ity study, 30-day mortality was 5.5% for acute patients and 3.2% for nonacute [50]. 
Kaplan-Meier estimate of freedom from dissection-related mortality at 5 years was 
83.9% for acute patients and 90.1% for nonacute patients [50]. False lumen throm-
bosis was exhibited in 74.1% of acute patients and 58.8% of non-acute patients at 
5 years, and a majority of patients experienced stable or reduced thoracic aortic size 
at 5 years (acute, 65.5%; nonacute, 81.3%) [50].

The STABLE II study pivotal study was a follow up prospective, nonrandomized 
multicenter study including 73 patients with acute type B aortic dissection again 
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evaluating the Zenith Dissection Endovascular System based on the PETTICOAT 
procedure. Inclusion criteria were expanded in this trial to include rupture and mal-
perfusion. The primary safety endpoint was freedom from adverse events at 30 days 
and the primary effectiveness endpoint was the rate of survival at 30  days. The 
Kaplan-Meier estimate of freedom from all-cause mortality was 80.3% (+/− 4.7%) 
at one year. One year follow up identified complete or partial thrombosis in 100% 
of patients at the stent site and 97.4% of the patient within the bare stent region. 
Thoracic aortic growth >5 mm after one year was observed in 14.9% of patients in 
the area of the stent-graft, 38.5% of patients within the bare stent site.

In a comparative analysis performed by Sobocinski et  al., TEVAR alone was 
compared to the PETTICOAT technique for the treatment of acute complicated 
TBAD by use of secondary analyses to compare cohorts from high-volume aortic 
centers in Europe using TEVAR alone versus the STABLE cohorts [51]. 
Reintervention rates at one year were similar between the TEVAR and STABLE 
cohorts (11.1% TEVAR, 12.8% STABLE). Both cohorts exhibited positive thoracic 
aorta remodeling; however in the STABLE cohort, the investigators observed a sta-
tistically significant increase in true lumen volume at the abdominal aorta while the 
TEVAR group did not. Malperfusion related mortality was statistically lower in the 
STABLE group versus TEVAR (2.3% vs. 12.2%) [51].

Building on the foundation of the PETTICOAT technique and STABLE I and 
STABLE II, the concept of STABILISE was introduced. Stent assisted balloon 
induced disruption and relamination in aortic dissection repair (STABILISE) was 
first described by Hofferberth et al. in 2014 [52]. In this approach, a stent-graft is 
used to cover the proximal intimal tear with a bare-metal stent distally, with the 
added step of serial balloon dilatation to the point of intimal flap disruption to return 
the dissected intima to the aortic wall [52]. The 30-day mortality rate among the 41 
patients treated was 2% with no aortic-related mortality at 12 months. All patients 
had complete aortic remodeling at the stent graft and bare stent level at follow up, 
39% had complete aortic remodeling at the non-stented infrarenal aortoiliac level. 
Of those who experienced persistent false-lumen flow at the bare-stent level, the 
aortoiliac diameter remained stable in 92% at one year [53].

 Fenestration

Intimal flap fenestration can be performed to equalize pressure between the true and 
false lumen as well as serving as an alternative to TEVAR in patients who are at high 
risk for spinal cord ischemia or when the false lumen is perfusing a large number of 
lumbar or intercostal branch vessels. Fenestration is rarely used in modern practice, 
and typically reserved for patients with significant peripheral or visceral malperfu-
sion or cases where TEVAR may not be possible such as excessive aortic diameter 
or intimal tear near crucial branch vessels. Fenestration can be useful for the man-
agement of dynamic obstruction; however if a static obstruction is also present, 
stenting of the branch vessels should also be considered. It is technically 
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demanding, time-consuming, and is associated with significant patient morbidity. 
The exact relationship of each major branch vessel to the intimal flap and false 
lumen should be reviewed before the beginning of the procedure. In one study, a 
17% early mortality rate was reported after endovascular fenestration with 7% of 
these due to false lumen rupture and 10% to malperfusion complications [54]. Long 
term outcomes showed freedom from aortic rupture or repair at 1, 5, and 8 years of 
80.2%, 67.7%, and 54.2% [54]. There are various techniques to achieve the fenes-
tration of the dissection flap. Some authors report an approach by puncture through 
the flap with a wire or needle with the subsequent deployment of an angioplasty 
balloon to extend the fenestration. Other approaches described include a variety of 
techniques centered around wire access in the false and true lumen with subsequent 
downward traction to divide the flap longitudinally. These techniques are associated 
with significant potential risks, including intimal flap dehiscence as a result of “snag 
and drag” instead of the desired longitudinal fenestration effect [54].

 Open Surgical Repair

Before the advent of TEVAR in the 1990s, open surgical repair provided the only 
treatment option that offered any meaningful survival. Surgical repair, similar to 
fenestration, is rarely used in modern practice. Since the advent of TEVAR, the 
treatment of acute TBAD has shifted to endovascular therapy [55].

The University of Michigan reviewed their outcomes with open or endovascular 
repair in patients with acute complicated TBAD. While there was statistically no 
difference between the two cohort’s early and late survival, there was a higher rate 
of mortality, higher ventilation time, use of blood product, and longer hospital stays 
those patients treated with open repair. Also, the TEVAR were older with more 
comorbidities [55].

In a retrospective review of the University of Pennsylvania experience from 2002 
to 2010, Zeehan et al. reported 77 complicated TBAD treated acutely comparing 
TEVAR to conventional treatment, including open surgical repair or optimal medi-
cal treatment [56]. 45 patients were treated with TEVAR (26 within 24 h of presen-
tation), and 32 patients were in the open surgical repair and optimal medical 
treatment group. This group included 20 patients undergoing open surgery repair 
(10 of those within 24 h of presentation); the remainder were treated with medical 
therapy. In hospital, mortality was 4% in the TEVAR group vs 40% in the group 
treated with open and medical approaches [56]. Survival at 1, 3, and 5 years for 
those who underwent TEVAR versus those who underwent open surgical repair was 
82%, 79%,79% versus 58%, 54%, 44% [56]. These findings were confounded by 
lumping open and medical treatment together.

In a series of complicated Type B dissections treated in the acute or subacute phase, 
Wilkinson showed no significant difference in hospital mortality, late mortality, or 
freedom from re-intervention [55]. The long term follow-up of the patients treated in 
the Zeehan series showed the best survival in those treated with TEVAR [56].
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A combined retrospective and meta-analysis study showed no long-term survival 
or reintervention benefit to either open or endovascular repair of acute TBAD [57]. 
In the setting of chronic Type B dissections, van Bogerjen et al. showed no long- 
term survival benefit, although the lower re-intervention rate in open compared to 
endovascular repair [58]. They did note lower operative mortality in the chronic 
setting as compared to that reported for open repairs in the acute phase [58]. Using 
a slightly different treatment algorithm treating all complicated Type B with TEVAR 
and uncomplicated with optimal medical therapy followed by open or endovascular 
repair for OMT failures, Lou et al. found better long term survival in those patients 
receiving open repair compared to TEVAR in the chronic phase. Those receiving 
acute TEVAR fared better than those who underwent TEVAR for chronic dissec-
tion [59].

Despite the increased use of endovascular repair, there are still patients for whom 
open repair may be indicated or required. Those benefiting from open repair include 
younger patients with connective tissue disorder or patients with anatomic con-
straints for TEVAR, and as a bail-out for complications of TEVAR in the setting of 
acute TBAD.

 Outpatient Follow Up

Regardless of the treatment approach, more than 60% of those with aortic dissection 
experience aneurysmal growth within 5 years [60]. In the outpatient setting, contin-
ued close surveillance is vital as aortic remodeling continues. Guidelines recom-
mend repeat imaging at 1, 3, 6, and 12  months following the index event, and 
annually after that [2]. Those with stable findings after 5 years may be followed up 
in longer intervals. Lifestyle recommendations for the dissection patient should 
include the avoidance of strenuous lifting or other isometric exercises that increase 
intrathoracic pressures [2]. Additionally, avoidance of activities that put the patient 
at risk for sudden deceleration should be discussed. Blood pressure management is 
an essential factor in the continued stabilization of aortic dissection, patients should 
be counseled on the importance of following their prescribed regimen, as poorly 
controlled hypertension can have a disastrous consequence to the dissected aorta.

 Future Perspective

Given the suboptimal results of purely medical or surgical therapy in uncomplicated 
type B AAD, there has been significant interest in the use of TEVAR in this patient 
cohort. The basis of endovascular therapy is the concept that obliteration and throm-
bosis of the false lumen may result in improved long-term outcomes and reduce the 
need for future reoperation. Furthermore, the newer generation of stent-grafts, 
including ones with a lower profile or with absorbable material are being evaluated. 
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Once the reverse remodeling after acute TBAD has completed, the stent-graft may 
become obsolete, and in these cases an absorb stent-graft would be very beneficial 
in reducing future complications including infection, migration, branch obstruction 
or retrograde dissection.
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Subacute and Chronic Type A Aortic 
Dissection

Lars G. Svensson

Current anatomic descriptions of aortic dissection categorize dissection based on 
where the original intimal tear is located (DeBakey classification) or whether the 
ascending aorta is involved (Stanford classification). Following a study of aortic 
dissection of 690 patients surgically treated by E Stanley Crawford et al. [1], sub-
acute and chronic aortic dissections were defined as dissections operated on between 
two and six weeks and beyond six weeks after onset of symptoms, respectively [1–
5]. Further, when dealing with subacute and chronic aortic dissection, it is worth-
while to recall classes of aortic dissection, particularly for intramural hematomas 
[6]. This chapter examines how course of treatment for aortic dissection is deter-
mined based on class, comorbidities, and time interval from dissection.

Our previous study [6] categorizing aortic dissection into subclasses was based 
on the appearance of the aortic dissection, apart from the well-known definitions of 
extent from DeBakey and Stanford (Fig. 1) [4, 5, 7]. Class I tears are associated with 
classic aortic dissection and two classical lumens for extent DeBakey I or II (recall 
Stanford A includes the ascending aorta, Stanford B does not). Class II tears are 
intramural hematomas. While some 15% are classified as such by computed tomog-
raphy (CT) or magnetic resonance imaging (MRI), in actuality at postmortem eval-
uation, only 5% have no tear. We rarely see tears that do not involve an intimal tear; 
usually, if carefully looked for, even tears of 1–2 mm in diameter can be found or in 
the descending aorta with retrograde dissection or, more rarely, from the abdominal 
aorta. Of note, some institutions, particularly with older patients, treat intramural 
Class II aortic dissection conservatively and then perform surgery in the chronic 
phase, if needed. Class III tears involve limited areas of dissection with exposure of 
the tunica media or middle layer but without extensive dissection of the intimal flap 
that separates the false from the true lumen or undermining of the tunica intima, or 
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inner layer (Fig. 2) [7]. In earlier studies [6, 7], we described the difficulty in iden-
tifying limited Class III aortic dissection by imaging, noting that angiography of the 
ascending aorta and root from multiple angles shows the bulge. Subsequently, the 
Stanford group [7, 8] indicated that 4.8% of patients in their series had this Class III 
dissection. Aortic dissections in these patients are often missed and present in the 
subacute phase, for example, because of pericardial effusion or progression of dis-
section diagnosed in retrospect or at the time of frank aortic rupture. Class IV tears 
are penetrating ulcers that appear to have a different etiology, often associated with 
calcification of the aortic wall, frequently with infection. While they may be seen in 
the ascending aorta, more often, class IV tears are seen in the lesser curve of the 
aortic arch, proximal descending thoracic aorta, or opposite the visceral arteries. Of 
note, the natural history is often much more lethal than expected. Based on postmor-
tem examinations done by the author many years ago, the plane of dissection is 
often between the tunica media and tunica adventitia, and hence, rupture occurs or 
patients present with large pleural effusions more often. Class V tears are iatrogenic 
dissections, typically seen after an attempted catheterization of the coronary ostia or 
after transcatheter aortic valve replacement.

Proximal
DeBakey I and II
Stanford A

Ascending,
Arch and
Descending

Ascending

Descending

Arch and
Descending

Descending
penetrating ulcer

latrogenic

Proximal

Stanford B

Distal
DeBakey IIIa and IIIb
Stanford B

a b c

Fig. 1 (a) Proximal, DeBakey I and II, Stanford A. (b) Proximal, Stanford B. (c) Distal, DeBakey 
IIIa and IIIb, Stanford B. Reprinted from Svensson LG. Limited intimal aorta tears: Royalty torn 
asunder, and a nation was created, J Am Coll Cardiol. 2019;71:2786–2789. Copyright © 2019, 
with permission from Elsevier [7]
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Because not all patients with acute or chronic dissections are symptomatic, such 
as patients with Marfan syndrome, and the interval from dissection may be unknown, 
the question then becomes, do all subacute dissections or chronic dissections require 
surgical intervention? E Stanley Crawford, MD, believed that all Type A Class I 
aortic dissections, even if not dilated, should be treated surgically unless other seri-
ous comorbidities precluded surgery. We have followed that advice, particularly as 

I

IV V

II III

Fig. 2 Classes of local aortic dissection. Class 1, classic dissection with flap between true and 
false aneurysm and clot in false lumen; Class 2, intramural hematoma; Class 3, limited intimal tear 
with eccentric bulge at tear site; Class 4, penetrating atherosclerotic ulcer with surrounding hema-
toma, usually subadventitial; Class 5, latrogenic or traumatic dissection illustrated by coronary 
catheter causing dissection. Reprinted from Svensson LG. Limited intimal aorta tears: Royalty 
torn asunder, and a nation was created, J Am Coll Cardiol. 2019;71:2786–2789. Copyright © 2019, 
with permission from Elsevier [7]
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it is not unusual to find healed tears with superimposed new acute dissections, par-
ticularly for Class III tears.

As more patients with Class II intramural hematomas are treated conservatively, 
including elderly patients or patients with diabetes, and many may resolve with the 
appearance of two lumens, when should these patients undergo surgery? Our gen-
eral advice has been to operate if there are complications, like stroke perhaps related 
to platelet/thrombi or if the size exceeds the cross-sectional area to height ratio, 
exceeding a ratio of 10 [9, 10].

With modern imaging, it has become increasingly rare to see patients with Type 
A chronic Class I tears who have not had surgery. Nevertheless, in a series of 151 
patients with Marfan syndrome, one patient was surgery-free for 27 years after a 
Type A dissection, a distinct outlier [11].

In emergency and urgent Type A aortic dissections, the priority is to save the 
patient’s life and deal with a definitive procedure and the consequences of the aortic 
dissection later, if needed. Clearly, for emergency and urgent operations, acute dissec-
tion outcomes are not as positive. Our mortality rate of 595 patients with acute dissec-
tion was 8.1% and stroke risk was 7.6% following ascending/hemi-arch repairs; for 
total arch replacements, mortality and stroke were 9.7% and 8.4%, respectively, as 
reported at the 2018 American Association for Thoracic Surgery meeting on whether 
mortality could be reduced to less than 5% [12]. This was supported by a more detailed 
analysis [13] of our data, although the risks are higher in an analysis of STS data [14].

The definitive operations in these two time-related (subacute or chronic) sub-
types should thus be used for dilated aortas without aortic dissection. Hence, for 
larger roots with trileaflet valves, an aortic valve reimplantation and replacement of 
the root and ascending aorta should be used if needed [15]. In our current series of 
over 1000 reimplantations, we have done this operation frequently for subacute or 
chronic dissection with no deaths and 97% overall freedom from reoperation at 
10 years [15]. For patients with bicuspid valves, the procedure is chosen as appro-
priate for each individual case. For example, procedures can involve reimplantation, 
the inclusion technique type of remodeling, simple tricuspid valve repair, or ascend-
ing arch with separate tube graft replacement [16]. In some patients, the root can be 
left alone and only the ascending aorta and arch replaced [17]. How the arch and 
greater vessels are dealt with is a matter of getting the most durable repair, depend-
ing also if connective tissue disorder is present in the patient. An ascending aorta 
tube graft is all that is needed for many classic DeBakey Type 2 extent dissections. 
For most patients, a total arch with an elephant trunk procedure [18], even if pro-
phylactic for a non dilated descending aorta [19], is the procedure of choice for 
more extensive dissections (DeBakey Type 1). If the patient has a connective tissue 
disorder, especially if young, the best option is an elephant trunk procedure distally. 
In this case, separate tube grafts for the innominate artery or separate right subcla-
vian and right carotid artery with another tube graft to the left carotid artery, with or 
without grafting of the left subclavian artery are key depending on the distal ele-
phant trunk anastomosis site.

For brain protection, key methods are cooling to a nasopharyngeal temperature 
below 20°C, CO2 field flooding at 10  L/min, right subclavian artery perfusion, 

L. G. Svensson



405

centrifugal pump with white cell filtration, steep Trendelenburg position, and metic-
ulous de-airing of CO2 from the arch by antegrade perfusion from the right subcla-
vian artery. In our recent prospective, randomized trial of total arch replacements, 
there was no difference between antegrade and retrograde brain perfusion [20]; if 
circulatory arrest time is expected to be less than 30 minutes, neither is used based 
on our findings that risk of stroke increases after 40 minutes [21]. In the above-
mentioned prospective, randomized trial of total arch replacements, 30-day mortal-
ity was 0.8% and stroke was also 0.8%, despite 39% being reoperations and 61% 
having elephant trunk procedures [20].

The management of patients with chronic Type A aortic dissections after previ-
ous repairs should be similar to those who have not had surgery for subacute or 
chronic dissection, with the exception of chest entry and perhaps valve reimplanta-
tion. Hence, the priority is definitive repair of the ascending aorta and arch. While 
some programs have chosen to treat a dilated descending thoracic aorta that is dis-
sected by dealing with the enlarged descending segment first, our preference has 
been to do a total arch with elephant trunk procedure and then a second-stage 
descending aortic repair [18]. The root is treated as needed.

For chest re-entry, our preference is to place the patient on cardiopulmonary 
bypass using a side graft on the right subclavian artery and cannulating the right 
femoral vein with a venous cannula threaded into the right atrium with transesopha-
geal echocardiography [22]. The patient is opened on pump and given lidocaine and 
atropine to delay fibrillation when cooling. For severe aortic valve regurgitation, a 
percutaneous retrograde cardioplegic cannula is placed by anesthesia to allow for 
arresting the heart until antegrade cardioplegia can be given.

In summary, because the management of subacute and chronic aortic dissection 
is typically completed by elective surgery, a definitive aortic operation should be 
performed as often as possible so that there is no need for another operation via 
median sternotomy [23].
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Management of Chronic Descending 
Thoracic and Thoracoabdominal 
Dissection and Aneurysm - Stent Grafting, 
Debranching

Roland Assi and Wilson Y. Szeto

 Introduction

In the late 1990’s, sentinel reports demonstrated the safety and feasibility of endo-
vascular stent-grafting for the management of acute type B aortic dissection 
(ATBAD) [1, 2]. Over the following decade, endovascular repair replaced open sur-
gery as the treatment of choice of complicated acute type B aortic dissection due to 
the superior perioperative survival [3–7]. Medical management remains the treat-
ment of choice for uncomplicated ATBAD.  However, in certain uncomplicated 
ATBAD cases, endovascular repair in addition to optimal medical therapy (OMT) 
might have a role to improve long-term survival and favor late aortic reverse remod-
eling by achieving early false lumen thrombosis [8, 9].

In chronic type B aortic dissection (CTBAD), OMT is the mainstay of therapy 
for non-aneurysmal and asymptomatic cases. Open surgical repair is indicated for 
aneurysms that reach operative threshold or in the presence of symptoms or compli-
cations. OMT includes blood pressure control and anti-impulse therapy with beta 
blocking agents, the use of statins to stabilize the endothelial layer, and smoking 
cessation among other cardiovascular risk profile interventions. The endovascular 
treatment of chronic type B aortic dissection (CTBAD) continues, however, to pres-
ent challenges to the surgeon. Conceptually, the treatment strategy is centered 
around the principle of coverage of entry tears and all degenerative aortic segments. 
Technically, this concept translates into difficulty finding distal landing zones, com-
plexity of reperfusing visceral branches originating from the false lumen, and the 
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stiffness of the intimal flap that precludes re-expansion of the true lumen. In the 
remainder of this chapter we explore the technical success, challenges and out-
comes of endovascular repair of CTBAD.

 Goals of Therapy and Defining CTBAD Disease Spectrum

Based on data from the International Registry of Acute Aortic Dissection (IRAD), 1 
out of 4 patients with ATBAD surviving to hospital discharge were deceased at 
3 years (data from 1996 to 2003) [10]. Risk factors for adverse outcomes were non- 
treatment specific and included female gender, a history of prior aortic aneurysm, a 
history of atherosclerosis, in-hospital renal failure, pleural effusion on chest radio-
graph, and in-hospital hypotension/shock. The primary therapeutic goal is to alter 
the natural history of CTBAD and improve long term survival. In ATBAD, TEVAR 
is a safe and technically successful in the vast majority of cases; it is now considered 
the standard of care. But what about TEVAR in the chronic phase?

The role of TEVAR in CTBAD remains somewhat controversial.
“Chronic” is not well defined. It appears that most studies consider any dissec-

tion older than 2 weeks as chronic. This would include a wide variety of dissected 
aortas in various stages of remodeling. The intimal flap in a dissected aorta of 
2 weeks is much more flexible than a thickened calcified septum of many years. A 
relatively recent dissection in an aneurysmal aorta behaves very differently from an 
old dissected aorta that degenerated into a large complex aneurysm.

For the late chronic dissecting aneurysms of the aorta, the technical challenges 
are related to the characteristics of the degenerated aorta. The stiffness of the intimal 
flap may preclude true lumen expansion and create a very narrow space for wire and 
catheter navigation. The presence of multiple distal re-entry tears makes it difficult 
to achieve complete coverage and creates channels for retrograde filling of the false 
lumen. In addition, the deployment of a stent-graft in a small true lumen against a 
rigid dissecting flap may create new tears, known as stent-induced new entry tears 
(SINE), which could be devastating. Another challenge is encountered when one or 
more visceral branches are originating from the false lumen. Rapid or progressive 
occlusion of the false lumen by the stent-graft would result in new end-organ malp-
erfusion. Pre-operative planning for TEVAR in a chronically dissected aorta requires 
careful consideration of the above-mentioned technical barriers.

 TEVAR Feasibility

With the understanding that CTBAD includes a wide spectrum of progressive aortic 
pathology, we now have growing body of data on the feasibility of TEVAR in 
CTBAD from clinical trials and real-world experience.
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In a meta-analysis of 17 reports of 567 patients (mostly retrospective cohorts) 
who underwent TEVAR for CTBAD between 1994 and 2009, technical success 
rate was 89.9% (range 77.6–100%) with a re-intervention rate ranging between 0 
and 60%. The data was very variable in between studies and most likely repre-
sented early experience with TEVAR for CTBAD. The type and brand of stent-
grafts used were also variable. It is remarkable, however, that perioperative stroke 
and spinal cord injury were only 0.82% (range 0–6.7%) and 0.43% (range 0–2.8%), 
respectively [11].

In a prospective comparative study of TEVAR (208 patients) vs OMT (95 
patients) from 4 centers in China between 2007 and 2010, technical success rate 
was 100% and there was no index hospitalization mortality in either groups. The 
rate of type I endoleak was 12%, paraplegia 0.9% and retrograde type A dissection 
0.9% [12].

In a report from the Vascular Quality Initiative Registry, 125 patients underwent 
TEVAR for CTBAD between 2010 and 2015. Technical success rate was 98.4%, 
in-hospital mortality was 2.4%, stroke 0.8% and spinal cord ischemia 2.4% [13].

In the widely cited European INSTEAD trial randomizing 140 CTBAD patients 
to elective TEVAR with OMT vs OMT only between 2003 and 2005, technical suc-
cess was 95.7% and there was no operative mortality. Stroke was 1.5% and spinal 
cord injury 2.9% [14].

Other studies from smaller series reported technical success between 96% and 
100%, operative mortality between 0% and 5%, stroke rate between 0% and 1.3%, 
and no spinal cord injury [15, 16].

Based on the data above, it is reasonable to conclude that in selected patients 
with CTBAD, TEVAR is feasible and can be accomplished with high success rate 
and acceptable operative morbidity and mortality.

 Effect on Late Aortic Reverse Remodeling and Survival Benefit

The effect on aortic reverse remodeling and late survival is difficult to assess due 
in part to the lack of large databases with long term follow-up and the variable 
definition of aortic reverse remodeling. In general, the desired TEVAR effect is the 
sustainable reduction of the total aortic size with preferential true lumen perfusion, 
eliminating the risk of rupture or malperfusion. This is usually accomplished by 
completely eliminating blood flow through the false lumen whether it is origina-
tion from intimal primary and re-entry tears or from false lumen branches (type II 
endoleak). To achieve this goal, the initial approach is usually a descending thoracic 
aorta (DTA) stent-graft to cover all primary tears, with the hope of inducing reverse 
remodeling in the stented aorta and the downstream visceral aorta. Multiple re- 
interventions and distal stent-graft extensions may be required and lifelong surveil-
lance is mandatory. Conceptually, the assumption is that aortic reverse remodeling 
would translate into late survival benefit.
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In the INSTEAD trial, there was no survival benefit at 2  years with TEVAR 
despite significant rate of complete false lumen thrombosis (91.3%) and larger true 
lumen compared to the OMT group [14]. The survival advantage was however dem-
onstrated in the follow-up INSTEAD-XL trial. At 5 years, all end-points were supe-
rior in the TEVAR group compared with the OMT group. All-cause mortality was 
11.1% vs 19.3%, aorta-specific mortality was 6.9% vs 19.3%, and progression was 
27% vs 46.1%. An important finding was that survival and reverse remodeling were 
associated with stent graft induced false lumen thrombosis in 90.6% of cases [9].

In the Chinese multicenter comparative study, survival at 2 and 4 years did not 
differ between the TEVAR and OMT groups; however, freedom from aorta-related 
death at 2 and 4 years was higher in the TEVAR vs OMT groups (91.6% and 88.1% 
vs 82.8% and 73.8%). Reverse remodeling of the thoracic aorta occurred in 88.7% 
in the TEVAR group compared to only 11.8% in the OMT group. This effect was 
not seen in the untreated abdominal aorta; the aorta continued to increase in diam-
eter similarly in both groups (1 mm/year), likely caused by distal re-entry sites [12].

In a study from the University of Pennsylvania that included 48 patients who 
underwent TEVAR for CTBAD between 2005 and 2015, 60.4% of patients failed to 
show regression of aortic size of the DTA at 1 year. Predictors of poor late aortic 
reverse remodeling included increasing number of visceral vessels off the false 
lumen, maximum preoperative aortic size, and location of the primary tear on the 
greater curve [17].

Other studies reported variable degrees of aortic reverse remodeling in the short 
and mid-terms. In general, the true lumen tends to expand in most cases while the 
false lumen regresses depending on the presence of distal re-entry tears [18–20]. 
Distal re-entry tears are probably underdiagnosed because they are not easily detect-
able on traditional early arterial phase CT angiograms; delayed-phase imaging is 
required to confirm that no entry tear is left behind [21, 22].

In summary, TEVAR is successful in inducing reverse aortic remodeling at a 
much higher rate than OMT, particularly when false lumen flow is completely inter-
rupted. Late survival data is not available for large numbers of patients, but concep-
tually it appears that at least aorta-related deaths could be prevented when reverse 
aortic remodeling is sustained.

 Perioperative Management

 a. Preoperative evaluation
Evaluation of patients with CTBAD includes a complete cardiovascular and 

neurologic examination and routine blood tests to check organ function, particu-
larly renal. Echocardiography is generally helpful and any myocardial functional 
abnormalities should be evaluated with a stress test and coronary catheterization 
when indicated. Significant rapid hemodynamic changes may occur during the 
procedure and may induce myocardial demand ischemia. Another important ele-
ment is a focused family history to rule out hereditary aortopathies. The most 
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important diagnostic test is a CT angiogram with early and delayed arterial 
phases to determine aortic anatomy and suitability for TEVAR.

 b. Spinal cord injury (SCI) prevention
The role of spinal cord drainage and avoidance of perioperative hypotension 

has been demonstrated repeatedly in large studies of open thoracoabdominal aor-
tic repair [23, 24]. Practices vary widely between centers, but in general the same 
considerations apply to TEVAR. Spinal cord drainage perioperatively is recom-
mended whenever large segments of the aorta are covered, particularly when a 
collateral circuit is compromised (left subclavian artery, intercostal arteries, lum-
bar arteries and internal iliac arteries). Open or endovascular reconstruction of 
the left subclavian artery or the internal iliac arteries is desirable whenever cov-
erage is anticipated [25–31].

 c. Stroke prevention
In most cases, access to the aortic arch and ascending aorta with stiff wires is 

required to provide a stable endovascular platform for stent-grafting of the thora-
coabdominal aorta. Very meticulous wire and catheter manipulation and avoid-
ing repetitive wire exchanges in the aortic arch are critical, particularly in the 
presence of arch calcifications. For complex TEVAR, stroke rate may be as high 
as 20%. Other important considerations for stroke prevention include: the use of 
heparin for ACT >250  seconds, cardiac output reduction during stent-graft 
deployment, ICU surveillance postoperatively and the use of general anesthesia 
for proximal aortic interventions [32].

 Treatment Strategies

Different approaches to the endovascular treatment of CTBAD have been described.

 a. TEVAR for DTAA, with or without coverage of the left subclavian artery.
Coverage of the thoracic aorta from the left subclavian artery to the celiac 

artery is the most common surgical modality of treatment for type B aortic dis-
section. Since most common primary tears originate from the proximal DTA, 
coverage would restore true lumen perfusion and induce false lumen thrombosis. 
This is accomplished relatively easily in the acute and subacute settings. In 
CTBAD, distal re-entry tears originating in the abdominal aorta are common, 
precluding false lumen thrombosis. In this sense, DTA TEVAR is best suited for 
the treatment of CTBAD limited to the thoracic aorta (DeBakey type IIIA) 
(Fig. 1). Even then, treatment failure may still occur despite full coverage of the 
dissected aorta. Failure of distal reverse aortic remodeling has been linked to a 
large size aorta at the level of the distal landing zone and failure to extend the 
repair to the level of the celiac trunk [17, 33].

A key technical aspect of TEVAR for CTBAD is sizing of the stent-graft. In 
ATBAD stent-grafts are generally oversized 10% to the total aortic size at the 
proximal landing zone. The optimal sizing for CTBAD is not well known. Stent- 
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induced new entry tears (SINE) is a TEVAR-related complication that is associ-
ated with increased morbidity, re-interventions, conversion to open surgery and 
lack of reverse remodeling (Fig. 2). It could be lethal in cases of retrograde type 
A dissection and may require urgent open intervention. The occurrence of 
 stent- induced new entry tears (SINE) in CTBAD has been linked to oversizing, 
however, the pathological mechanism is far more complex and is most likely 
related to the biomechanical properties of the stent-graft used versus the patho-
logic aorta. Hereditary aorthopathies are also a risk factor. Other factors such as 

Proximal
stent

Fig. 1 TEVAR extending from the left subclavian artery to the celiac artery with coverage of a 
large proximal intimal tear

Pre-TEVAR

Chronic type B
aortic dissection

False lumen expension (thoracic)
True luman compression (abdominal)

TEVAR SINE Delayed progress

Fig. 2 Stent-graft induced new entry tear (SINE). Note the improvement in the true to false lumen 
size ratio immediately after TEVAR (left 2 panels). Note the late occurrence of SINE followed by 
true lumen compression and false lumen expansion (right 2 panels)
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ballooning and the use non-tapered stent-grafts may play a role. In fact, SINE 
can still occur even in the absence of oversizing [34–36]. In general, 10% over-
sizing based on the total aortic diameter—not the compressed true lumen—is 
considered safe.

 b. Fenestrated or branched TEVAR/EVAR (F/BEVAR) for dissecting thoraco- 
abdominal aortic aneurysms (TAAA)

Early experience with F/BEVAR showed that the approach is technically suc-
cessful in selected cases. These techniques offer elegant total endovascular solu-
tions for complex TAAA dissecting aneurysms. In general, for visceral branches 
taking off at a right angle and when the stent-graft is against the aortic wall, 
fenestration is preferred. For larger aortic diameters, especially when the visceral 
branch take-off is at a steep angle, a branched graft is preferred (Fig. 3).

In an early series of 6 patients, technical success was achieved in all patients, 
with no operative mortality or paraplegia. Most patients, however, required re- 
interventions for endoleaks or stent occlusion [37].

A more recent study from physician-sponsored investigational device exemp-
tion databases showed similar technical success and early outcomes of F/BEVAR 
for post-dissection TAAA compared to degenerative TAAA [38]. Endoleaks, 
however were frequent and more prevalent in the post-dissection TAAA F/
BEVAR (76% vs 43%).

Verhoeven et  al. reported the long-term outcomes of the largest European 
series of endovascular TAAA repair using fenestrated and branched stent grafts 
(166 patients between 2004–2013). The series included 9% emergent operation 
for contained rupture or symptoms and 65% were refused open surgery earlier. 
11% were aneurysms secondary to chronic type B dissection. 47% had prior 
open or endovascular aortic procedures. Technical success was 95% and opera-
tive mortality was 9%. SCI was 9% (permanent paraplegia in 1.2%). Survival at 
1, 2 and 5 years was 83%, 78%, and 66.6%, respectively. Reintervention rate was 
24% mostly by endovascular means. Freedom from reintervention at 1 and 
3 years was 88.3% and 78.4% [39].

In patients with marginal proximal landing zones, experience with branched 
aortic arch TEVAR in conjunction with TAAA repair is growing and contempo-
rary series have shown promising results. These techniques offer elegant endo-
vascular solutions, particularly to patients with high risk for open proximal 
thoracic aortic repair [40, 41] (Fig. 4).

In general, F/BEVAR is feasible and safe in selected cases of CTBAD. Extensive 
aortic coverage should be staged whenever possible. Most patients may require 
multiple re-interventions for endoleaks or target vessel occlusion.

 c. Hybrid procedures
A visceral hybrid approach for the treatment of complex post-dissection 

TAAA may simplify the TEVAR approach and decrease the opportunity for 
endoleaks by decreasing the stent-branch and stent-stent interface. Many 
approaches may be utilized. In general, any large aortic branch may be chosen as 
inflow to bypass the visceral/renal vessels, which are then ligated at their origin. 
The entire length of the aorta is then covered with a multiple overlapping TEVAR 
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a b c d

e

f

g

h

Fig. 3 Endovascular treatment of complex dissecting TAAA with multiple re-entry tears (a, b). A 
straight tubular graft was used for the treatment of DTA as a first stage (c). Then a fenestrated stent- 
graft in the peri-visceral segment (d, e, f, g) and a branched stent-graft in the aorto-iliac segment 
(h) were used to complete the repair
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stent-grafts [42]. The iliac arteries are most commonly used, but if pathologic, 
the ascending aorta may be used as inflow and the graft tunneled to the abdomi-
nal cavity through the anterior mediastinum.

Hybrid aortic arch approaches are particularly useful in young patients with 
suboptimal proximal landing zones due to residual arch dissecting aneurysms 
and who are fit to undergo open proximal aortic repair. Aortic arch replacement 
with a Dacron graft provides an excellent and stable proximal landing zone for 
TEVAR and eliminates the risk of retrograde dissection (Fig. 5). Multiple open 
procedures have been described with or without cardiopulmonary bypass to 
either replace the proximal aorta or debranch the aortic arch [43].

In general, when total or near-total thoraco-abdominal aortic coverage is 
anticipated, data from experimental animal studies suggest reduced SCI when 
the procedure is staged over time [44].

 d. False lumen interventions
Interventions on the false lumen have been described during the index TEVAR 

operation or later for persistent false lumen perfusion. The goal is to induce false 
lumen thrombosis and improve the chances of reverse aortic remodeling. Multiple 
techniques have been described including coil embolization, the candy-plug tech-
nique, cork in the bottleneck technique, deployment of detachable balloon, and 
injection of thrombogenic solutions. Another solution for immediate false lumen 
obliteration is the use of an oversized thoracic tubular endograft in conjunction 
with controlled balloon fracture of the dissecting septum (the knickerbrocker 
technique). This allows for the oversized TEVAR to reach the outer aortic wall 
and occlude the false lumen. In general, false lumen obliteration is achieved suc-
cessfully in most cases but the long-term effects are unknown [45–52] (Fig. 6).

Fig. 4 Aortic arch stent-grafting using a dual branch device. A Terumo Aortic dual branch plat-
form was used (Left panel). The branches were deployed in the innominate artery and the left 
carotid artery. Note the revascularization of the left subclavian artery using a carotid-subclavian 
bypass graft (Middle panel). Postoperative CT angiogram (Right panel)
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 Summary

Careful patient selection based on aortic anatomy is the most important factor for 
TEVAR success in the treatment of CTBAD. The long-term durability is not well 
known and lifelong imaging surveillance is necessary. Endovascular re- interventions 
are common, particularly after complex repairs.

The best therapeutic effect of TEVAR is seen in the stented portion of the aorta, in 
general the DTA. The downstream dissected aorta is not well treated by DTA TEVAR, 
most likely due to distal filling channels. In general, the distal landing zone is key to 
predicting downstream aortic remodeling. If the distal landing zone at the celiac artery is 
not a healthy normal size aorta, poor distal aortic reverse remodeling should be expected.

With these limitations in mind, we recommend that older patients with CTBAD 
who have suitable anatomy be considered for TEVAR as a first-line therapy. For 
younger patients with unfavorable anatomy, open surgery offers the most durable 
solution. For younger patients with suitable anatomy, TEVAR is reasonable, usually 

Fig. 5 Staged hybrid 
repair of complex 
dissecting TAAA. Note the 
proximal landing zone of 
the stent-graft in a 
prosthetic arch graft
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in combination with open surgery. In our opinion, for most patients, TEVAR and 
open surgery are complimentary, not competitive, in the treatment of CTBAD.

The future of TEVAR for CTBAD probably lies in the proper use of fenestrated 
and/or branched stent-grafts proximally and distally and at the peri-visceral level. 
This would eliminate suboptimal landing zones. Proximal thoracic aortic operations 
may hold the key to the technical success of TEVAR by creating the ideal proximal 
landing zone. This could be accomplished with open arch debranching operations or 
with the use of branched arch stent-grafts. When total aortic coverage is planned, 
staging the procedure may decrease the risk of spinal cord injury.
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 Introduction

Although the chronic phase of aortic dissection is generally considered to begin 
2 weeks after the onset of dissection-related symptoms, open repair of chronic distal 
aortic dissection is typically performed a few years after the acute precipitating 
event. The dissection process itself substantially weakens the outer aortic wall, lead-
ing to aortic dilatation; thus, over a highly variable period, a dissected aorta that is 
originally of normal diameter often dilates and becomes aneurysmal. Chronic dis-
section in the distal aorta occurs in survivors of acute DeBakey type I and III dissec-
tion events (Fig. 1). Regardless of type, chronic aortic dissection is a progressive 
disease that necessitates lifelong management to avoid late rupture and isch-
emic events.
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Chronic distal aortic dissection affects roughly 15–40% of patients who undergo 
open repair of the descending thoracic (DTA) and thoracoabdominal aorta (TAAA) 
[1–5]. Our review of 4275 DTA and TAAA repairs performed between 1986 and 
2019 identified 1362 (31.9%) chronic aortic dissections of DeBakey types I (n = 578, 
13.5%), IIIa (n = 150, 3.5%), and IIIb (n = 634, 14.8%). Compared with the major-
ity of patients who undergo open repair for degenerative aneurysm, patients with 
chronic dissection tend to be a decade younger (i.e., 50s vs 60s) and have far fewer 
comorbidities related to the atherosclerotic process. Additionally, approximately 
1 in 4 patients with chronic distal aortic dissection has Marfan syndrome (MFS) or 
a related heritable thoracic aortic disease, as compared to 1  in 10 patients with 
degenerative aneurysm without dissection [1, 6, 7].

Factors suggested to significantly affect chronic aneurysm development after 
aortic dissection include poorly controlled hypertension and anatomic factors such 
as a maximal aortic diameter ≥4 cm in the acute phase, continued patency of the 
false lumen, partial thrombosis of the distal false lumen, and a proximal entry tear 
≥10 mm [8–11].

a b c d

Fig. 1 Drawings showing the repair of chronic aortic dissection. (a) Gross dilatation of the distal 
aorta, 6 years after proximal aortic repair in a survivor of DeBakey type I aortic dissection. (b) The 
completed extent II thoracoabdominal aortic repair; a 4-branched graft was used to replace widely 
displaced visceral arteries. (c) A narrow true lumen (double arrows) within a dilatated distal aorta 
in a survivor of DeBakey type III aortic dissection, 5 years after onset. (d) The completed extent II 
thoracoabdominal aortic repair; a single patch incorporates the 4 visceral arteries. Used with per-
mission of Baylor College of Medicine
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 Natural History

The chronically dissected aorta tends to dilate at a faster rate than a non-dissected 
one. Although it is generally assumed that both DeBakey types of chronically dis-
sected aorta dilate at similar rates, evidence suggests otherwise [12, 13]. In survi-
vors of DeBakey type I dissection, the persistence of a pressurized false lumen has 
been associated with subsequent distal aneurysm formation, need for intervention, 
and greater mortality [10, 14]. In an attempt to thrombose the false channel and 
thereby decrease the risk of late aneurysm formation, endovascular strategies have 
been developed to exclude segments of the false lumen in both acute (≤2 weeks 
since onset) [15] and chronic [16] aortic dissection. The effectiveness of such 
approaches is dependent on a variety of factors, including the extent of aortic dis-
section, because downstream portions of the false lumen—those without endovas-
cular obliteration—continue to be pressurized and may perfuse upstream portions in 
a retrograde fashion.

 Indications for Repair

Even if the entire distal aorta is dissected, dissection alone is not a sufficient indica-
tion for open graft replacement. Managing chronic dissection typically requires 
regularly repeated imaging studies and enhanced awareness of emerging symptoms 
through patient-education and optimization efforts (including, at a minimum, smok-
ing cessation and strict blood pressure control).

Current US practice guidelines [17] recommend elective open aortic repair in 
asymptomatic patients with chronic dissection of the distal aorta when its diameter 
exceeds 5.5 cm (Class I recommendation; level of evidence B). Although the guide-
lines do not expressly state it, a lower diameter-based threshold is generally recom-
mended if the patient has a heritable thoracic aortic disease (e.g., MFS) or if the rate 
of dilatation exceeds 0.5 cm/year.

Patients who develop symptoms and can withstand open repair should undergo it 
regardless of distal aortic diameter. Common indications for emergency repair of 
chronic distal aortic dissection include rupture or acute dissection superimposed on 
an existing chronic dissection (because such “double” dissection tends to progress 
rapidly to aortic rupture). Specific symptoms, when present, are usually related to 
aortic expansion and consequent compression of surrounding structures, or to mal-
perfusion related to aortic dissection. Rarely, fistulas develop in patients with 
chronic distal aortic dissection, especially those who have been previously treated 
with endovascular aortic repair. The onset of symptoms is usually considered an 
indication of impending rupture or significant malperfusion and should prompt 
urgent evaluation. Pain is the most common symptom and may arise in the chest, 
back, abdomen, or left flank; it may be described as sharp or stabbing acute pain or 
as refractory pain. Additional symptoms may be related to embolization, frank 
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rupture, or either acute-onset dissection or expanding chronic dissection. Plaque 
and thrombus may embolize distally, causing occlusion and thrombosis of the vis-
ceral, renal, or lower-extremity branches and subsequent malperfusion. Cold, blue, 
or painful extremities, spontaneous paraplegia, abdominal pain, nausea, vomiting, 
incontinence, and abnormal urination can all signify malperfusion caused by aortic 
dissection.

 Indications for Reoperation

Because chronic aortic dissection is progressive, treating it commonly requires 
more than one aortic procedure. Elective repairs are generally limited to aneurysmal 
portions of the dissected aorta. In contrast, emergency repairs are generally limited 
to symptomatic portions of the aorta, even if other segments are aneurysmal; this 
strategy is undertaken in hopes of reducing operative risk.

For many years, the treatment paradigm for patients with acute DeBakey type III 
dissection dictated medical management. Today, however, such patients are often 
treated with thoracic endovascular aortic repair (TEVAR). Likewise, patients with 
chronic distal aortic dissection are now candidates for TEVAR. Recent reports sug-
gest that in nearly 70% of patients who undergo TEVAR for chronic distal aortic 
dissection, the aortic diameter does not regress afterward [18, 19]. Evidence also 
suggests that reintervention after TEVAR is more common in patients with chronic 
dissection than in patients with aneurysm; 17–18% of patients who undergo TEVAR 
to treat chronic aortic dissection need additional open or endovascular repair, as 
compared to 10–15% of aneurysm patients [20, 21]. The most serious failures, such 
as continued aortic expansion, type I endoleak, and infection (with or without fis-
tula), are typically treated with open repair [22]. Reportedly, open repair rates after 
TEVAR for acute and chronic dissection are 10% and 15%, respectively [23]. 
Therefore, open aortic repair as a secondary procedure after previous endovascular 
aortic therapy constitutes an important treatment option, even in the endovas-
cular era.

 Surgical Management

 Preoperative Evaluation

Comorbidities that are typically considered to contribute to operative risk should be 
carefully evaluated and modified whenever possible to mitigate risk; likewise, pre-
operatively evaluating patients’ physiologic reserve is critical to obtaining a benefi-
cial outcome. A history and physical exam constitute the initial assessment. All 
patients, except those who require emergency repair, should undergo a thorough 
preoperative evaluation emphasizing cardiac, pulmonary, and renal function, as well 
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as a careful review of imaging studies. We routinely obtain a transthoracic echocar-
diogram, a coronary angiogram, pulmonary function tests, and a carotid duplex 
scan, as well as laboratory panels to assess coagulation, liver, and kidney function. 
The most common complication after thoracic and thoracoabdominal aortic repairs 
is pulmonary dysfunction, including that necessitating prolonged ventilator depen-
dence [1, 24]. Therefore, pulmonary function testing, including arterial blood gases 
and spirometry, is routinely performed before surgery. Also, because patients with 
severely impaired renal function are at elevated risk of death, kidney function should 
be evaluated [25].

Preoperative imaging with computed tomography is a cornerstone of surgical 
decision making. The diameter of the aorta is measured throughout the diseased and 
non-aneurysmal portions. Potential sites for aortic clamping and cannulation are 
reviewed for calcification, dissection, and mural thrombus. Branching vessels, such 
as the visceral and renal arteries, are carefully assessed for stenotic origins and their 
spatial orientation relative to each other; close attention is paid to anatomic variants. 
In chronic aortic dissection, it is especially important to determine whether blood 
entering branching arteries is supplied by the true lumen, the false lumen, or both. 
The extent of the aneurysmal portions of the chronically dissected aorta is identified 
proximally and distally; the degree of calcification and atheroma dictates the sites 
for clamping the aorta and cannulation for left heart bypass (LHB). The lumen of 
each artery is examined for areas of stenosis that may require endarterectomy or 
stenting.

 Surgical Treatment and Adjuncts

Open distal aortic repair necessitates clamping the descending thoracic aorta, 
which creates downstream ischemic conditions that affect the spinal cord and 
abdominal viscera. To alleviate these complications, we routinely use a multimodal 
approach to organ protection during these operations that is largely based on the 
extent of repair (Fig. 2) [26]. However, because patients with chronic aortic dissec-
tion tend to have higher rates of distal aortic reoperation (which is thought to 
increase the likelihood of postoperative spinal cord deficit from further interrup-
tion of feeding arteries), protective adjuncts are more liberally used to benefit 
select patients (Table 1) [27]. To protect the spinal cord, we use mild passive hypo-
thermia, cerebrospinal fluid drainage (CSFD), LHB, sequential cross-clamping, 
and selective reimplantation of intercostal or lumbar arteries [28–30]. We use 
CSFD for extent I and II repairs, for extent IV repair in patients who have had a 
previous DTA or extent I TAAA repair, and for extent III repair when we anticipate 
replacing the iliac vessels. We intermittently deliver cold renal solution to the kid-
neys to protect them from ischemic damage and prevent acute renal failure [31]. 
We also deliver isothermic blood from the LHB circuit to the celiac axis and the 
superior mesenteric artery (SMA) to minimize ischemic times for the abdomi-
nal organs.
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 Preoperative Preparations

The perfusion team sets up a cell saver, as well as the LHB circuit. Standard intra-
venous access includes a large-bore peripheral intravenous line and a central venous 
catheter. Hemodynamic monitoring requires a Swan-Ganz catheter and a right 
radial or brachial arterial line. A temperature probe in the nasopharynx is used to 

I II III IV DTAA

Fig. 2 Illustration of repairs. The Crawford classification system describing the 4 extents of tho-
racoabdominal aortic aneurysm (TAAA) repair is shown, along with a more limited descending 
thoracic aortic aneurysm (DTAA) repair (here, repair does not extend beyond the diaphragmatic 
hiatus or involve the visceral arteries). Crawford extent II TAAA repair carries the greatest opera-
tive risk. Used with permission of Baylor College of Medicine

Table 1 The use of adjuncts for organ protection during open repair of chronic distal aortic 
dissection

Extent of 
repair CSFD LHB

Isothermic blood to 
SMA/celiac artery

Cold renal 
perfusion

Reimplantation of 
segmental arteries

DTA +/− +/− − − +/−
TAAA I + + +/− +/− +/−
TAAA II + + + + +
TAAA III +/− +/− +/− + +/−
TAAA IV +/− − − + +/−

CSFD cerebrospinal fluid drainage, DTA descending thoracic aneurysm, LHB left heart bypass, 
SMA superior mesenteric artery, TAAA thoracoabdominal aortic aneurysm
+: Generally use; −: Generally do not use; +/−: May use depending on patient characteristics and 
intraoperative findings
Adapted from Ouzounian et al. [27]
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guide permissive hypothermia. A Foley catheter facilitates monitoring kidney func-
tion and controlling fluid balance. Patients are intubated with a double-lumen endo-
bronchial tube for single-lung ventilation during the procedure. A CSFD catheter is 
inserted by the anesthesia team at the L3–4, L4–5, or L5–S1 level. The patient is 
administered prophylactic antibiotics—vancomycin and cefepime—1 hour before 
the initial incision. In patients with prior elephant trunk repair, ultrasonography is 
used to locate the graft that is hanging within the proximal portion of the descending 
thoracic aorta.

 Positioning

The patient is commonly arranged in a right lateral decubitus position, with the 
upper body at a 60° angle in relation to the operating table. The hips are then angled 
30° to the horizontal (Fig. 3). The lower limbs are positioned to allow rapid access 
to the femoral arteries if cannulation becomes necessary. A beanbag is inflated to 
maintain this position.

shoulders

60°

30°

hips

Fig. 3 Positioning of the patient, incision, and exposure of thoracoabdominal aorta to prepare for 
repair of chronic aortic dissection. Used with permission of Baylor College of Medicine
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 Exposure

Our surgical approach to open repair of DTA and TAAA has been described previ-
ously [32]. Briefly, for isolated DTA repair, the segment to be replaced is approached 
through a posterolateral thoracotomy through the fifth or sixth intercostal space, 
depending on the extent of repair. For Crawford extent I and II TAAAs, a sigmoid- 
shaped skin incision is made from behind the left scapula, along the seventh rib, 
across the costal margin, and toward the left periumbilical region. The chest is 
entered through the sixth intercostal space. For extent III TAAA repairs, the seventh 
or eighth intercostal space is entered; for extent IV TAAA repairs, a straight oblique 
incision is made through the ninth or tenth intercostal space. Left medial visceral 
rotation and circumferential division of the diaphragm enable exposure of the entire 
thoracoabdominal aorta. Using table-mounted self-retaining retractors maintains 
stable exposure throughout the procedure. The entire thoracoabdominal aorta is 
exposed by medial visceral rotation and circumferential division of the diaphragm. 
Possible clamp sites are dissected. In patients with chronic DeBakey type I aortic 
dissection, prior adhesions related to previous proximal aortic surgery necessitate 
more dissection, which makes preparing the proximal clamp site more challenging; 
however, if the patient underwent prior aortic arch replacement with an elephant 
trunk extension, the trunk is used as the proximal clamp site, which lessens prepara-
tion. In cases with no appropriate proximal site (e.g., contained rupture, an extremely 
large aneurysm, extension into the distal transverse arch), hypothermic circulatory 
arrest is used.

 Left Heart Bypass

Left heart bypass is used routinely in Crawford extent I and II repairs and selec-
tively in other distal aortic repairs. After heparin (1 mg/kg) is administered, a can-
nula is placed in the left atrium via left inferior pulmonary venotomy, held with a 
purse-string suture, and connected to the drainage line of the LHB circuit. Another 
cannula is placed in the distal descending thoracic aorta and connected to the cir-
cuit’s inflow line. After LHB flow is initiated, the proximal aortic clamp is placed 
just distal or proximal to the left subclavian artery. Performing the proximal anasto-
mosis during repair of DTA and TAAA is technically challenging; establishing a 
proximal aortic cuff that is sufficiently long and suitable for suturing is critical. 
Most commonly, this anastomosis is made immediately beyond the clamp placed 
distal to the left subclavian artery. However, in cases involving substantial dilatation 
of the distal arch (which is not uncommon in patients with DeBakey type I aortic 
dissection), the clamp is placed across the transverse aortic arch proximal to the left 
subclavian artery, and a bulldog clamp is used to occlude the left subclavian artery 
(Fig. 4). Once proximal control is established, a second aortic clamp is placed across 
the mid-descending thoracic aorta, and LHB flows are increased.
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 Proximal Anastomosis

The isolated segment of the proximal descending thoracic aorta is longitudinally 
opened, and the aorta is completely divided at the level of the proximal anastomosis. 
All shed blood is collected and returned to the patient through a cell saver system. 
Then, the thick dissecting membrane between the true and false lumens is excised 
(Fig. 4). Meanwhile, patent intercostal arteries at this level are oversewn with 2–0 
silk sutures. For the proximal anastomosis, the aorta is transected, which allows 
full-thickness suturing through the aortic wall without risk of injuring the esopha-
gus, pulmonary artery, or recurrent laryngeal nerve and allows absolute confirma-
tion of all channels in the dissected aorta (Fig. 5).

To perform the proximal anastomosis, we typically use continuous 3–0 polypropyl-
ene suture; however, in patients with heritable disorders like MFS, we prefer finer suture 
material, either 4–0 or 5–0. The graft material of choice for aortic surgery is Dacron 
impregnated with either collagen or gelatin; the graft is soaked tableside in rifampin. 
For distal aortic repair, usually, a 24-, 26-, or 28-mm graft is used. The first stitch is 
placed at the posterolateral corner of the aorta and tied. Because it is difficult to rotate 

vagus nerve

Recurrent
laryngeal nerve

3cm

Fig. 4 Initiation of left heart bypass, placement of aortic clamps, and opening of the proximal 
descending thoracic aorta. (Inset) In repairs involving chronic dissection, the dividing septum is 
removed. Used with permission of Baylor College of Medicine
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the aorta, we perform the posterior half of the suturing transluminally (Fig. 5). The 
suture is passed through all layers, with particular care taken to include the intima. The 
posterior part of the anastomosis is accomplished by running the suture medially (away 
from the surgeon) (Fig. 6). After the primary suture line is completed and the suture 
ends are tied, the graft is gently lifted up and the posterior portion of the anastomosis is 
carefully examined. Pledgeted mattress sutures are applied to areas with widely sepa-
rated sutures, overlapping sutures, or tears in the aorta. In patients with notable dilation 
or residual dissection of the aortic arch, a reversed elephant trunk approach may be 
undertaken to facilitate subsequent proximal aortic repair; an extended (approximately 
8-cm) portion of the replacement graft is invaginated to create the reversed elephant 
trunk, and the folded edge is used to create the proximal anastomosis.

 Sequential Graft Clamping

Once the proximal anastomosis is complete, LHB is tapered and then discontinued. 
The aortic cross-clamp is removed and placed further distal on the graft (Fig. 7). 
Moving the clamp is especially crucial if it was originally placed proximal to the left 

Fig. 5 An aortic replacement graft is sized to length to prepare for the proximal anastomosis. In 
this segment, the spinal arteries are ligated. (Inset) For repairs limited to the descending thoracic 
aorta (DTA), left heart bypass is typically not used. Beginning with the difficult-to-rotate posterior 
portion, the proximal anastomosis is first sutured transluminally; DTA repair is typically per-
formed without using a distal aortic clamp (i.e., using an open distal anastomosis approach)

C. Köksoy et al.



433

Fig. 6 Construction of the proximal anastomosis. Used with permission of Baylor College of 
Medicine

Fig. 7 Extension of the aortic incision after the aortic cross-clamp is moved down onto the graft. 
Used with permission of Baylor College of Medicine
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subclavian artery, because moving it distally re-establishes flow to the subclavian 
and vertebral arteries. The distal cannula can be removed, and the distal cross-clamp 
released. With scissors or electrocautery, the aorta is opened longitudinally; the 
length of the incision depends on the extent of repair and may extend to the bifurca-
tion of the iliac arteries. The aortic wall is prepared by excising the dissecting sep-
tum and manually removing any thrombus; this allows exposure of all intercostal, 
visceral, and lumbar branches. As possible throughout repair, the clamp is reposi-
tioned to aid perfusion and thereby reduce ischemic conditions.

 Reimplantation of Spinal Arteries

Any rapidly bleeding spinal arteries are ligated. If there is good backflow, the infe-
rior mesenteric artery is ligated with 2–0 silk suture. Of the remaining spinal arter-
ies, a pair is selected for reimplantation into the aortic graft. These arteries should 
be between T7 and L2, close to each another, and large in caliber, and they should 
have no back-bleeding. Two techniques can be used to reattach the spinal arteries: 
an island patch or a small-diameter (8-mm) interposition graft. If the patient’s 
anatomy is favorable, we prefer to implant the arteries as a patch, while incorpo-
rating a minimal amount of native aortic tissue. To reattach the arteries, a hole is 
cut into the Dacron graft, and the graft and island patch are anastomosed side-to-
side with 3–0 polypropylene suture (Fig. 8). In areas where the native aortic tissue 
is fragile, a 3–0 or 4–0 pledgeted mattress suture can be used as reinforcement. 
After the patch reimplantation of the intercostal arteries is completed, whenever 
possible, the proximal aortic cross-clamp is moved down the aortic graft to a posi-
tion immediately distal to the intercostal patch to allow reperfusion of the reim-
planted spinal arteries. If repair is limited to the descending thoracic aorta, the 
distal anastomosis is performed as an open procedure (Fig. 5); the dissecting mem-
brane between the true and false lumen is fenestrated to ensure that both lumens 
remain perfused.

 Management of Visceral Arteries

Care must be taken to identify the renal and visceral arteries. In particular, the left 
renal artery is often displaced in patients with chronic dissection. During reimplan-
tation of the spinal arteries, if any of the renal artery ostia are accessible, 9-Fr bal-
loon perfusion catheters are placed in the renal arteries to infuse with cold perfusate 
via a standalone circuit (Fig. 8). If LHB was used, the celiac trunk and SMA are 
perfused with isothermic blood at 400–500  mL/min from a modified circuit. 
Endarterectomy of branching arteries is performed as needed. When dissection 
extends into the origins of the visceral vessels, the septum is excised or fenestrated, 
or the false lumen is sutured closed or obliterated by placing a balloon-expandable 
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stent (7 × 15 mm) inside the true lumen. These stents are positioned and expanded 
within the affected branch under direct vision and without guidewires, as detailed 
elsewhere [33].

If distal aortic repair ends at the level of the renal and visceral vessels (i.e., an 
extent I TAAA repair), the distal end of the graft can be tailored in a beveled fashion 
and sutured end-to-end with 3–0 polypropylene suture; distal fenestration is per-
formed to ensure that both lumens remain perfused. Otherwise, repair necessitates 
reimplanting visceral arteries by using an island patch, bypass grafts, or both. 
Although a single patch can be used to reimplant all 4 visceral arteries, more com-
monly, the celiac, superior mesenteric and right renal arteries are reimplanted 
together as a 3-vessel patch to an opening made in the side of the graft. The remain-
ing left renal artery is subsequently addressed and continues to undergo cold renal 
perfusion. Once the celiac, superior mesenteric, and right renal arteries are reim-
planted, the cross-clamp is moved distally to a position below the visceral patch, 
thereby restoring perfusion to these arteries.

Single or multiple bypass grafts (including a prefabricated 4-branched graft) are 
used more frequently in repairs of chronic dissection than in repairs of aneurysm 
because of a tendency toward displacement of visceral artery origins and in efforts 
to minimize the residual aortic tissue associated with MFS. The 4-branched graft 

Fig. 8 Initiation of visceral perfusion and the intercostal patch anastomosis. (Inset) Isothermic 
blood is used to perfuse the celiac axis and the superior mesenteric artery (SMA); cold solution is 
used to perfuse the renal arteries. Used with permission of Baylor College of Medicine
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technique affords a durable repair in patients with heritable thoracic aortic disease 
by eliminating residual native aorta in the visceral segment, thereby preventing the 
future development of patch aneurysm; additionally, anastomotic tension is reduced 
in this approach, which decreases the likelihood of late pseudoaneurysm formation. 
Because of the extended lower-extremity ischemic time necessitated by completing 
4 separate anastomoses, the distal aortic anastomosis is performed before the vis-
ceral arteries are attached to the graft, enabling distal perfusion (Fig. 9). Meanwhile, 
visceral arteries are separately perfused. The order of visceral artery anastomosis 
usually is the right renal artery, the SMA, the celiac trunk, and the left renal artery 
as detailed elsewhere [34] (Fig. 10). Additional adjustments for repair in patients 
with MFS include using a finer suture (e.g., 4–0 instead of 3–0 polypropylene 
suture) and directly incorporating sutures into the visceral artery rather than merely 
approaching the ostia [34].

 Distal Anastomosis

The distal aortic anastomosis usually is constructed at the level of the aortic bifur-
cation (or, occasionally, to each iliac or femoral artery separately). If the chronic 
dissection continues distally, the septum is fenestrated by resecting wedges of the 
dissecting membrane proximally and distally from within the aortic cuffs, 

Fig. 9 The distal anastomosis is performed, which, when a branched graft is used, is typically 
performed before the visceral arteries are reattached. Visceral perfusion is continued. Used with 
permission of Baylor College of Medicine
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allowing blood to flow through both true and false channels after the reconstruc-
tion is completed. As needed, a bifurcated graft is anastomosed to the junction of 
the internal and external iliac arteries or more distally. The distal end of the aortic 
graft is trimmed to the appropriate length, and the distal anastomosis is performed 
end-to- end with continuous 3–0 or 4–0 polypropylene suture (depending on the 
quality of the tissue). The circumference of the distal anastomosis is selectively 
reinforced with pledgeted 3–0 polypropylene sutures in an interrupted mattress 
fashion. Then the patient is placed in Trendelenburg position, a 27-gauge needle 
is used to puncture multiple de-airing holes in the graft, and the aortic cross-clamp 
is slowly removed to re-establish blood flow to the pelvis and both lower 
extremities.

If the left renal artery is still receiving perfusate, it is now mobilized. A side- 
biting clamp is placed on the aortic graft, and flame cautery is used to make a 1-cm 
hole in the Dacron. The balloon perfusion catheter is removed, and an end-to-side 
anastomosis is completed with a 5–0 polypropylene suture and reinforced as need 
with pledgeted mattress suture. If the artery is of inadequate length, a small- diameter 
(8-mm) graft is used to bridge the distance. Before the suture is tied down, the 

Fig. 10 Right renal artery anastomosis with a branched aortic graft, created after the distal aortic 
anastomosis was completed. (Inset) Superior mesenteric artery anastomosis to the branched aortic 
graft. Used with permission of Baylor College of Medicine
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side- biting clamp is released to deair the aorta through the final anastomosis. At this 
time, the inferior pulmonary vein is decannulated, and the purse-string suture is 
tied down.

 Hemostasis and Closure

All anastomoses and suture ligatures are checked for bleeding and are reinforced as 
needed. After protamine has been given and surgical hemostasis has been secured, 
blood products are transfused as necessary to reverse any coagulopathy. The cut 
edges of the opened native aorta are cauterized. The completed repair is inspected 
to make sure that the main graft and its branches lie properly without kinking 
(Fig. 11). Both femoral arteries, both left renal arteries, the proper hepatic artery, 
and intestinal arterial branches are palpated for pulses and to ensure adequate blood 
flow. The kidneys are palpated for turgor, the bowel is visualized to confirm that it 
is well perfused, and the spleen is inspected for injury. A closed-suction abdominal 
drain is placed in the upper left retroperitoneal space. The left hemidiaphragm is 
reapproximated up to the costal margin with a continuous 1–0 polypropylene suture. 
Two straight 36-Fr chest tubes are placed in an anteroapical and posterobasal posi-
tion within the left chest cavity. The abdominal fascia and chest are closed.

 Postoperative Care

Distal aortic dissection repair is a tremendous undertaking, requiring supportive 
care in the postoperative period. The patients are kept intubated overnight to control 
parameters and achieve optimal outcomes. Standard intensive care monitoring and 
volume resuscitation are essential; in addition, the patients’ neurological status is 
verified every hour. The CSF pressure should be 15–20 mmHg. To achieve this goal, 
the CSF can be drained up to 10 mL/h, with a maximum quantity of 25 mL/4 h. 
Exceeding this amount can lead to intracranial hemorrhage or herniation. In the 
event of emerging spinal cord deficit, the target CSF pressure is lowered to 
10 mmHg, the goal mean arterial pressure (MAP) is increased to 90–110 mmHg, 
and the target hemoglobin level is raised to >10 g/dL. The patient is administered 
intravenous mannitol (12.5  g/L) and dexamethasone (10  mg/L) every 12  h for 
24–48 h. If the CSF drain was removed before the onset of paraparesis or paraple-
gia, it should be quickly reinserted. In the absence of spinal cord complications, the 
CSF drain can be removed between 24–48 h postoperatively. Before removal, the 
drain can be clamped for 12–24 h to ensure the absence of neurological sequalae.

Patients can be extubated the morning after surgery when they are alert, oriented, 
and capable of protecting their airway. Typically, on postoperative day 4, the patient 
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Fig. 11 Completed repair of DeBakey type III dissection in which a branched graft was used to 
reattach the visceral arteries. (Upper inset) A single visceral patch incorporates the celiac axis, 
superior mesenteric artery, and both renal arteries. (Lower inset) A three-vessel patch incorporates 
the celiac axis, superior mesenteric artery, and right renal arteries; the left renal artery is reattached 
as a button. Used with permission of Baylor College of Medicine
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is slowly started on a solid diet, in conjunction with stool softeners and laxatives. 
Patients can be discharged from the hospital 7–10 days after surgery in ideal cir-
cumstances. If the patient has normal renal function, then a computed tomography 
scan with intravenous contrast of the chest, abdomen, and pelvis is requested for 
baseline measurements. Higher MAP goals are maintained for 4–6 weeks after sur-
gery to prevent late neurological complications.

 Follow-up

After repair, the patients remain at risk for further aortic pathology. A repeat com-
puted tomography scan should be performed annually for 2–3 years after surgery. In 
the absence of disease, the frequency of scans can be decreased to every 2–3 years. 
For young patients, magnetic resonance imaging to limit exposure to ionizing radia-
tion should be considered.

 Open Repair After Endovascular Repair

Serious complications of prior endovascular aortic repair often necessitate an open 
procedure. Additionally, patients who underwent prior aortic arch replacement with 
a frozen elephant trunk extension may need subsequent distal aortic repair (Fig. 12).

Fig. 12 Intraoperative photo of an extent II thoracoabdominal aortic aneurysm repair performed 
after a frozen elephant trunk repair of the transverse aortic arch. (Inset) The stent-graft–to-graft 
anastomosis is secured with a strip of felt. Used with permission of Baylor College of Medicine
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To account for the presence of a stent-graft, we modify our standard incision to 
maximize exposure (i.e., enter through the fifth intercostal space rather than the 
sixth, or use a thoracoabdominal approach either to revise a prior endovascular 
abdominal aortic repair or, often, to remove the endovascular stent-graft all together). 
Many times, the proximal landing zone of the stent-graft impinges on the brachio-
cephalic vessels branching off the aortic arch; in such cases, it is often difficult to 
safely clamp the aorta, so it may be necessary to use hypothermic circulatory arrest, 
which at our center is atypical for this procedure.

Stent-grafts can be fully or partly extirpated [22, 35, 36]. Partial extirpation of 
the stent-graft may be a useful strategy in patients without infection (Fig. 13). Partial 
extirpation should be considered when the stent-graft is found to be well- 
incorporated, when the patient’s hemodynamics are unstable in the operating room, 
or when inflammation or scar tissue is found in the area, making it unsafe to sepa-
rate the endograft from the aortic wall. For example, if a portion of an endograft 
cannot be removed from the aortic arch without causing undue tissue trauma, it is 
preferable to leave it in place and trim off the rest of the stent-graft. It is not thought 
that partial extirpation leads to migration of the remaining portion of the endograft, 
device failure, component separation, or rupture during follow-up.

 Outcomes

When performed in specialized centers, surgical repair of distal aortic dissection 
achieves good survival with acceptable morbidity [37]. In contemporary studies of 
chronic distal dissection repair, the rate of early mortality is 6–8%; stroke, 1–4%; 
paraplegia, 1–3%; and renal failure necessitating dialysis, 4–5% [5, 7, 38–43]. Our 
own outcomes have been generally good, with greater risk for patients undergoing 
Crawford extent II repair (Table  2). Early outcomes are comparable after open 
repair for chronic DeBakey type I and type III aortic dissections. Recently, our 
series of 466 patients with either chronic type I or type III aortic dissection, we 
determined that mortality was 6% for both types (n = 14 for each group) [41]. In 
patients with chronic DeBakey type I dissection undergoing open distal aortic aneu-
rysm repair, factors reportedly associated with early death are greater age, chronic 
obstructive pulmonary disease, and clamping proximal to the left subclavian artery 
[6]. Acceptable results have been also observed in patients with MFS dissection 
[12, 44].

Regarding late survival, Conway and colleagues [5] reported 77% survival at 
7 years, and Estrera and coauthors [39] reported 60% survival at 10 years. Preventza 
et al. [41] associated DeBakey types I and II with similar rates of survival (74% at 
6 years). Open repair appears durable; Zoli et al. [45] reported 83% freedom from 
distal aortic reoperation at 10 years, and Estrera et al. [39] reported 94% freedom 
from reoperation at 20 years. However, the risk of disease progression requiring 
subsequent repair in an adjacent aortic segment is not insignificant; we reported 
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Fig. 13 Illustrations depicting partial endograft explantation in a patient with chronic DeBakey 
type III aortic dissection after previous open replacement of the proximal portion of the descending 
thoracic aorta (left). Afterward, the distal aorta dilated progressively; therefore, the patient under-
went endovascular repair 3 years later. However, progressive expansion continued, necessitating 
further repair. (Right) Extent III thoracoabdominal aortic aneurysm (TAAA) repair was performed. 
Because the proximal portion of the stent-graft was well-adhered to the aortic wall, it was incorpo-
rated into the repair, and only the distal portion was removed. Used with permission of Baylor 
College of Medicine
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85% freedom from progressive aortic repair at 7  years, and Estrera et  al. [39] 
reported 82% freedom at 20 years.

In conclusion, open repair of chronic descending thoracic or thoracoabdominal 
aortic dissection generally has good patient outcomes and tends to be durable. 
However, the progressive nature of residual chronic dissection often necessitates 
subsequent repair of nearby aortic segments.
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 Introduction

A ruptured thoracic aortic aneurysm (rTAA) is a lethal entity associated with a high 
rate of mortality. A majority of patients with rTAA die before reaching a hospital 
and those who survive the initial event often have ruptured aortas contained by the 
mediastinal tissues. Population level studies have found the incidence of rTAA to be 
5 per 100,000 and only 41% of patients were alive upon arrival to a hospital. Fifty- 
four percent of patients die within 6 h of symptom onset and 76% die within 24 h. 
The most common location of rupture is the ascending aorta (54%) followed by the 
descending aorta (30%), and aortic arch (15%) [1].

Thoracic aneurysm ruptures in the various segments of the aorta require different 
operative approaches and skillsets for a successful repair. Similarly, the outcomes 
and operative risks of repair in different segments varies considerably. In the ascend-
ing aorta, most ruptures are associated with an aortic dissection and there is little 
controversy that the preferred surgical approach is with open repair via median 
sternotomy [2]. In the descending thoracic aorta, controversy exists regarding the 
optimal approach, whether that is an endovascular or traditional open repair. Both 
solutions have their limitations and unfortunately, there does not seem to be an ideal 
solution to date [3].
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 Clinical Presentation

Thoracic aneurysms have a protracted, indolent clinical course and aneurysms 
remain asymptomatic until there is a catastrophic aortic event, such as rupture or 
dissection. For this reason, the clinical presentation of thoracic aneurysms occurs in 
two extremes: an asymptomatic incidentally discovered aneurysm or an acutely 
symptomatic aortic rupture or dissection. Those who present with pain are consid-
ered to have symptomatic aneurysms and surgical repair is indicated. Ruptured 
TAA fall into this latter category and the most common symptom upon presentation 
is severe chest pain, often radiating to or in association with back pain. Other clini-
cal signs including a tearing sensation, dyspnea, tachycardia, and hemodynamic 
compromise.

While a majority of patients with rTAA likely expire in the field due to hemody-
namic collapse, those who survive to reach the hospital have a broad spectrum of 
clinical presentation. In the best case scenario, there is a contained rupture and the 
presenting symptom is pain. These patients may even be severely hypertensive, 
which is sometimes itself the inciting cause of the rupture. These patients require 
immediate anti-impulse therapy with heart rate and blood pressure management in 
order to prevent further progression of the rupture while diagnostic and operative 
planning ensues. On the other end of the spectrum, patients may present with insta-
bility and impending hemodynamic collapse due to cardiac tamponade or free rup-
ture. This group requires immediate volume resuscitation, support with vasoactive 
medications, and operative repair.

For asymptomatic TAA, current practice guidelines recommend surgical repair 
of aortic aneurysms with diameter >5.5 cm in the general population, with excep-
tions made for populations with increased risk of aortic events at smaller diame-
ters. Patients at higher risk of aortic events, such as those with connective tissue 
disorder, family history of aortic dissection/rupture, or bicuspid aortopathy, are 
recommended for surgery at smaller diameters of 5 cm or less. On the other hand, 
patients with complex TAA disease, such as thoracoabdominal aortic aneurysms 
(TAAA), who are expected to have higher operative risk are given a higher thresh-
old of 6 cm [4]. These recommendations are based on accumulating evidence that 
there exists an inflection point at 6 cm where the risk of rupture or dissection dra-
matically increases [5] (Fig. 1). Thus a recommendation for prophylactic surgery 
at 5.5 cm would decrease the rate of aortic events significantly but does not elimi-
nate this risk.

In fact, a significant number of patients who present with aortic events have 
aneurysms of smaller sizes, which would not normally indicate a need for surgery. 
At the smaller diameters of less than 5 cm, aortic events mostly consist of dissection 
rather than rupture. At 5.0–5.9 cm, rupture risk begins to increase in prominence 
and the rate of rupture/dissection is 3% while rupture alone is 1.7%. With increasing 
diameter to over 6.0 cm, the rate of rupture alone increases significantly to 3.6% per 
year and rupture/dissection/death exceeds 10% [5]. Thus, continued monitoring for 
aortic growth and prophylactic surgery once aneurysms reach size thresholds is 
necessary to decrease the rate of fatal aortic events.
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 Diagnosis

Rupture of TAA may be suggested by clinical presentation but the diagnosis must 
be confirmed by cross-sectional imaging. The modality of choice is computed 
tomographic (CT) angiography due to the rapidity of image acquisition and highly 
detailed imaging resolution. While it may be difficult to get an unstable patient to 
the scanner, the imaging is absolutely necessary for identifying the cause and loca-
tion of rupture, and for operative planning.

The etiology of rTAA is most often from aortic aneurysmal disease or aortic 
dissection (Figs. 2 and 3). A smaller proportion of ruptured aortas are due to blunt 
force trauma and rapid deceleration injuries causing tearing and pseudoaneurysm 
formation at the aortic isthmus. CT can clearly identify whether aortic dissection 
is present and it can give a sense of the chronicity of the dissection if present. It 
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characterizes the location and nature of the ruptured area, which is important 
information for planning the operation. Knowledge of the location of rupture is 
clearly of utmost importance to determine whether sternotomy, thoracotomy or 
endovascular approach is appropriate. The extent of aorta that is involved or aneu-
rysmal will also dictate the amount of aorta that is replaced and specific technique 
that is used.

Aside from cross-sectional imaging of the aorta, a baseline echocardiogram doc-
umenting the ventricular function and any valvular pathology is helpful for risk 
stratification. Valvular pathology may require additional valve repair or replacement 
while regional wall motion abnormalities may imply a potential need for concomi-
tant coronary artery bypass grafting. Usually the luxury of a cardiac catheterization 
to identify coronary disease and anatomy is not available due to the urgency of the 
need for surgical intervention.

 Surgical Management

Ruptured TAA located in the ascending aorta are usually associated with an acute 
type A aortic dissection while ruptured aneurysms of the descending or thoracoab-
dominal aorta are comprised of a mix of pure aneurysmal disease, acute dissection, 
and chronic dissection. While rTAA of the ascending aorta are almost exclusively 
approached with open surgical repair via a sternotomy, ruptured descending tho-
racic aneurysm (DTA) may be repaired with either endovascular or open surgical 
techniques, depending on the situation.

Fig. 3 Ruptured type B 
aortic dissection
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 Ruptured Ascending/Arch Aneurysm

The available data on ruptured ascending aortas is limited. A majority of patients 
with ruptured ascending aortas likely die in the field due to cardiac tamponade. The 
data that is available is difficult to compare due to differing definitions of “rupture.” 
Rupture may be defined as bloody pericardial effusion, presence of cardiac tampon-
ade physiology, or evidence of frank blood or clot in the pericardium. In our experi-
ence, rupture may also occur on the aortic wall adjacent to another structure such as 
the pulmonary artery, thus containing the blood in the epicardial tissues. Those with 
ruptured ascending aortas who survive to surgery have usually sealed or contained 
the rupture. The sternotomy and pericardiotomy often actually improve hemody-
namics by relieving some degree of tamponade physiology.

In these cases, the priority is to get the patient on cardiopulmonary bypass in 
order to decrease the impulse pressure, which reduces the risk of worsening rupture. 
Secondly, if the rupture is located in the ascending aorta or aortic root, crossclamp-
ing and cardioplegic arrest will resolve the rupture issues. Aortic arch ruptures 
require repair with hypothermic circulatory arrest, which we routinely perform with 
adjunctive retrograde cerebral perfusion [6], although selective antegrade cerebral 
perfusion may be substituted depending on surgeon and institutional preferences.

Rupture defined as bloody pericardial effusion has not been found to be a risk fac-
tor for in-hospital mortality but may have some detrimental effect on long-term sur-
vival [7]. However, in an analysis of the International Registry of Acute Aortic 
Dissection database, 18% of patients with type A dissection had cardiac tamponade 
and the mortality in this group was significantly higher than in those without cardiac 
tamponade (44% versus 20%, p < 0.001). Additionally, periaortic hematoma is found 
in 45% of patients with cardiac tamponade and this itself is an independent predictor 
of mortality in patients with aortic dissection [2]. The presence of cardiac tamponade 
warrants emergent surgical intervention in order to prevent the later sequelae of pro-
longed low cardiac output, such as vasoplegia, renal failure, and hepatic failure.

 Ruptured Descending/Thoracoabdominal Aorta

The management of ruptured DTA depends heavily on a number of factors includ-
ing the etiology of the rupture, the experience and expertise of the operating surgeon 
and institution, the appropriateness of the aortic anatomy for thoracic endovascular 
aortic repair (TEVAR), and the availability of the appropriate implants. The need to 
proceed rapidly with repair limits these options. While some centers are equipped 
for expedient open aortic surgery, others may only have endovascular repair options 
available. Aneurysmal involvement of the visceral segment of the thoracoabdominal 
aorta further limits endovascular options. Endovascular repair in the visceral seg-
ment currently requires custom-made branched or fenestrated grafts that are not 
available on an emergent basis. Off-the-shelf options are not widely available at this 
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time. Most centers do not have the resources and experience required to offer rea-
sonable outcomes with both open repair and endovascular repair. There is a clear 
volume-outcome relationship at both the center and the surgeon level [8, 9]. 
Therefore, surgeons should use the approach that they are most familiar, whether 
that is endovascular or open repair. If the aortic anatomy precludes that approach 
then they should send the patient to a center experienced in the matter. At our center, 
we perform open aortic repair on all patients presenting with ruptured DTA with 
inadequate TEVAR landing zones or TAAA with involvement of the visceral branch 
vessels [10]. We employ TEVAR for ruptured aneurysms isolated to the DTA with 
adequate proximal and distal landing zones. In the setting of ruptured aneurysm 
with aortic dissection, we often perform open aortic repair rather than TEVAR due 
to the difficulty of permanently sealing off false lumen flow due to the inevitable 
presence of downstream fenestrations that perpetuate false lumen flow.

 Aneurysm Versus Dissection

Consideration must be given to the primary aortic pathology causing the ruptured 
aorta, whether it is due to degenerative aneurysm, acute dissection, or chronic dissec-
tion. Degenerative aneurysms may be approached with either open surgical repair or 
TEVAR depending on the anatomy of the aneurysm and landing zones. Acute dissec-
tions with rupture may benefit from a TEVAR approach due to the fragile nature of 
acutely dissected aorta and the difficulty of open surgery in this setting. However, 
TEVAR may be more applicable in aortas that are not severely aneurysmal. With a 
rupture, one must be sure that the primary tear is covered and that there is complete 
obliteration of the false lumen in the area of the rupture to ensure that there is no 
perfusion to the ruptured area. With chronic aortic dissection and rupture, we would 
not recommend an endovascular approach. The indications for TEVAR have been 
expanding and some groups have had early success with TEVAR for chronic type B 
aortic dissections when anatomic criteria are appropriate (suitable proximal and dis-
tal landing zones, visceral vessels originating from the true lumen, absence of 
extremely small true lumen, presence of large proximal entry tear, and absence of 
connective tissue disorder) [11]. In follow up studies, reverse aortic remodeling and 
false lumen thrombosis have been seen in 86–91% of patients [12]. However, in the 
setting of aortic rupture, acute obliteration of false lumen flow cannot be guaranteed 
due to the stiff nature of the intimal septum and continued blood loss through the 
area of rupture may be possible. In this setting we prefer open surgical repair.

 Open Repair

Open surgical repair is a versatile method of treating rTAA that can be used for all 
types of aortic anatomy, including aneurysms extending into the aortic arch and/or 
involving the visceral segment and abdominal aorta. However, it remains a 
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formidable surgical challenge with morbidity and mortality that remain significantly 
higher than in elective situations [10]. Historical data from the Nationwide Inpatient 
Sample from 1988–1998 showed that open repair of rTAAA carried a 53% mortality 
but this sample included low-volume centers and both surgical technique and criti-
cal care have improved significantly since that time [13]. In contemporary single- 
center series, operative mortality ranges from 12% to 26% [10, 14–18]. However, 
centers with less experience who decide to attempt repair given the near certain risk 
of death without surgery likely contribute to the overall poor nationwide results.

Our algorithm for treating rTAAA is based on that we have described for intact 
TAAA [19] and modified according to the hemodynamic stability of the patient and 
the anatomy of the aneurysm. In unstable patients we skip the preoperative lumbar 
spinal drain and proceed straight to surgery. We perform a 5th–6th interspace thora-
cotomy and obtain proximal control immediately. Care is taken not to mobilize the 
lung off of the aneurysm aggressively because the rupture is often contained by the 
mediastinal tissues or lung itself. If proximal control is not attainable then cooling 
for circulatory arrest is initiated, usually via femoral cannulation. If proximal con-
trol is obtained, we almost exclusively use a clamp-and-sew technique for unstable 
patients in order to proceed as rapidly as possible. A lumbar spinal drain is then 
placed postoperatively in the operating room for spinal cord protection.

In stable patients, attempt is made to place a preoperative lumbar spinal drain 
given the strong evidence showing a reduction in spinal cord injury and minimal 
adverse effects of drainage [20, 21]. Hypothermic circulatory arrest is utilized when 
proximal control is lacking. When proximal control is attainable either between the 
left common carotid artery and left subclavian artery or distal to the left subclavian 
artery, then repair is completed with mild hypothermia with or without left heart 
bypass support. Simpler repairs such degenerative aneurysms limited to the thoracic 
aorta are repaired with a clamp-and-sew technique. Complex repairs, such as extent 
II TAAA or aortic dissections are repaired with the support of left heart bypass due 
to the increased time necessary to perform the repair and the increased risk of spinal 
cord injury. In these cases there is often an abundance of patent intercostal arteries 
that require time-consuming ligation. Left heart bypass is initiated from the left 
inferior pulmonary vein to the distal aorta or femoral artery. The proximal anasto-
mosis is performed on partial bypass and then bypass is discontinued to perform an 
open distal anastomosis often with reimplantation of one to two sets of intercostal 
arteries in the lower thoracic region.

Using these techniques, our group recently reported on the repair of 100 con-
secutive rTAAA with an operative mortality of 14% [10], which represents an 
improvement from 18.5% in our prior series [22]. Improvement in surgeon experi-
ence, surgical technique, and perioperative care likely contributed to the improve-
ments in outcomes. However, the results in the rupture group still remained over 
threefold worse than in the intact aneurysm group, which had a mortality of only 
4.2% (p = 0.01) (Fig. 4). Additionally, the incidence of major postoperative adverse 
events was significantly higher in the rupture group. Myocardial infarction (7.0% vs 
0.8%, P < 0.004), respiratory failure (19% vs 5.7%, P < 0.001), and the need for 
postoperative dialysis (11% vs 4.2%, P = 0.01) were all more prevalent in those 
presenting with rupture. Fortunately, spinal cord injury was not more common (5% 
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vs 2.4%, P = 0.16). Similar to findings from other groups, the 5-year survival was 
lower (47.5% vs 59.5%, P < 0.001) than for our nonruptured group [10].

 Endovascular Repair

TEVAR has become a viable alternative to open surgical repair and it is being used 
with increasing frequency for rTAA. A majority of patients with rTAA present to 
hospitals that do not perform open DTA/TAAA repair in high volume and lack the 
infrastructure to achieve optimal results with open surgery. However, a growing 
number of surgeons have learned and developed endovascular skills, making suc-
cessful treatment with TEVAR a possibility for a larger number of patients, even in 
a smaller hospital center. Potential advantages of TEVAR are the minimally inva-
sive nature of the procedure, avoidance of thoracotomy incisions, more rapid recov-
ery, and lower incidence of respiratory complications. While one might expect a 
minimally invasive endovascular procedure to have significantly better outcomes 
compared to open aortic repair, in reality, the incidence of major postoperative 
adverse events is quite similar, with the exception of reduced pulmonary complica-
tions. However, the trade-off is a high incidence of endoleaks, increased need for 
re-intervention, and poorer long-term survival [3, 23–31] (Fig. 5).
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In our practice, we employ TEVAR for rTAA when the anatomy is ideal. These 
are patients with aneurysm and rupture isolated to the DTA, who have adequate 
proximal and distal landing zones and reasonable iliofemoral arterial access. If deb-
ranching of the arch will be necessary to obtain an adequate proximal landing zone, 
our preference is open repair. We also exclude chronic dissections from TEVAR 
while acute complicated type B dissections are approached with endovascular repair 
when anatomically feasible.

Operative mortality associated with TEVAR for rTAA has varied widely from 
3% to 48% [3, 23–31] highlighting the importance of operator and institutional 
experience as well as the high-risk nature of these patients regardless of the repair 
methods chosen. The incidences of stroke and spinal cord injury were similar to 
most open surgical series, ranging from 0–11% and 4–26%, respectively [23–31]. 
The rate of endoleaks with TEVAR is quite prominent, occurring in approximately 
16–18% of patients in a majority of series resulting in need for re-intervention in up 
to 24% of cases [23, 25, 26, 28, 29, 31]. The need for re-interventions in those sur-
viving the initial procedure remains disappointing and negates the early mortality 
benefit of TEVAR in rTAAs in large data sets where late survival is actually worse 
with TEVAR then open repair [3].

Although pulmonary complications are less common with TEVAR than open 
surgery, in the setting of rTAA, it is still a common complication occurring in at 
least 18% of patients partly due to the presence of retained hemothorax [23, 32]. 
Undrained blood in the thorax may contribute to respiratory complications. At a 
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minimum, the presence of hemothorax should indicate a thoracostomy tube and 
nearly a quarter of patients may require a thoracic drainage procedure [23]. If chest 
tube drainage fails to evacuate clotted blood, this could lead to fibrothorax.

 Traumatic Aortic Rupture

One entity particularly well-suited for TEVAR rather than open repair is traumatic 
aortic rupture (Fig. 6). A majority of these patients have suffered from blunt force 
trauma causing injury at the isthmus of the aorta and have significant other associ-
ated traumatic injuries. Obtaining proximal aortic control can be hazardous during 
open repair due to the location of injury near the crossclamp site. Additionally, the 
higher amount of heparin necessary could worsen other injuries. TEVAR is well- 
suited since a majority of these patients have normal-sized aortas and landing zones 
are usually not an issue, although some patients will require coverage of the left 
subclavian artery. Direct comparisons between open repair and TEVAR for trau-
matic aortic rupture favor TEVAR in this situation [33, 34].

 Comparison of Open Versus Endovascular Repair 
of Ruptured DTA

Comparisons between open repair and TEVAR for rTAA are skewed by confound-
ing factors that affect patient selection. Thus, comparisons of the two groups are 
often not between evenly matched patient cohorts with similar risk factors and 

Fig. 6 Traumatic aortic 
rupture with pseudoanuerysm 
at the aortic isthmus after 
blunt trauma
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anatomy. For example, patients with favorable anatomy and thus lesser risk, such as 
a mid-descending aneurysm with normal proximal and distal landing zones, are 
more likely to be repaired by TEVAR. Older patients, who may be higher risk would 
also be considered for TEVAR in order to avoid a risky open procedure, even if 
landing zones are suboptimal. Some difficult anatomies, such as distal arch aneu-
rysm or perivisceral aneurysms, are not candidates for routine TEVAR and these 
higher risk patients can only be repaired by open surgery. These anatomic risk fac-
tors are often not captured even when patients are matched for baseline characteris-
tics in studies. Despite this, a risk adjusted study from the US nationwide Inpatient 
Sample found that that the odds of mortality, complications, and failure to rescue 
were similar for TEVAR and open repair. Additionally, results of TEVAR were sim-
ilar in smaller compared to larger hospitals but the results of open repair were poorer 
in smaller hospitals, where open repair expertise may have been lacking [35] 
(Table 1).

Single-center studies comparing open repair to TEVAR have often found TEVAR 
to be associated with a lower operative mortality and more favorable discharge dis-
position [16, 36]. However, other series from centers experienced in open repair 
have reported operative mortality as low as 14%, which is favorable compared to 
most TEVAR series [10]. A recent meta-analysis reported lower operative mortality 
with TEVAR (19% versus 33%, p = 0.016) but TEVAR was associated with a sig-
nificant number of aneurysm-related deaths in follow-up, largely due to stent-graft 
related complications such as endoleak [17]. A study of the Medicare database 
showed similar findings. There was lower operative mortality with TEVAR com-
pared to open repair (28.4% vs 45%, P < 0.001). However, this survival advantage 
disappeared by 1.5 years after the procedure, due to aortic events and need for re- 
intervention [3] (Fig. 7).

Table 1 Backward stepwise regression: final iterations of subgroup analysis

Predictor Outcome Group OR
95% CI

P valueLower Upper

Smaller (vs larger) hospital Mortality OAR 2.39 1.13 5.09 0.023
Complications OAR 3.96 1.78 8.79 0.001
FTR OAR 51.11 9.73 268.35 <0.001

Smaller (vs larger) hospital Mortality TEVAR 1.00 0.30 3.30 0.997∗
Complications TEVAR 0.58 0.21 1.56 0.283∗
FTR TEVAR 1.05 0.21 5.16 0.951∗

Renal comorbidity Mortality TEVAR 10.81 3.54 32.99 <0.001
FTR TEVAR 309.54 47.97 1997.15 <0.001

CI Confidence interval; OAR open aortic repair; FTR failure to rescue; TEVAR thoracic endovas-
cular aortic repair
∗Represents P value when covariate was excluded, not final iteration
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 Conclusions

The answer to the question of whether open aortic repair or TEVAR is the pre-
ferred method for repairing rTAA is not straightforward. Fortunately, the results 
of both techniques are improving with experience. Surgeons experienced in either 
open aortic repair or TEVAR can achieve excellent results using their respective 
techniques. Thus the ideal repair technique in any single situation is the one with 
which the surgeon and institution has the best chance of success. With open aortic 
repair, experienced centers achieve results comparable to TEVAR but with excel-
lent long- term durability. With TEVAR, even smaller, less experienced centers 
can achieve good results but long-term durability may be compromised due to 
endograft-related complications.
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 Introduction

Aortic disease can be attributed as the cause of death in nearly 10,000 individuals a 
year in the United States [1]. Thoracic aortic aneurysms (TAA) are those of the 
aortic root, ascending aortic, aortic arch and descending aorta above the diaphragm 
(Fig. 1). In some individuals, multiple segments may be involved. When both the 
thoracic segment and the abdominal segment of the aorta are aneurysmal, this is 
referred to as a thoracoabdominal aneurysm (TAAA) (Fig. 2). Normal diameters of 
the different thoracic aortic segments vary based on age and gender, but generally, 
any localized dilation greater than 50% of predicted is considered aneurysmal [2]. 
Of TAA, 60% involve the root/ascending aorta, 10% involve the arch, 40% involve 
the descending portion, and 10% are TAAA [3]. The overall incidence of thoracic 
aneurysms is approximately 10 per 100,000 person years, though incidence rates 
increase substantially with age [4]. The average age at diagnosis is 69 years, but 
women are often older than their male counterparts, with women on average being 
diagnosed at the age of 76 years and men at the age of 63 years [4]. There are several 
conditions that predispose individuals to the development of a TAA, including 
genetic syndromes such as Marfan syndrome, Loeys-Dietz syndrome, Ehlers- 
Danlos syndrome, and Turner syndrome; inflammatory diseases such as Takayasu 
and Behcet disease; and anatomic variants such as a bicuspid aortic valve, right- 
sided aortic arch, or aberrant right subclavian artery [2].

Abdominal aortic aneurysms (AAA) involve the segment of the aortic below the 
diaphragm. Abdominal aortic aneurysms are defined by an increase in the aortic 
diameter by 50% compared with normal, adjacent aorta; in most individuals, this 
would be a size greater than 3 cm [5]. The majority of AAA, approximately 90%, 
involve the infrarenal segment, but any abdominal segment can be involved 
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a b c

Fig. 1 Thoracic aortic aneurysms. These include (a) the aortic root and ascending aorta, (b) the 
aortic arch, and (c) the descending aorta

a b c d

Fig. 2 The Crawford classification of thoracoabdominal aortic aneurysms (TAAA). (a) Type I 
TAAA, extends from the left subclavian (LSA) to the suprarenal aorta; (b) Type II TAAA, extends 
from the LSA to the aortic bifurcation; (c) Type III TAAA, extends from the distal descending 
thoracic aorta to the aortic bifurcation; (d) Type IV TAAA, extends from the supraceliac aorta to 
the aortic bifurcation
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(Fig. 3) [6]. The prevalence of AAA is likely between 3% and 10% of those older 
than 50 years, but this will vary in populations depending on the prevalence of associ-
ated risk factors [7]. The most relevant modifiable risk factor for AAA is smoking [8]. 
Risk of developing an AAA increases with age and is substantially greater in men [9].

 Clinical Manifestations, Screening, and Diagnosis

The majority of patients with either chronic TAA or AAA are asymptomatic and 
these aneurysms are diagnosed incidentally when imaging studies are obtained for 
other reasons. TAA can occasionally be recognized on chest x-rays as a widened 
mediastinum, increased girth of the aortic knob, or as a cause of tracheal deviation. 
Aneurysms of the root can lead to aortic regurgitation, which can occasionally be 
identified on physical exam. When TAA become large, they can sometimes lead to 
local compressive symptoms, such as that of the trachea or bronchus, which can 
lead to cough, shortness of breath, or wheezing. If the esophagus is compressed, this 
can lead to dysphagia [3]. If a TAA is suspected, the diagnostic studies of choice are 
either a CT or MR angiogram (CTA or MRA). Additionally, transthoracic or trans-
esophageal echocardiography is useful for imaging and surveillance of the aortic 
root and can diagnose the degree of regurgitation, if present.

a b c

Fig. 3 Abdominal aortic aneurysms. These include (a) infrarenal, (b) juxtarenal, and (c) suprarenal
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Aneurysms of the abdominal aorta are occasionally diagnosed on x-rays of the 
spine or abdominal cavity. They may also be appreciated on physical exam, although 
this is not a reliable way to exclude an aneurysm. An important aspect of the evalu-
ation of a patient with an AAA is to palpate the aorta to elicit the presence of tender-
ness, necessitating expeditious repair. Like their thoracic counterparts, AAA are 
best imaged with a CT or MR angiogram, as this will give the clinician the most 
information about anatomic features that would impact the timing and technical 
aspects regarding repair. Abdominal ultrasound is also an important imaging modal-
ity for AAA, as it can be used for both screening and following growth of the aneu-
rysm over time. Abdominal ultrasound is a useful modality for surveillance as it is 
reproducible, readily attainable, and non-invasive. Several studies have demon-
strated that a single, ultrasound-based screening exam for AAA can effectively 
reduce mortality related to aneurysms as well as rupture risk [10–13]. These studies 
found that screening decreased aneurysm-related mortality by 40% and reduced 
aneurysm rupture by 50% [12, 13].

 Natural History

The natural history of TAA is to increase in size with an average growth rate of 
about 0.1–0.42  cm/year [14, 15]. Smaller TAA (4  cm) typically grow around 
0.08 cm/year whereas large aneurysms grow at a faster rate [16]. The rate of growth 
is also affected by the location of the TAA, with those of the ascending aorta grow-
ing more slowly than those of the descending thoracic aorta [16, 17]. Abdominal 
aortic aneurysms between 3 and 4 cm grow slowly with a < 10% increase in size per 
year [18, 19]. Those AAA 4 cm and larger tend to grow approximately 10% per 
year, although there is substantial variability among individuals [18, 20].

As aneurysms increase in size, the overall risk of rupture also increases. For TAA 
the yearly risk of rupture of aneurysms smaller than 5 cm is less than 5% compared 
to a yearly risk of approximately 16% for those greater than 6 cm [16]. A similar 
trend holds true for AAA. In the Aneurysm Detection and Management (ADAM) 
trial which reported the rupture risk for those with AAA who declined or were unfit 
for repair, the annual risk of rupture for aneurysms between 4 and 5 cm was 0.5–5%, 
for those between 5.5 and 5.9 cm was 9%, for those between 6 and 6.9 cm was 10%, 
and for those greater than 7 cm was 33% [21, 22].

 Medical Management Strategies

The most important risk factor modification that can be made during aneurysm sur-
veillance is smoking cessation [23, 24]. While risk factor modification in cardiovas-
cular disease is well-established and often includes lipid-lowering agents such as 
statins and hemodynamic control with agents such as beta blockers and ACE 
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inhibitors, data to support their use to decrease aneurysm expansion or rupture risk 
are lacking [25–28]. Although, perioperative statin therapy has been found to 
improve long-term survival in patients undergoing AAA repair, so their use is rec-
ommended in this patient population unless contraindications exist [29]. 
Investigations into the use of medications such as doxycycline, which can inhibit 
matrix metalloproteinases, have demonstrated no benefit to reduce aneurysm growth 
[30, 31]. During an aneurysm surveillance period, patients should be encouraged to 
stop smoking and their general health optimized when possible, including treatment 
of hypertension, dyslipidemia, and participation in a regular exercise regimen 
[32–34].

 Surveillance Strategies

For both thoracic and abdominal aortic aneurysms, the timing and modality of sur-
veillance imaging will depend on the initial size of the aortic aneurysm, its location, 
and its rate of expansion during the surveillance period. For ascending aortic aneu-
rysms that are degenerative in nature, those smaller than 4  cm can be followed 
yearly with echocardiography, to reduce cumulative radiation exposure, or cross- 
sectional imaging. Once the ascending aorta reaches 4.5 cm, or the rate of growth is 
greater than 0.5 cm/year, one should obtain surveillance imaging every 6 months 
[2]. Operative repair should be considered once the ascending aorta reaches 5.5 cm 
in size [17, 35], though some have proposed using an aortic sizing index that takes 
into consideration variation in aortic size by gender and body size [36]. In individu-
als with connective tissue disorders, such as Marfan syndrome, the diameter for 
consideration of operative repair is smaller, at 4–5 cm [2, 17]. Size criteria and tim-
ing for surveillance of aneurysms of the aortic arch are similar to those of the 
ascending aorta, with operative repair being recommended in appropriate candi-
dates at a size of 5.5 cm [15]. For the descending thoracic aorta and for TAAA, 
elective repair for asymptomatic degenerative aneurysms is recommended at a 
diameter of 5.5–6 cm, depending on patient health factors and anatomic and techni-
cal considerations; if an endovascular option exists, one may consider repair at a 
diameter of 5.5 cm versus waiting to 6 cm for those who will require an open repair 
due to the increased morbidity and mortality associated with open repairs [37]. 
Once an aneurysm is approaching a size where operative repair would be recom-
mended, those who have been screened with ultrasound or MRA should have a CTA 
performed. This is the ideal study for identifying anatomic features that can impact 
repair strategies and is the best study for delineating the distribution of aortic 
calcification.

Once an aneurysm of the abdominal aorta is identified, these individuals should 
enter into a regular surveillance program. Regular surveillance has been found to be 
safe until the aneurysm reaches a size of 5.5 cm in men and between 5 and 5.4 cm 
in women [9, 38, 39]. Surveillance intervals of 3 years have been recommended for 
abdominal aneurysms measuring 3–3.9 cm, 1 year for aneurysms measuring 4–4.9, 
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with intervals of 6 months being recommended for those larger than 5 cm [9, 40]. 
The majority of the recommendations for surveillance and repair of aortic aneu-
rysms have been based on datasets in which women are underrepresented. Other 
strategies for aneurysms in women have been developed which may be more accu-
rate for determining overall risk, and associated timelines for repair, including the 
aortic size index (aneurysm diameter (cm)/body surface area (m2)) [41]. There are 
certain circumstances when one may recommend operative repair prior to the aneu-
rysm size threshold criteria being met, including rapid aneurysm expansion, com-
bined iliac aneurysms, and aneurysm-related embolic events.
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External Aortic Support and Other 
Alternative Strategies in the Management 
of Aortic Pathology of Patients 
with Connective Tissue Disorders

John Pepper

 Introduction

Due to an increasing awareness of thoracic aortopathy and an exponential growth in 
genetic diagnostic services, patients with Marfan syndrome and other connective 
tissue disorders are presenting earlier in their natural history seeking advice on how 
to prevent aortic dissection, aortic aneurysm, rupture and death. As the disease is 
usually inherited, the patients are generally well informed and want to understand 
the risks and benefits of all options available.

There is a long history of the use of drugs to delay aortic root dilatation. The 
effectiveness of beta-blockers has not been tested in large clinical trials and the 
justification for their use is expert opinion based on small studies and the reassur-
ance that at least they will not cause harm. The initial enthusiasm for angiotensin 
receptor blockers (ARBs), specifically Losartan, has met with scepticism following 
four large international randomised controlled trials [1]. Except for the first trial 
report from the Netherlands, the subsequent three trials all showed no effect on the 
rate of aortic dilatation, although Losartan appears to be a reasonable alternative to 
a beta-blocker for those patients unable to tolerate the drug. Using a more potent 
ARB, Irbesartan, the latest results from the AIMS trial, reported at the ESC 2018, 
showed a modest treatment effect on the rate of dilatation of the Sinus of Valsalva, 
which was from placebo 0.74 mm/year to Irbesartan 0.52 mm/year.
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The current strategy for the prevention of ascending aortic dissection depends on 
aortic root replacement surgery. The Bentall total root replacement is well- 
established, has a low mortality and excellent long-term results. But the need for 
valve replacement imposes a risk of either long-term anticoagulation for a mechani-
cal prosthesis or structural valve degeneration in the case of a tissue valve. The 
valve-sparing root replacement (VSRR) has been developed to deal with these 
issues and in the hands of very experienced surgeons excellent results have been 
obtained [2]. But it is difficult to judge the generalisability of these outcomes. The 
report from a multi-centre registry by Coselli and co-workers [3] showed a substan-
tial risk of significant aortic regurgitation at a rate of 7% at one-year follow-up in 
Marfan patients. The meta-analysis of Benedetto [4] who compared Bentall and 
VSRR operations showed a re-intervention rate of 1.3% per year after VSRR in 
Marfan patients.

Personalised External Aortic Root Support (PEARS) may provide an alternative 
to aortic root replacement in selected patients and thus complement the existing 
armamentarium. The implantation of a personalised external aortic root support, 
computer designed and manufactured to match the aortic root morphology of the 
individual patient, was introduced in 2004 as a conservative approach for Marfan 
patients [5]. The device manufacture and operative method were the result of 
research and development between 2000 and 2004 when the first operation was 
performed. The computer aided design (CAD), the rapid prototyping (RP) manufac-
turing method and the surgical technique have all remained consistent without the 
iterative development which has characterised the evolution of both TRR and 
VSRR. After proof of principle [6] and prospective evaluation in the first 20 patients 
[7], the technique has undergone Health Technology Appraisal by the British 
National Institute for Health and Care Excellence (NICE).

 Methods

The implant required for the PEARS operation is an ExoVasc mesh support made 
from the same polymer (polyethylene terephthalate) as standard vascular prosthe-
ses. (See Fig. 1 and its legend) The fabric of the ExoVasc has an open mesh structure 
with 0.7 mm pores compared with the familiar low porosity corrugated vascular 
grafts. Technical efficacy was reported in the first 10 patients [6], a comparative 
analysis of bypass, operative times and blood product usage in the first 20 [7], and 
clinical results up to 9 years in the first 30 patients [5]. Technical details of the meth-
ods of manufacture have remained consistent throughout the series [8]. The primary 
indication remains prophylactic treatment of root aneurysms to prevent further 
expansion with the intention of averting the risk of dissection and rupture.

Experimental implantation in sheep [9–11], and autopsy examination of one 
patient who died with an intact sleeved aorta [12], have shown that the mesh is con-
sistently incorporated to form a neo-aorta with conservation of the endothelium/
blood interface. In one of the sheep studies [11] a histological comparison was made 
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between the microporous mesh of PEARS and the standard low-porosity Dacron 
graft (Fig. 2). In the first 24 patients, all operated in the lead hospital and with high 
quality imaging available, the three commissure-to-cusp diameters were measured 
after an average of 50 months [7]. Based on 72 (24 × 3) measurements, there was a 
small but significant reduction of the mean of the diameters from 4.4 to 4.3  cm 
(P = 0.01). The cross-sectional area was also reduced (NS) from 16.3 ± 1.9 cm2 to 
15.7 ± 2.7 cm2. In none of the patients was there an increase in the severity of aortic 

a cb

d e f

Fig. 1 From left to right the figure illustrates the design, manufacture and implantation of the 
ExoVasc personalised mesh support. Digital image (a) is used to make a 3D replica (b) of the 
patient’s ascending aorta and aortic root. Small holes mark the position of the coronary ostia. On 
this a customised sleeve of an open mesh fabric is manufactured (c). Each stage requires expertise 
and time measured in hours. The aorta is dissected down to the aorto-ventricular junction (d). Here 
the surgeon is demonstrating that the dissection extends below (that is proximal to) the left main 
coronary artery. The mesh longitudinal seam is opened and incisions are made to the point where 
the main coronary arteries must pass through, making asterisk shaped incisions to conserve the 
mesh support. It extends from the aorto-ventricular junction proximally to the brachiocephalic 
artery distally (e). The final image (f) is that of the first recipient 14 years after implantation
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regurgitation or more than mild aortic regurgitation at follow-up. In the 24 patients 
studied, finite enlargement was seen in the descending aortic dimensions during a 
median period of under 2 years, while the aortic root was held at smaller size than 
that prior to surgery.

In 2003 an application was made to the Local Research & Ethics Committee and 
subsequently approved by the Clinical Practice Committee of our hospital Trust. 
Twenty operations were to be performed on patients with Marfan syndrome and the 
results reported to the Committee. The inclusion criteria agreed at that time were an 
Aortic Root/Sinus of Valsalva and Ascending Aorta with asymptomatic dilation of 
between 40 and 50 mm in diameter in patients aged 18+ years old. In 2010 after 23 
patients had this operation, approval was given to continue the observational study 
and to recruit surgeons at other centres. The development group allowed widening 
of the criteria, accepting some younger patients. Patients eligible for inclusion in 
this report all had surgery for the primary indication: prophylactic treatment of 

a b
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Fig. 2 Sheep study: transition zone, reconstruction of images taken at 10× magnification, longitu-
dinal slices. (a) low-porosity graft (LPG) overview, Haematoxylin and Eosin. Buckling of the wall. 
(b) LPG detail with Verhoeff’s elastic stain. Buckling of highly atrophic tunica media (arrowhead) 
and compression of adventitia underneath ridges with severed structural fibres (*). (c) macropo-
rous mesh (MPM) overviews Haematoxylin and Eosin. Gradual transition of architectural changes. 
(d) MPM detail with Verhoeff’s elastic stain. Gradual compression with well-preserved architecture
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life-threatening aortic root aneurysm, usually with a recognised and diagnosed syn-
drome. Patients considered for the technique have been assessed by clinical mem-
bers of the study team. Surgeons wishing to join the programme underwent 
proctoring from one of the experienced PEARS surgeons, who went to their unit to 
assist in surgery, usually on at least two patients.

In 2018 we undertook an audit of all 117 operations who had their PEARS opera-
tion before the end of December 2017. We had access to the full manufacturing 
records and CAD models which were available from the secure file server at Exstent 
Ltd. The surgery case report forms (CRFs) were available from the operating sur-
geons and kept securely by Exstent. The Exstent records, the Royal Brompton 
Hospital database, and correspondence from the operating teams, were used to com-
pile a full data set of demography, aetiology, aortic dimensions, the operation per-
formed, operating time, cardiopulmonary bypass time (if used), and hospital stay 
(Table 1). Intraoperative adverse events, and any adjunctive surgery were recorded 
and any later cardiac, aortic, neurological or infective events were tabulated. The 
follow-up interval was from the date of operation to the date on which the patient 
was last clinically assessed and/or had cardiac investigations. The Kaplan Meier 
method was used to obtain estimates of patient survival and reoperation.

 Results

180 PEARS procedures have been successfully carried out at 19 units internation-
ally. As of January 1st 2019, 183 patients have received a PEARS implant represent-
ing 584 postoperative patient years. 41 patients have been followed for more than 
5 years and 14 for more than 10 years. Of the 183 who had the operation 134 were 

Table 1 Table of distributions

Minimum 25% Median 75% Maximum

Age (years)
All patients N = 117 15 23 34 46 75
Females N = 30 15 27 38 46 65
Males N = 87 15 22 32 46 75
Aortic root (mm)
All patients N = 117 31 43 47 48 60
Females N = 30 31 42 44 47 49
Males N = 87 35 45 47 52 60
Operation time minutes N = 116a 60 130 165 236 840
Bypass time minutes N = 32b 22 46 70 90 245
Length of stay days N = 116a 5 5 6 7 25
Follow-up months N = 116c 2 7 20 89 166

aCardiopulmonary bypass not used in 85/117 (73%)
bNot available in one case
cOne death in hospital (no PEARS implanted) excluded
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carried out for Marfan syndrome, 8 for Loeys-Dietz syndrome, 12 for bicuspid aor-
tic valve, 2 for an enlarged aortic root identified more than 20 years following the 
arterial switch operation for TGA, 1 Tetralogy of Fallot, 11 Ross operations and 15 
for non-syndromic enlargement of the ascending aorta and aortic root. The accrual 
of patient numbers and of units joining the programme are shown in Figs. 2 and 3. 
The operating time in 75% of the procedures was less than 4 h. The majority of the 
operations (73%) were undertaken without the use of cardiopulmonary bypass. The 
length of hospital stay was no longer than 7 days in 75% of patients. Further details 
with ranges and frequency distributions are provided in Table 1.

The breakdown by aetiology of the aortic disease in the 180 operated patients is 
shown in the flow chart (Fig. 3). Some patients have undergone adjunctive operations 
such as mitral valve repair in 12 and coronary artery bypass grafting in 3. The gender 
and age distribution of the operated patients is given in Table 2 with the aortic diam-
eter at the level where the leaflets meet each other. Surgeons changed the operative 
plan from PEARS intraoperatively in 4 patients as indicated in the flow chart (Fig. 3).

There has been one early postoperative death. The patient suffered damage to his 
left main coronary artery at operation. This was repaired and coronary artery grafts 
were performed. Myocardial function was severely compromised and he required 
ECMO. He died from complications of this on post-operative day 5.

There have been two late deaths. One was unrelated to the PEARS operation at 
4.5 years after operation [12]. In 2008, a 26-year old man had personalized external 
aortic root support (PEARS) with a macro-porous mesh. He was the 16th of 46 
patients to have this operation. He had a typical Marfan habitus. His mother died of 
this disease as did his brother, with an aortic dissection. The patient himself died 
suddenly 4.5 years after his PEARS operation. At autopsy, there was no blood in the 
pericardium. The coronary orifices and proximal arteries were normal. His bicuspid 
aortic valve was minimally regurgitant as it was prior to operation and remained 
throughout follow-up. Macroscopically the implanted mesh was embedded in the 
adventitia and not separable from the aortic wall. Microscopically it was fully incor-
porated with collagen fibres as has been seen in our animal studies. The unsupported 
aortic arch showed some focal fragmentation of elastic fibres and a mild increase in 
mucopolysaccharides consistent with Marfan syndrome (Fig. 4). These appearances 
were not present in the supported aortic root, which had the histological appearance 
of a normal aorta. He was the first patient to die with an implant. The histological 
appearances suggest the possibility that the incorporated support of the aortic root 
allowed recovery of the microstructure of the media.

A further patient died 8 months after a PEARS procedure due to heart failure 
from cardiomyopathy.

Seven patients had significant perioperative events from which they made a full 
recovery as listed in the flow chart. There were no major bleeding events and only 
one superficial wound infection. Two patients had intraoperative ischaemic events 
resulting in 19 and 25-day hospital stays, but both made a full recovery. The survival 
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Patients operated on with Personalised External Aortic Root Support (PEARS)
with prophylactic intent for life-threatening aortic root aneurysms. N=117

Aetiology
94 Marfan

Operations
97 PEARS alone

Present status N=117
110 Alive with PEARS

3 Alive with intraoperative conversion
2 Alive with revision at 93 and 105 months
2 Death (unrelated to the device or disease progression)

12 PEARS plus MV repair

5 Loeys Dietz
9 Non-syndromic
8 BAV
1 Post mechanical AVR(XN 114)

3 PEARS plus CABG
1 aborted - no implant (XN32)
4 conversions

- 2 VSRR (XN55) (XN89)
- 1 Florida (XN102)
- 1 TRR (XN113)

Adverse outcomes
1 Early death (XN32)
1 Death 4.5 years (XN16)
2 Late revision (XN11, 54)

Perioperative adverse events
Patients survived without clinical sequelae

1 Re-imaged, PEARS repositioned (XN18)
1 Release of sleeve (XN20)
1 Coronary injury (XN63)
2 Perioperative TIA related to AFib (XN61, 101)
2 Intraoperative ischaemic events (XN114, 117)

Fig. 3 This flow chart includes all 117 consecutive patients for whom there was an intention to 
treat and who had surgery before the end of December 2017. All perioperative adverse events [10], 
conversions [4] and adverse outcomes [4] are described in the Appendix of Clinical Events. There 
is 100% follow up and all patients are traceable
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and re-operation-free survival for all 117 operated patients are shown in the Kaplan-
Meier analysis (Fig. 5) which includes two deaths and two re-operations, one at 
9 years and one at 6 years.

 Other Applications of the PEARS Operation

We have used the mesh material to surround the pulmonary autograft in a Ross 
operation. In each instance, the autograft has been implanted in the aortic root as a 
free-standing graft with the coronary arteries anastomosed to the autograft root. The 
mesh was placed around the root prior to construction of the coronary anastomoses. 
We modelled the mesh on the pulmonary root using the same method of CTscan, 
CAD and RP. To allow for the effect of systemic pressure on the autograft, formers 
were made at 110% before the mesh was heat shrunk against it. In a limited number 
of operations, 8, we have found this approach to be satisfactory. We anticipate that 
the benefit of encasing the autograft root in the mesh will be to prevent late dilata-
tion of the neo-sino-tubular junction and consequent aortic regurgitation. We do not 
yet have sufficient length of follow-up to see whether this is a fact.

A limited number of complex cardiac operations in infancy or early childhood 
can lead to a late complication of ascending aortic enlargement with a competent 
aortic valve. One such procedure was reported in 2016 [13] which involved a 
28 years old man who was born with transposition of the great vessels and under-
went a Mustard operation at the age of 3  years, when a delayed arterial switch 
operation was performed. Cardiological surveillance 24  years later revealed an 
enlarging aortic root with compression of the left anterior descending artery. A 
reduction plasty of the dilated anterior sinus of Valsalva was performed which 

Table 2 Table comparing PEARS with VSRR in AVOOMPS

AVOOMPS
PEARS VSRR
N = 117 N = 239

Age (years) 34(23–46) 33 ± 13
Sex, % male 87 (74%) 148 (62%)
Sinus diameter 47 (43–48) 49 (46–52)
Aortic regurgitation

None 84 (72%) None/trivial 106 (46%)
Trivial/mild 28 (24%) Grade 1 86 (37%)
Moderate 5 (4%) Grade 2 27 (12%)

Grade 3 4 (2%)
Grade 4 8 (4%)

Operation time (min) 165 (130–236) 340 (275–441)
Bypass time (32/117) None for 73% 70 (46–90) 194 (148–270)
Hospital stay (days) 6 (5–7) 6 (5–9)
Conversions 4 (3.4%) 6 (2.5%)
30 day mortality 1 (0.9) 1 (0.4)
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released a stretched left anterior descending coronary artery to allow normal flow 
and a PEARS implant was fitted around the aortic root and ascending aorta. The 
patient and the surgical repair remain intact 3 years later.

 Discussion

The objective of all three operations performed electively on the aortic root is to 
prevent aortic dissection. According to natural history data reported in 1972 for 257 
people with Marfan syndrome, median survival was 40–41  years for men and 
48–49  years for women [14]. Among 72 patients who were dead at the time of 

a b

c d

Fig. 4 (a) Sections from the unsupported aortic arch shows focal fragmentation of elastic fibres 
and a mild increase in mucopolysaccharides (mag. ×2.5). There is no root in contrast to (c) and the 
adventitia is not clearly defined as it is in the ascending aorta. (b) A high-power view of the media 
of the unsupported aortic arch (mag. ×10). The appearances are of medial degeneration consistent 
with Marfan syndrome. (c) Section of the aortic root of a total thickness of 4.5 mm. Collagen fibres 
(red staining) pass through the interstices between the filaments of the root (blue arrows) embed-
ding it in the adventitia. Foreign body-type giant cells and a few scattered chronic inflammatory 
cells are present (mag. ×2.5). (d) High-power view of the protected aortic root wall (mag. ×10). 
The underlying media shows well preserved elastic lamellae with no fragmentation, loss or pool-
ing of mucopolysaccharides
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life- table analysis, the average age at death was 32 years. As monitoring has become 
easier, operative risks have reduced, and awareness of the risk of dissection is 
heightened, root replacement has been advocated at a smaller size. The criterion has 
come down from 60  mm through 55 and 50 to the present recommendation of 
45 mm for Marfan patients in the 2014 ESC Guidelines [15]. Earlier intervention 
introduces a new problem for patients and those advising them. It has always been 
possible that some patients having elective root replacement were never destined to 
have root dissection, and so, as the size criterion was lowered there is likely to be an 
increasing number of patients who undergo operation without gaining any years of 
life because their survival is determined by other factors. To illustrate the problem, 
we can consider carotid endarterectomy for which there are randomised controlled 
trials to evaluate the reduction in the risk of stroke. Using the “number needed to 
treat” (NNtT) calculation, the number of patients who have an operation in order to 
prevent one stroke is 6. These are patients with neurological symptoms and a carotid 
stenosis of greater than 70%, for whom the evidence for benefit is most compelling, 
yet 5 out of 6 patients having the operation gain no benefit from it. For clinical rec-
ommendations and comparative health economic evaluation, the number needed to 
treat to prevent a dissection in Marfan syndrome would be a useful statistic, but is 
not presently available. An attempt at decision analysis relied on best guesses from 
a handful of clinicians and thus failed for want of objective data [16, 17].

When we began to develop and evaluate PEARS we ensured that the innovation 
was evaluated by NICE [18]. We also thoroughly explored the possibility of a ran-
domised controlled trial (RCT). The project development team worked with experi-
enced clinical research scientists, established research agencies and grant giving 
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Fig. 5 Kaplan Meier analysis prepared by Professor JJM Takkenberg. Time to event analysis 
shows two deaths at 5 days and 4.5 years and two re-operations at 6 and 9 years. The small num-
bers of patients ‘at risk’ with more than 2 years of follow up affects the appearance of the chart. 
The single event at 9 years has a large impact on the overall analysis of survival because of the few 
patients operated on that long ago
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bodies including the British National Institute for Health Research (NIHR), the 
research wing if the NHS, the British Heart Foundation, and the Medical Research 
Council to devise a controlled study to compare this novel approach with the estab-
lished operations. The NIHR Research Design Service helped us identify two deci-
sion-making nodes which might be amenable to testing. One was the timing: put 
bluntly to ‘go for it’ or to procrastinate, or to put it more gently, the ‘early/defer’ 
dilemma. The other was whether to have the more predictable mechanical solution 
and accept life-long anticoagulation or accept the less durable but more attractive 
valve sparing operation. We published these considerations in an attempt to organ-
ise a trial [19, 20]. There was no prospect of professional equipoise as has been 
illustrated by arguments made in opposition to this conservative approach [21–23]. 
It should be noted that neither total root replacement nor valve sparing root replace-
ment have been evaluated with animal experiments or controlled trials.

We then focussed on establishing an informed patients’ perspective. The decision 
nodes were explored, along with other factors, using the Ottawa decision support 
framework. We found that people have cogently weighted and strongly expressed pref-
erences on both the ‘early/defer’ question and the ‘conserve/replace’ choice [24]. 
Evidence concerning thromboembolism and bleeding with mechanical valves is plenti-
ful and includes randomised trials [25, 26] and there has been a meta- analysis of the 
two approaches for root replacement [3, 4]. The decision is amenable to evidence based 
balancing of the pros and cons and is thus realistically not a matter for random assign-
ment. The absence of randomly derived control data is therefore a limitation we have 
to live with for now. What we can do is to ensure that patients who are to have a pro-
phylactic operation face perioperative risks as low as are achievable. They should be 
given evidence-based estimates of the durability of the operations available and reliable 
estimates of future failure and complications from the best available observational data.

A further limitation of our current knowledge of the PEARS operation is that 
because of the skewed accrual of patients with a recent upsurge there are relatively 
few patients with long-term follow-up. The best available data is on VSRR, espe-
cially the 1-year report of the Aortic Valve Operative Outcomes in the Marfan 
Patients Study [AVOOMPS] [3]. A strength shared by PEARS and AVOOMPS is 
that both kept a record on ‘intention to treat’. All patients scheduled for PEARS 
(N = 117) and VSRR (N = 239) have been reported (Table 2). The age, gender and 
aneurysm diameters for PEARS are similar to those for VSRR. There was one early 
death in each group. The differences in operation time and the use of cardiopulmo-
nary bypass are evident.

While the median and inter-quartile range (IQR) of aortic dimensions are com-
parable between PEARS and VSRR in AVOOMPS, the IQR excludes 25% of 
patients which is a large number to be regarded as statistical ‘outliers’ for a poten-
tially lethal disease. There were 7 patients in the PEARS series with aortic root 
dimensions <40 cm and were below the 6th centile. These were from 66th to 122nd 
in the series and as can be seen from Fig. 3, they were the more recent patients oper-
ated on in the last 2 years. Further comparisons can be made but are difficult because 
of the variations in the nature and severity of aortic disease, comorbidity, use of 
cardiopulmonary bypass, myocardial ischaemia and circulatory arrest. Patients 
included in the AVOOMPS study would not all have been eligible for PEARS. Because 
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CAD modelling and rapid prototyping, loosely referred to as 3D printing, are pre-
requisites for the procedure, PEARS is an elective operation. Interestingly, a quarter 
of PEARS patients had some aortic regurgitation before operation and this was 
deliberately corrected in some by using an undersized (95%) ExoVasc mesh. This 
possibility is being explored further and there are reasons to believe that this is fea-
sible in a wider group of patients [27].

In two patients we have seen progression of aortic regurgitation following 
PEARS. The point of note is that parts of the right and non-coronary sinuses were not 
covered by the mesh for clinical reasons. Over years these areas expanded resulting in 
regurgitation due to single leaflet prolapse thus providing an accidental experiment 
comparing supported and unsupported sinuses in the same patient. This is in line with 
earlier evidence where only the more accessible part of the aortic root was covered with 
prosthetic material. This part was stabilised while the uncovered part continued to dilate 
[28]. Stabilising the aortic root dimension and architecture has preserved aortic leaflet 
function well. There has been freedom from valve and aortic related events in longer 
term follow-up. There have been no bleeding or embolic events or endocarditis.

Early in the experience we used conservative criteria. A relatively early departure 
was in patients in whom mitral valve regurgitation was determining the need for 
surgery. PEARS was used rather than leave the aortic root unprotected and present-
ing trouble at a later date [29]. Other possible indications for the PEARS procedures 
include Loeys-Dietz Syndrome (LDS), complex congenital cardiac corrections pre-
senting later in life, and an enlarging ascending aorta in patients with a bicuspid 
aortic valve but normal haemodynamics. The nature of LDS is such that it may be a 
prime indication for the PEARS operation because the event of rupture or dissection 
is rarely preceded by slow dilatation.

We have recently monitored 24 consecutive patients who underwent the PEARS 
procedure in the lead hospital from 2004 to 2012 [30]. Mean follow-up was 
6.3 ± 2.6 years with 19 of the 24 patients (80%) completing at least 5 years review. 
The PEARS implant keeps the aortic root size stable and prevents dilatation in 
Marfan patients. At the same time, it was observed that the unsupported segments, 
the aortic arch and the descending aorta, remain prone to dilatation over time and so 
close follow-up is mandatory as is the case in Bentall and VSRR operations.

Conflict of Interest J. Pepper has no financial interest whatever in the company which manufac-
ture the PEARS implant, Exostent Ltd.
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 Introduction

Acute aortic syndromes often require urgent operation and these can be among the 
most technically challenging operations that cardiac surgeons perform. Specifically, 
patients with type A aortic dissection (TAD) are often taken to the operating room 
without the complete evaluation afforded to elective cardiac surgery patients, and 
often in a less than ideal physiologic state (Fig. 1). The decision to move forward 
with surgical intervention must be made with the essence of time in mind. Acute 
co-morbidities such as shock, cardiac tamponade, aortic regurgitation, myocardial 
ischemia, cerebral ischemia, paraplegia, renal/mesenteric ischemia, and limb isch-
emia may make the decision to operate more challenging. Careful recognition and 
prompt management of these complications can also make TAD operations some of 
the most rewarding operations that cardiac surgeons perform (Table 1).

While much of the patient’s post-operative course will be determined in the oper-
ating room, the acute and chronic co-morbidities of the patient will also impact the 
types and severity of complications encountered after surgery. The in-hospital mor-
tality rate has been reported to be 10–35% [1–3]. The morbidity rate after surgery is 
higher. Common complications after operative management of type A aortic dissec-
tions (TAD) include: bleeding, malperfusion, myocardial ischemia, aortic compli-
cations, neurologic complications, and multisystem organ failure.
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 Bleeding/Coagulopathy

Bleeding and coagulopathy after repair of a type A aortic dissection are common. 
Aortic surgery has been associated with more blood utilization than any other car-
diac operation [4]. In a 2001 single center study, the average patient undergoing 
elective aortic surgery under DHCA received 4 units of red blood cells in the operat-
ing room, 2.6 units post-operatively and 58% of patients required five of more units 
of blood [5]. A number of factors contribute to bleeding including: raw surface area 
of the exposed false lumen, disseminated intravascular coagulopathy (DIC), hypo-
thermia, thrombocytopenia, extent of aortic replacement (long length of suture line), 
and duration of the operation. Reported rates of takeback for bleeding after urgent 
aortic surgery are 20–25%. In one study, 56% of patients required return to the oper-
ating room for re-exploration after type A aortic dissection repair [6]. In this paper, 
independent predictors of massive post-operative bleeding after multivariable 
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Fig. 1 Representative computed tomography images demonstrating acute type A aortic dissec-
tion. First panel top (a) Axial view with type A aortic dissection visible in ascending and descend-
ing aorta. First panel middle (b) Axial view with type A aortic dissection visible in the aortic arch 
(Previously published in Lawton JS. Acute type A aortic dissection 101. J Thorac Cardiovasc Surg 
2015;150:769–770). First panel bottom (c) Axial view with type A aortic dissection visible in the 
proximal aortic arch. Second panel top (d) Axial view with type A aortic dissection with classic 
flap visible in the descending aorta and intramural hematoma in the ascending aorta. Second panel 
bottom (e) Axial view with type A aortic dissection with intramural hematoma visible in the 
ascending and descending aorta. Third panel top (f) Sagittal view with type A aortic dissection 
visible in the descending aorta. Third panel bottom (g) Coronal view with type A aortic dissection 
visible in the ascending aorta and proximal arch
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logistic regression included: hypertension (increased the odds of bleeding threefold), 
coronary artery disease (increased bleeding by 6 times), organ malperfusion 
(increased bleeding twofold) and preoperative dual antiplatelet therapy (sixfold 
increased risk). Increased time on cardiopulmonary bypass also led to a higher risk 
of massive bleeding. Another study of TAD patients showed a re-exploration rate of 
24% and reported risk factors for bleeding included: aortic arch replacement (rela-
tive risk (RR) 1.4), cardiac tamponade (RR 4), age less than 70 years (RR 2), preex-
isting cardiac disease (RR 2) and need for CPR (RR 5). The Mayo clinic has described 
a stable 8% re-operation rate for bleeding after TAD surgery over a 20-year period [7].

Preoperatively, the patient with type A aortic dissection is likely to be in DIC as 
the exposed non-endothelial surface of the false lumen can drive a consumptive 
coagulopathy [8, 9]. This has been demonstrated in aortic dissection by a decrease 
in factors II, V, VII, X and XII with a significant elevation in fibrin/fibrinogen split 
products [10]. Cardiopulmonary bypass (CPB) causes similar disruptions in the 
coagulation cascade potentially compounding the consumptive coagulopathy [11], 
and platelets are destroyed in several ways leading to low quantity and poor function. 
Additionally, exposure to collagen in the false lumen results in further platelet 
consumption and decreased aggregation [12, 13].

Hypothermic circulatory arrest is a strategy often employed in the repair of 
TAD. Traditionally, deep hypothermic circulatory arrest (DHCA) with cooling core 
body temperature to 18 °C was standard. The major goal of this technique was to 
protect the brain and avoid neurologic injury during circulatory standstill [14, 15]. 
The coagulopathy associated with cooling is initially due to platelet dysfunction 
when temperatures are mildly reduced (35  °C). At temperatures below 33  °C 
however, there are more significant platelet effects and alterations in the kinetics of 
proteins in the coagulation cascade [16]. The presence of acidosis significantly 
worsens the coagulopathy associated with hypothermia, as suggested in the “lethal 
triad” in trauma—shock, acidosis and hypothermia [17]. While DDAVP and 
fibrinogen can be used to treat the coagulopathy of hypothermia, acidosis will 
negate the effects [18].

The use of moderate hypothermic arrest (MHCA) (core body temperature > 20 °C) 
with regional brain cooling has recently grown in popularity for several reasons 
including a perceived reduction in coagulopathy [19]. In a single institution retro-
spective study that evaluated bleeding risk in aortic operations with DHCA vs. 
MHCA there were no differences in transfused blood products, coagulation labora-
tory values, morbidity or mortality [20]. However, the extent of the operation 

Table 1 Complications of Type A aortic dissection repair

Complications of Type A aortic dissection repair
Bleeding—hypothermia, platelet destruction, DIC, acidosis
Malperfusion—coronary, limb, abdominal, brain
Neurologic complications—stroke, spinal cord ischemia, neuropathy, delirium
Myocardial ischemia—malperfusion, dissection, embolism, obstruction
Aortic complications—root, descending thoracic

Complications discussed in this chapter are listed (No abbreviations)
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influences the risk of bleeding. Dr. Svensson showed in his experience that the aver-
age type A dissection operation required 4 units of blood, while a total arch required 
6 units [21]. As with all cardiac surgery, blood transfusion during aortic surgery has 
been associated with worse short and long-term outcomes [4, 22]. There have been no 
randomized trials evaluating bleeding with different techniques in hypothermic arrest.

Several techniques may be utilized to reduce bleeding during urgent aortic sur-
gery (Table 2). A reliable surgical plan and meticulous surgical technique are para-
mount. A number of leaders in the field of aortic surgery have described safe and 
effective approaches to acute aortic syndromes [23–26]. The aphorism, “Go in dry, 
come out dry” is good reminder to maintain hemostasis throughout the operation. If 
axillary cannulation is performed, it is important to make sure the access site is 
hemostatic and a sump cardiotomy suction may be strategically utilized to avoid 
unnecessary blood loss during the operation. There are a number of hemostatic 
agents available [27] as adjuncts to hemostasis, and good surgical techniques such 
as choosing the correct graft size, mandating incorporation of aortic adventitia in 
the anastomosis, using felt or other material to buttress the suture line, and avoiding 
undue tension are critical [28]. Transfusion guided by standard coagulation labora-
tory values or viscoelastic hemostatic assays such as thromboelastography (TEG) 
and rotational thromboelastometry (ROTEM) are currently the best means to cor-
rect coagulopathy. As in trauma massive transfusion, balanced ratios of 1:1:1 of 
blood, FFP and platelets are important to avoid dilutional coagulopathy. Similarly, 
intraoperative blood salvage with Cell Saver provides great value, but also washes 
out coagulation factors as part of saving red blood cells and its judicious use will 
help prevent coagulopathy. Recombinant Factor VII may also be used to attempt to 
reduce significant post-operative bleeding. It has been shown to reduce bleeding 
without a significant increase in stroke, renal failure or mortality [29]. Postoperative 
bleeding may be formidable and efforts to minimize bleeding are vital to the sur-
vival of the patient.

Table 2 Strategies to minimize bleeding after repair of Type A aortic dissection

Strategies to minimize bleeding after repair of Type A aortic dissection
“Go in dry, come out dry”
Avoid blood loss from axillary and other cannulation sites
Warm core body temperature to at least 35.5 °C prior to weaning from CPB
Pack mediastinum during heparin reversal
Use of Bioglue or other hemostatic agents
Avoid acidosis
Judicious use of cell saver
Directed transfusion based on coagulation studies
1:1:1 RBC: FFP: platelet for massive transfusion
TEG/ROTEM to guide blood product transfusion
Consider use of Factor VII

Strategies discussed in this chapter are listed. CPB is cardiopulmonary bypass, RBC is red blood 
cells, FFP is fresh frozen plasma, TEG is thromboelastogram, ROTEM is rotational 
thromboelastometry
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 Malperfusion

Malperfusion in patients with TAD results in end organ ischemia and is secondary 
to limited perfusion of a false lumen, flap coverage or sheering of the ostia (Fig. 2). 
The obstruction of blood flow may be static, resulting in persistent ischemia or 
dynamic, leading to intermittent ischemia. Malperfusion syndrome occurs when the 
ischemia leads to end organ dysfunction and infarction [30]. Malperfusion is present 
in 10–30% of patients on initial evaluation for acute aortic dissection and is the 
second leading cause of death after aortic rupture [31]. In the treatment of patients 
with TAD, the traditional approach is repair of the proximal aorta with the goal of 
preventing death, restoring distal flow, and re-establishing the true lumen [32]. In 
patients who present with malperfusion and a significant lactic acidosis the prognosis 
is poor [33]. Mortality has been demonstrated to increase with increasing base 
deficit (BD) at presentation in one study and all patients with BD  > −10 with 
abdominal malperfusion died. Similarly, the International Registry of Acute Aortic 
Dissection (IRAD) data have demonstrated increased mortality rates in patients 
with mesenteric or limb ischemia [34].

Recently, there has been interest in the management of malperfusion prior to 
aortic repair [35] (Fig. 3). If there are no high risk features of the TAD such as 
impending rupture, pericardial/pleural effusion or myocardial ischemia, this 
approach can be considered. This approach involves the use of endovascular 
techniques to fenestrate the dissection flap, stent the true lumen, or stent an 
obstructed visceral branch. The results of this approach in retrospective reports have 
shown improvement in survival in this complicated group of patients [36]. If 
malperfusion is recognized in the operating room after aortic repair, expeditious 
treatment to relieve the ischemia or manage tissue at risk is needed. This may 
involve percutaneous intervention to restore flow to visceral arterial branches or the 
lower extremities. Exploratory laparotomy to examine intra-abdominal end organs 
may be helpful and is generally low risk [37]. Additionally, femoral to femoral 
bypass can restore flow to an ischemic limb.

In the immediate post-operative setting the diagnosis of intra-abdominal malper-
fusion can be challenging. Patients are often sedated and on mechanical ventilation 
which makes symptom assessment and physical exam difficult. On physical exam 
the abdomen may be distended, although this is non-specific. The lactate may be 
elevated as the metabolic byproducts of cardiopulmonary bypass and hypothermic 
circulatory arrest wash out. The patient may be hemodynamically unstable and 
unable to be safely transported for CT scan. In cases in which the patient is critically 
ill and suspicion of intra-abdominal catastrophe is high, the best course may be 
exploratory laparoscopy or laparotomy. Often these procedures can be performed in 
the ICU if transport is considered too risky. One study utilizing the IRAD database 
noted that the incidence of mesenteric ischemia was 4% and mortality in mesenteric 
ischemia was significantly higher (up to 95% in patients managed medically vs. 
42% in patients managed surgically or with a hybrid approach) [38].

Diagnosing limb ischemia is often more straightforward. There will usually be a 
pulse deficit in one or both limbs which are cool and mottled. Knowing the 
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pre- operative pulse exam will help identify a change following aortic repair. Open 
or percutaneous techniques can be used to revascularize the limb. There should be a 
low threshold to perform a concomitant fasciotomy following significant 
malperfusion. In the IRAD database, 10% of patients presented with limb ischemia. 
The mortality rate for those with limb ischemia was 15% as compared to 7% in 
those without [34]. Over 90% were treated by endovascular means (fenestration or 
aorto-iliac stenting), and limb salvage rate was 93% [38].
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Fig. 2 Representative computed tomography images demonstrating malperfusion in type A aortic 
dissection patients. First panel top (a) Axial view with right renal artery supplied by the true lumen 
and left renal artery (red arrow) supplied by the false lumen (Previously published in Lawton et al., 
The profound impact of combined severe acidosis and malperfusion on operative mortality in the 
surgical treatment of type A aortic dissection. J Thorac Cardiovasc Surg 2018;155:897–904.). First 
panel middle (b) Axial view with superior mesenteric artery (red arrow) supplied by the false 
lumen (Previously published in Lawton et al., The profound impact of combined severe acidosis 
and malperfusion on operative mortality in the surgical treatment of type A aortic dissection. J 
Thorac Cardiovasc Surg 2018;155:897–904.). First panel bottom (c) Axial view with malperfusion 
of the left femoral artery (red arrow). (Previously published in Lawton et al., The profound impact 
of combined severe acidosis and malperfusion on operative mortality in the surgical treatment of 
type A aortic dissection. J Thorac Cardiovasc Surg 2018;155:897–904.). Second panel top (d) 
Axial view with malperfusion of the left renal artery (red arrow). Second panel bottom (e) Axial 
view with malperfusion of the left renal artery (red arrow) with multiple areas of intimal flap noted. 
Third panel (f) Sagittal view with extensive disease of the dissected thoracic and abdominal aorta 
and malperfusion of the celiac artery (red arrow). Fourth panel (g) Magnified sagittal view with 
malperfusion of the superior mesenteric artery (red arrow) due to intramural hematoma. (Previously 
published in Ong, C, Lawton JS, et al., The strongest risk factor for operative mortality in Acute 
Type A aortic dissection is acidosis: validation of risk model. Seminars in thoracic and 
Cardiovascular Surgery https://doi.org/10.1053/j.semtcvs.2020.02.023). Fourth panel (h) 
Magnified coronal view with malperfusion of the abdominal aorta due to intramural hematoma 
(red arrow). (Previously published in Ong, C, Lawton JS, et  al., The strongest risk factor for 
operative mortality in Acute Type A aortic dissection is acidosis: validation of risk model. Seminars 
in thoracic and Cardiovascular Surgery https://doi.org/10.1053/j.semtcvs.2020.02.023). Fourth 
panel (i) Magnified axial view with malperfusion of the left renal artery (red arrow). (Previously 
published in Ong, C, Lawton JS, et al., The strongest risk factor for operative mortality in Acute 
Type A aortic dissection is acidosis: validation of risk model. Seminars in thoracic and 
Cardiovascular Surgery https://doi.org/10.1053/j.semtcvs.2020.02.023)
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 Myocardial Ischemia/Infarction

Aortic dissection presenting with myocardial ischemia is rare, occurs in approxi-
mately 3% of TAD patients, and carries a poor prognosis [34]. The presentation of 
myocardial ischemia is usually in the right coronary artery territory. The etiology 
may be coverage of the ostia by the dissection flap, extension of the dissection into 
the coronary artery or thrombosis of the vessel [39]. In a Japanese series, 6% of 
patients presented with myocardial ischemia, and the mortality rate was 33% (as 
compared to 8% in patients without ischemia) [40]. Postoperative myocardial isch-
emia can have several causes including poor myocardial protection, unrecognized 
coronary artery disease, aortic root dissection leading to ostial coronary occlusion, 
coronary dissection, embolism, obstruction from an aortic valve prosthesis or com-
plications from coronary button implantation in root replacement. Recalcitrant 
malignant arrhythmias (VT/VF) that occur after aortic cross clamp release and 
reperfusion of the myocardium that do not abate should raise suspicion for myocar-
dial ischemia. If myocardial ischemia is recognized in the operating room or in the 
early post-operative period, revision of the offending process can be undertaken. 
Often the simplest solution is to perform coronary artery bypass grafting to the 
ischemic territory as defined by wall motion abnormality on the echocardiogram. 
Revascularization should be prompt and within 3–6  h to avoid significant 

Acute Stanford type A, 
DeBakey Type I Thoracic 

Aortic Dissection

Hematoma at Proximal landing zone or 
major arterial branches fed by false lumen?

Malperfusion?

Central Aortic 
Repair

Evidence of 
impeding aortic 

rupture?

Yes

No Yes
No

Yes No

Consider endovascular 
fenestration

Consider Thoracic 
Endovascular Aortic 

Repair (TEVAR)

Malperfusion? Yes

No

Standard post operative TAD 
management

Malperfusion
Syndrome (bowel 
or lower extremity 

infarction)?

No

Yes

Definitive surgical 
management

Fig. 3 Algorithm for management of acute type A aortic dissection with visceral or lower extrem-
ity malperfusion. In patients who are considered candidates for aortic intervention, the presence of 
visceral or lower extremity malperfusion may direct the initial strategy for management. This may 
include ischemia of the digestive tract, kidneys or lower extremities. Malperfusion on presentation 
can be assessed by history, physical exam, and/or laboratory or imaging findings. If after central 
aortic repair, malperfusion syndrome (infarction of intraabdominal organs or lower extremity mus-
cle) is present, definitive management is warranted. This may include exploratory laparoscopy/
laparotomy or open/endovascular treatment to restore flow to the ischemic organ with possible 
resection of necrotic tissue or fasciotomy
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myocardial infarction. Coronary angiography can be used, however, the lesion may 
not be amenable to percutaneous intervention and may delay definitive manage-
ment. If the injury is global, multi vessel CABG or veno-arterial extracorporeal 
membrane oxygenation (VA-ECMO) with a vent to decompress the left ventricle 
[41] and may be considered to facilitate potential recovery [42]. Finally, total artifi-
cial heart or transplant may be considered in the event of unrecoverable, devastating 
myocardial damage in appropriate candidates [43].

 Aortic Complications

Complications of the aortic root and descending thoracic aorta may occur following 
replacement of the ascending aorta alone for the treatment of TAD. Early rupture of 
the unrepaired thoracic aorta after TAD repair occurs in in 1–2% of patients [44]. In 
a series of 324 patients who had TAD repair there were 7 patients (2%) with early 
aortic rupture and 100% mortality [45]. Two of the patients had aortic root rupture. 
Both patients had aortic insufficiency pre-operatively, intra-operative bleeding from 
the aortic root and high blood pressures prior to the rupture. The aortic roots of these 
patients were described as “fragile”. In retrospect, the authors report that these 
patients should have had root replacement at the initial operation. Five patients in 
the series had rupture of the descending thoracic aorta. The authors conclude that 
meticulous blood pressure management should be maintained post-operatively.

TAD presenting with aortic insufficiency may be a marker of more extensive 
aortic root involvement, and root replacement may be considered in these patients. 
Data from the IRAD database indicate that 59% of patients had a supracoronary 
ascending aortic graft utilized alone in the treatment of TAD. Thirty-four percent 
had root procedures including aortic valve-sparing procedure (6%) or composite 
root replacement (16%) [46]. Patients with moderately-severe aortic insufficiency 
pre-operatively and those with more than mild aortic insufficiency after surgery 
were at significantly higher risk of severe aortic insufficiency 10  years after the 
index operation [47]. Additionally, some authors have advocated for aortic root 
replacement instead of repair to decrease the need for reoperation [48].

 Neurologic Complications

Following repair of TAD, patients may have neurologic injury ranging from delir-
ium to overt stroke. Approximately 10% of patients with TAD initially present with 
a brain injury, and approximately 70% of those patients also have aortic arch vessel 
dissection. Interestingly, 85% of patients in one study had improvement in stroke 
symptoms following surgery, suggesting that pre-operative stroke should not be a 
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contraindication to TAD repair [46]. In one retrospective study of 102 TAD patients, 
30% of patients presented with some neurologic symptom [49]. Mortality was 23% 
and the authors found that 50% of patients had post-operative neurologic symptoms. 
These included ischemic stroke (14%), spinal cord ischemia (4%), ischemic 
neuropathy (3%), hypoxic encephalopathy (8%), nerve compression (7%), and 
postoperative delirium (15%).

Stroke after repair of acute type A aortic dissection is a devastating complication. 
In one study of TAD patients, post-operative stroke occurred in 16% [50]. Risk 
factors for stroke included: bovine aortic arch, pre-operative CPR, and malperfusion. 
Patients with peri-operative stroke were more likely to have complications and 
longer hospital stay, but did not have an increased risk of in-hospital mortality. 
Treatment of post-operative stroke is usually supportive as these patients are not 
candidates for systemic lytic therapy and embolectomy is often not fruitful. A rare 
complication of TAD can occur when the aortic tear is circumferential and the false 
lumen telescopes proximally and distally simultaneously causing neurologic 
symptoms and myocardial ischemia and/or aortic sufficiency (Fig. 4).

Seizure at presentation is rare (about 3%) and post-operative seizure is also 
uncommon and reported to be approximately 0.4%. A study in which all patients 
underwent EEG monitoring during surgery showed an intra-operative seizure rate 
of 1.8% when DHCA was employed [51]. Patients with pre-operative neurologic 
symptoms appear to be at higher risk of seizure. Patients who remain in coma after 
cessation of all sedation will often require EEG to assess for seizure or other types 
of brain injury.

a b

Fig. 4 Schematic demonstrating a complete circumferential tear of the ascending aortic false 
lumen with intussusception proximally and distally (a). Representative sagittal view from a con-
trasted enhanced CT scan showing a complete circumferential tear and intimal intussusception (b).  
This rare presentation can lead to simultaneous myocardial ischemia and/or aortic insufficiency 
and neurologic symptoms
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Paraplegia can be a presenting symptom and has been reported to occur in 
approximately 3% of patients. It can be transient or permanent in nature and may 
resolve with restoration of the true lumen. For surgeons who employ the frozen 
elephant trunk the paraplegia rate is approximately 5% and is based on the length of 
the stent graft (12% for 150 mm stents vs. 2.5% for 100 mm stents) [52] (Fig. 5). In 
a meta-analysis of patients undergoing frozen elephant trunk the rate of paraplegia 
was twice that of patients having standard aortic arch operations [53]. Most authors 
have recommended using a 100 mm stent graft and avoiding 150 mm length stents 
or covering distal to the T8 level.

 Other Complications

Patients with TAD are often critically ill, and like other cardiac surgery patients, are 
at risk for the usual maladies of the intensive care unit. Reported incidences of post-
operative complications include: respiratory failure requiring prolonged mechanical 
ventilation (>72 h and/or tracheostomy) 6%, renal failure with oliguria in 3%, and 
mediastinitis in 2% [44]. Ventilator associated pneumonia, catheter associated 
bloodstream infections and catheter associated urinary tract infections can also 
occur in patients in the intensive care unit long-term.

Fig. 5 Illustration of the 
frozen elephant aortic 
repair technique. There are 
several permutations of 
this approach, but the 
major goal is to treat the 
proximal aorta as well as 
the aortic arch and 
proximal descending 
thoracic aorta. This may 
lead to treatment of the 
entire diseased aorta or 
prepare for a later stage 
intervention on the 
remaining diseased aorta 
by open or endovascular 
approach. This example 
depicts an ascending aortic 
replacement with hybrid 
aortic arch management 
including Zone 2 
replacement and frozen 
elephant trunk with 
physician modification of 
the thoracic endograft to 
allow for insertion of a 
branch stent into the left 
subclavian artery
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 Summary

TAD patients are complex and require expeditious, thoughtful, and competent med-
ical and operative management by the entire surgical team with a constant high 
index of suspicion for complications. Complications of operative management of 
TAD can be substantial and life-threatening and include: bleeding, malperfusion, 
myocardial ischemia, aortic complications, and neurologic events. Careful opera-
tive planning, meticulous surgical technique and thorough post-operative manage-
ment can help improve patient outcomes.
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Neuroprotection During Dissection Repair
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 Introduction

The care of acute aortic syndrome patients can be incredibly complicated based on 
the anatomic divergences in perfusion that can occur to any end organ. Essentially, 
any tissue bed can be compromised due to loss of perfusion from either lack of 
cardiac output or loss of peripheral branch perfusion by true lumen compression or 
branch avulsion. The brain and spinal cord, of course, have the least tolerance to 
interruption of blood flow; therefore, preservation of flow is paramount. This chap-
ter discusses the approaches to optimizing neurological outcomes when presented 
with acute aortic syndrome. As these approaches are not linear, the discussion 
addresses different problems that may present at varying times for varying patients. 
However, thoughtful consideration of an evolving picture is required for securing 
optimal outcomes, including neurological.

 Presentation

Optimizing neurological outcomes begins as soon as the patient is identified by 
addressing the specific patients’ condition at presentation and operative planning 
based on specific patients’ unique dissection anatomy. This is paramount as both 
systemic and regional malperfusion can lead to neurological complications. Indeed, 
intraoperative neuroprotection approaches must not only align with, but to some 
extent, they will dictate the conduct of the operation. However, a myriad ofbackup 
plans must be engrained with some flexibility to evolve to alternate techniques 
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fluidly as patients’ physiology and anatomy can be different than the imaging sug-
gests or even change with dissection progression.

 Mitigation of Prior Injury and Restoration of Cerebral Perfusion

Intraoperative neuroprotection strategy begins with mitigation of antecedent neuro-
logical injury followed by the prompt correction of central nervous system ischemia, 
or “neuromalperfusion.” For patients presenting with stroke symptoms or spinal mal-
perfusion, the injury must be deemed to benefit from an operation. In most situations, 
the patient will be better served by an operation than medical management. The excep-
tions may be dense coma, the extremes of age, extensive malperfusion of the gut, or 
loss of hemodynamics prior to arriving in the operating room, among others. Once 
surgical intervention is decided upon, the initial objective is to improve blood flow to 
the ischemic territory by optimizing cerebral and spinal perfusion and minimizing 
systemic hypotension. In the preoperative period, management revolves around medi-
cal therapy to balance perfusion and risk of dissection propagation or rupture. In 
almost all cases, the patient should undergo impulse control therapy, to reduce the 
blood pressure and heart rate resulting in a lesser pulse pressure. Careful coordination 
with the anesthesia team is necessary, in particular during anesthetic induction to pre-
vent hemodynamic collapse. Significant aortic insufficiency or the presence of a peri-
cardial effusion should prompt complete readiness of the surgical team at the time of 
induction. While this statement may seem obvious to the experienced team, subse-
quent intraoperative neuroprotection strategies may be nullified by the cumulative 
effects of multiple episodes of neuromalperfusion in the perioperative period.

Following induction, the subsequent, and nearly synonymous, neuroprotective 
strategy at the initiation of the operation requires prompt restoration of adequate 
cerebral and spinal perfusion. Malperfusion to the central nervous system can result 
from systemic or regional malperfusion. In cases of hemodynamically significant 
pericardial effusion, relief of tamponade is the logical first step to restore cardiac 
output. If a patient arrests on induction, the authors advocate immediate median 
sternotomy and pericardiotomy. This approach stands in contrast to common 
approaches of peripheral cannulation and immediate institution of cardiopulmonary 
bypass prior to sternotomy. We favor urgent sternotomy up front for a number of 
reasons. Pericardial tamponade frequently contributes to hemodynamic collapse 
and decompression can rapidly restore perfusion, at the same time relieving venous 
obstruction and hypotension contributing to decreased cerebral perfusion pressure. 
Aortic rupture can be controlled manually or with packing while cannulating for 
cardiopulmonary bypass. In the case of severe aortic insufficiency, there is the 
opportunity to decompress the left ventricle immediately after institution of CPB 
and prevent periods of ventricular distention. Of course, if enough team members 
are available simultaneous peripheral cannulation may be helpful with the caveat 
that the retrograde aortic perfusion can be complicated further by the dissection 
characteristics. Cannulation of the true lumen may not be straightforward from the 
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femorals without intravascular ultrasound (IVUS) and/or transesophageal echo to 
guide cannula placement emergently.

In cases of complex dissection involving the brachiocephalic vessels, an exten-
sive compressive dissection flap, with or without luminal thrombosis, may contrib-
ute to ongoing cerebral malperfusion despite pericardial drainage and initiation of 
bypass. Although patients presenting with neurological deficits have historically 
had a worse post-operative prognosis, earlier cerebral reperfusion may promote 
recovery, especially if less than 5 h [1]. These cases should be identified on preop-
erative imaging with development of a repair strategy to restore cerebral perfusion 
early in the conduct of the operation. At centers with specialization in aortic surgery, 
these patients will undergo full arch replacement with specific early bypass beyond 
the dissected head vessel such as the distal common carotid during systemic cool-
ing. In fact, results from the University of Pittsburgh suggests an incredibly low 
stroke rate with early bypass to exclude proximal dissection in the brachiocephalic 
vessels [2]. While this approach does require planning and a split arterial line, it also 
removes the risk of cerebral embolization from the proximal perfusion vessels. The 
risk of dissection-related malperfusion in these vessels, both in the short and long 
term, will be essentially eliminated after bypass and reperfusion of the vessel.

 Cannulation

Significant variation in practice continues among aortic surgeons with regards to 
cannulation strategies for repair of acute aortic dissection. Figure 1 illustrates the 
most common arterial cannulation sites utilized by our institution. While benefits of 
various sites of cannulation can be taken advantage of for specific dissection char-
acteristics, the main principle remains restoration of flow to the true lumen of the 
aorta. In rare, and what might be considered salvage cases, the aorta can be tran-
sected and true lumencannulated directly, or cannulation can be achieved through 
the apex of the heart. The advantages and disadvantages of our most commonly 
utilized cannulation options are discussed here.

 Right Axillary Cannulation

Theoretical benefits of peripheral right axillary cannulation include avoidance of 
atherosclerotic disease burden, intramural hematoma, or proximal dissection in the 
ascending aorta, and the ability to perform selective antegrade cerebral perfusion by 
occluding the innominate artery at the aortic arch. Arguments against the axillary 
stem from either the size of the vessel, leading to high arterial line pressures, or 
involvement of the innominate artery with the dissection, complicating the retro-
grade flow though this artery back to the true lumen systemically. The authors would 
argue that the axillary can be used safely in almost all dissections as true lumen flow 
is almost always preserved with true lumen flow distally.

Neuroprotection During Dissection Repair



500

 Femoral Cannulation

Femoral cannulation has been traditionally preferred for rapid access and early 
cooling. Differential neurological outcomes have not been demonstrated for femo-
ral cannulation versus other sites [3]. Femoral cannulation, especially using a per-
cutaneous approach, is a safe strategy. The pitfalls of femoral cannulation include 
potential difficulty with accessing the true lumen and the need for separate cannula-
tion to provide cerebral perfusion during circulatory arrest.

 Evolving Cannulation Complexity and Strategy

As comfort with circulatory arrest has grown, our institution has become bolder 
with cannulation choices. In cases where the innominate artery is spared of dissec-
tion, free of significant atherosclerosis, and a hemiarch replacement is planned, the 

a

d e f

b c

Fig. 1 Common routes of arterial cannulation for the initiation of cardiopulmonary bypass on 
acute aortic syndrome. (a) Right axillary cannulation using a tube graft sewn end-to-side. (b) 
Innominate artery cannulation using a tube graft sewn end to side. (c) Direct aortic cannulation 
using the Seldinger technique and epiaortic ultrasound/transesophageal echo to verify true lumen 
access (d) Right axillary cannulation using the Seldinger technique. (e) Right common carotid 
cannulation using a tube graft sewn end-to-side. (f) Left common carotid cannulation using a tube 
graft sewn end-to-side. Due to potentially complex dissection anatomy multiple arterial cannula-
tion options must be considered with the goal perfusing the true lumen via the most feasible and 
expeditious route. In addition to the routes depicted in this figure, femoral artery and left subcla-
vian cannulation are other options which can be utilized. In rare and what ought to be considered 
salvage cases, the aorta can be transected and cannulated directly, or cannulation can be achieved 
through the apex of the heart
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authors will frequently cannulate via 10 mm graft sewn end-to-side to the innomi-
nate artery with a partial occlusion clamp. However, this takes more time than 
routinely stated, so it has become less utilized institutionally. As more aggressive 
total arch replacement has become more commonplace, the authors favor central 
aortic cannulation (into the true lumen) when possible using transesophageal and 
epiaortic ultrasound guidance and a modified Seldinger technique (Fig.  1c) [4]. 
Simultaneous imaging is critical to confirm true lumen perfusion. While cooling, 
we proceed to split arterial perfusion and bypass the brachiocephalic vessels using 
a multibranch graft, as shown in Fig. 2, that is later connected to a branch of the 
arch graft.

The experience from Emory has shown the benefit of washout from retrograde 
cerebral perfusion (RCP) washout of debris from arterial manipulation during the 
cooling period. When using RCP, a 24 French cannula is placed in the superior vena 
cava immediately prior to circulatory arrest period with a Rummel tourniquet above 
the Azygous vein take off. This will be removed immediately after circulatory arrest 
so as not to obstruct venous return from the upper half of the body. The authors have 
used the SVC cannula for drainage in the context of bicaval cannulation and RCP 
but this configuration requires multiple connections to the cardiopulmonary bypass 
circuit. Institutionally we have begun to take advantage of both retrograde and ante-
grade perfusion during circulatory arrest. Specifics of perfusion management dur-
ing the circulatory arrest period will be discussed later in the chapter.

 Neuromonitoring/Neurophysiological Intraoperative Monitoring

Collectively termed neurophysiological intraoperative monitoring (NIOM), the 
most commonly employed modalities for monitoring neurologic function during 
aortic arch surgery include EEG, somatosensory evoked potentials (SSEP), motor 
evoked potentials (MEP), and cerebral oximetry by near-infrared spectroscopy 
(NIRS), as depicted in Fig. 3. The argument for overall NIOM use is early detection 
of neuromalperfusion. Measures can be instituted at this early point to reverse or 
minimize effects of the malperfusion such as suction embolectomy, adding arterial 
cannulation sites to watershed areas, or even simple measures like hemodynamic 
augmentation with increased central blood pressure. Opponents to NIOM suggest 
this monitoring leads to a lot of noise with false positive signals. The authors have 
found that while there is some noise, when the neuromonitoring is combined with 
clinical perspective, the information can be valuable for preserving neurologic 
patient outcomes [5].

 Electroencephalography

Continuous EEG monitoring remains the primary NIOM modality utilized by the 
authors for all cases involving the aortic arch or hypothermic circulatory arrest, 
including hemiarch replacement. Although requiring specialized equipment, 
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additional set-up, and a dedicated neuromonitoring team intraoperatively, EEG can 
provide useful information especially in the case of acute aortic syndrome repair. 
When possible, without causing delay in definitive repair, the authors advocate its 
use routinely.

A reference EEG following induction of anesthesia but before cooling during 
CPB is obtained as a baseline. Anesthetic agents can dramatically influence electro-
cerebral activity, however it is important to establish the reference prior to the effects 
of hypothermia or any surgical manipulation. These objective data may be particu-
larly important in the case of acute aortic syndrome with antecedent neurological 
injury or an imperfect or unreliable clinical neurological exam. Continuous EEG 
monitoring is maintained throughout the period of cardiopulmonary bypass. 

Fig. 2 Common routes of cannulation for cerebral perfusion during circulatory arrest. (a) For 
retrograde cerebral perfusion a right-angle cannula is placed into the superior vena cava above the 
insertion of the azygous vein. (b) The innominate artery can be cannulated either percutaneously 
(as shown in the figure) or using a graft sewn end-to-side to the vessel. (c) Upon initiation of cir-
culatory arrest, once the aorta has been transected, the ostia of the innominate and left common 
carotid arteries can be directly cannulated with balloon tipped catheters. (d) The right axillary 
artery can be cannulated either percutaneously (as shown in the figure) or using a graft sewn end-
to-side to the vessel. (e) With an already established alternate route of arterial cannulation for 
cardiopulmonary bypass, the innominate and left common carotid arteries can be sequentially 
debranched from the arch and sewn to a multibranch graft that is also connected to the bypass 
circuit, allowing for split arterial perfusion between the upper and lower body, and bilateral ante-
grade cerebral perfusion during circulatory arrest. In addition to the options depicted in this figure, 
right or left common carotid artery cannulation remain available for establishing unilateral ante-
grade cerebral perfusion, as shown in Fig. 1
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Fig. 3 Neurophysiological intraoperative monitoring (NIOM) is a term that refers to multiple 
modalities that are employed to actively monitor neurological function and perfusion during sur-
gery for aortic dissection. These modalities include electroencephalography (EEG), motor evoked 
potentials (MEPs), somatosensory evoked potentials (SSEPs), and near infrared spectroscopy 
(NIRS). EEG utilizes multiple detector electrodes placed on the patient’s scalp to monitor cerebral 
electrical activity. MEPs are produced by transcranial stimulation of the motor cortex with periph-
erally placed detectors to read a response. SSEPs are produced by peripheral electrical stimulation 
with transcranial detection of somatosensory cortical response. NIRS use scalp monitors to deter-
mine regional cerebral oxygen saturation
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Electrocerebral activity follows a predictable pattern as cerebral hypothermia deep-
ens and serves as surrogate for cerebral metabolism and energy consumption. Burst 
suppression typically develops between 15.7 °C and 33.0 °C [6, 7] with progression 
to complete electrocerebral inactivity (ECI) occurring between 12.5  °C and 
27.2 °C. Surface and body temperature measurements have been demonstrated to 
poorly correlate with brain temperature. There also exists significant individual 
variability between temperature and electrocerebral activity [8]. Therefore, for a 
particular patient, extrapolating a prediction of cerebral metabolism based on core 
temperature or duration of cooling alone remains unreliable, highlighting the utility 
of continuous EEG monitoring for real-time acquisition of electrocerebral activity. 
This degree of monitoring seems especially pertinent when using more moderate 
degrees of hypothermia. In the authors experience, EEG has been very useful to 
determining adequate cerebral protection before circulatory arrest, and when used 
in combination with SSEPs and MEPs, has identified intraoperative stroke includ-
ing areas of malperfusion from cannulation/dissection mismatch, when differential 
pressures exist between brain and systemic perfusion, or embolization. All of these 
instances were dealt with quickly with prompt reversal of the malperfusion, but 
would have resulted in prolonged regional ischemia without the neuromonitoring 
in place.

 Cerebral Oximetry/Near Infrared Spectroscopy

While more commonly used in pediatric cardiac surgery, there is increased adoption 
of cerebral oximetry monitory by NIRS in adult cardiac [9] and aortic arch surgery 
[10, 11]. Attractive features of cerebral oximetry include its relative ease-of-use, 
ubiquity, simplified read-out, and real-time feedback. Regional ScO2 levels gener-
ally increase from baseline during the period of cooling reaching a plateau prior to 
initiation of cerebral circulatory arrest after which they decline until cerebral perfu-
sion is restored. Non-invasive cerebral oximetry historically has poor correlation 
with jugular bulb saturation [12] and limited data exist to suggest absolute satura-
tion values to correlate with development or prevention of clinical neurological 
injury. Therefore, cerebral neuroprotection or perfusion strategies based on NIRS 
data alone remain nebulous. However, the reference to baseline and changes in sym-
metry may be helpful to identify problems intraoperatively that are related to altered 
perfusion. The identification of a sudden decreased in left sided cerebral regional 
saturation with initiation of selective antegrade cerebral perfusion through the 
innominate artery prompting subsequent conversion to a bilateral antegrade cere-
bral perfusion strategy is an example of directly actionable feedback that may be 
provided by NIRS monitoring. This has been exceeding helpful in the development 
of a protocol for selective arterial perfusion during hypothermic circulatory arrest 
with moderate hypothermia. Balanced oximetry suggests selective perfusion 
through one carotid is sufficient, but a drop in the contralateral saturations suggests 
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a need for bilateral perfusion. While this may add nothing for short circulatory 
arrest times below 15–20 min, prolonged circulatory arrest times may benefit from 
increasing unilateral flow and pressure or even from adding a perfusion cannula to 
the opposite carotid.

 Prevention of Further Neurological Injury

 Temperature Management

Hypothermia remains the cornerstone of any cerebral protection strategy when periods 
of altered cerebral perfusion are anticipated during repair of acute aortic dissection. 
Analogous to other systemic tissue beds, neuronal cellular metabolic rate and oxygen 
consumption are dependent on tissue temperature via reductions in enzymatic activity. 
Experimentally, cerebral metabolic activity has been shown to decrease initially by 
6–7% per degree Celsius below 37 degrees [13]. This roughly correlates to a separate 
descriptor of temperature modulated tissue metabolism, the Q10 rule, which describes 
an approximately 50% reduction in metabolic rate for every 10 degree decrease in 
temperature [14]. The effects of tissue temperature on neuronal survival have be 
exploited by aortic surgeons for the purpose of circulatory arrest for decades, however 
recommended temperature nadirs and adjunctive strategies continue to evolve.

In order to more accurately classify temperature strategies in aortic arch surgery, 
a consensus definition of hypothermia stratified into 4 categories has been devised 
[15], as shown in Table 1 [16]. Profound hypothermia (≤14 °C) is sufficient without 
adjuncts to induce electrocerebral inactivity (ECI) in approximately 80% of patients. 
Whereas deep hypothermia (14.1–20 °C) falls within a steeper section of Temperature-
ECI curve and produces ECI with more individual variability, roughly 20–80% pre-
dicted. Moderate and mild categories of hypothermia are less likely to yield ECI and 
correspond to shorter predicted protection times during hypothermic circulatory 
arrest [6, 15]. The safety of deep hypothermic circulatory arrest (DHCA) strategies 
whereby the patient is systemically cooled until ECI prior to “straight” circulatory 
arrest for periods up to 30 min have been demonstrated during aortic arch surgery in 
a number of large series [8, 17–19]. A large study of 394 patients who underwent 

Table 1 Temperature and predicted circulatory arrest protection time
Category Temperature (°C) HCA time (min)

Profound ≤14 30–40
Deep 14.1–20 20–30
Moderate 20.1–28 10–20
Mild 28.1–34 <10

HCA hypothermic circulatory arrest
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arch repairs with this strategy showed no diminished cognitive function and a hypo-
perfusion-specific stroke rate of 1.8%, with an overall stroke rate less than 5% [20].

Despite both historical evidence and contemporary outcomes from Yale support-
ing the safety of a DHCA strategy, there are drawbacks to deep hypothermia that 
provide vigor for alternate methods using more moderate degrees of hypothermia. 
The main disadvantages to lower temperatures include longer durations of cardio-
pulmonary bypass needed for systemic cooling/rewarming and associated conse-
quences. However, temperature specific issues such as hypothermia induced 
coaguloapathy may increase perioperative blood loss and the need for transfusion as 
well as the rate of reoperation for bleeding [21–23].

In order to achieve similar or superior neurological outcomes with warmer sys-
temic and cerebral temperatures, adjunctive perfusion strategies and more efficient 
operative techniques are aimed at reducing time spent with relative cerebral hypo-
perfusion. It is the author’s position that there is no truly “safe” duration of circula-
tory arrest regardless of temperature nadir or adjunctive measures that can ensure 
cerebral protection for all patients. Minimizing, ideally eliminating, time spent in 
sub-physiological cerebral perfusion remains our goal for all aortic procedures. 
Compared with elective aortic arch repair, acute dissection with or without anteced-
ent injury remains a risk factor for neurological injury, further highlighting the need 
for speed in this particular patient group.

 Adjunctive Cerebral Perfusion During Systemic 
Circulatory Arrest

 Retrograde Cerebral Perfusion

The technique of retrograde cerebral perfusion exploits the anatomical lack of valves 
between the superior vena cava and the cerebral venous vasculature allowing perfusate 
to flow retrograde to the brain. A 24 french or similar cannula connected to the arterial 
limb of the CPB circuit is placed into the SVC within the chest and the SVC encircled 
by a snare above the azygous insertion (Fig. 4a). With the tourniquet cinched, the cere-
bral venous system can be selectively pressurized though the SVC cannula. RCP Flow 
has traditionally been targeted in the range of 100–300 ml/min at 10–12 °C. The authors 
transduce venous pressure through the side-arm of an introducer placed by anesthesia 
in the right internal jugular vein and increase flow to the achieve a venous pressure of 
25 mmHg. Frequently RCP flows >500 ml/min are required to achieve pressure target 
of 25 mmHg and to observe retrograde flow from the innominate and left common 
carotid ostia. Significant oxygen and glucose delivery to the brain have not been dem-
onstrated during RCP [24], so this technique in isolation is frequently coupled with 
deeper levels of hypothermia or shorter circulatory arrest periods. However, RCP does 
provide ongoing regional cooling, lowering cerebral metabolic demands even further. 
Additionally, RCP may “flush” out the arterial system of both air and possibly particu-
late emboli. Proponents of RCP cite the avoidance of additional arterial manipulation 
to minimize both local arterial injury and propagation of emboli [25].
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 Antegrade Cerebral Perfusion

In order to precisely mimic natural cerebral blood flow during systemic circulatory 
arrest, antegrade perfusion must be established to all three arch vessels to supply 
both carotid arteries and both vertebral arteries. However, a number of ACP tech-
niques with more limited antegrade access have been successfully described [26]. 
Most commonly, especially in the case of hemiarch replacement, is selective ante-
grade cerebral (sACP) perfusion via the innominate artery. Access for innominate 
sACP can be accomplished in a number of ways—percutaneous innominate can-
nulation (Fig. 4b), a graft conduit anastomosed end-to-side to the innominate, ostial 
balloon-tipped cannulation through an open arch (Fig. 4c), or axillary cannulation 
(Fig. 4d) with occlusion of the proximal innominate artery. The Circle of Willis is 
incomplete in up to 70% of the population (LF), however sufficient extracranial col-
laterals exist in the vast majority of patients allowing antegrade perfusion through 
the innominate artery to supply both cerebral hemispheres. Similar collaterals allow 
clamping of the innominate artery or the common carotid proximal to the bifurca-
tion without regional malperfusion. However, a known incomplete Circle of Willis 

Fig. 4 In patients undergoing total arch replacement, the authors’ preference is central aortic can-
nulation into the true lumen using the Seldinger technique and epiaortic ultrasound/transesopha-
geal echo verification. During cooling, the innominate and left common carotid arteries are 
debranched from the aortic arch using a vascular stapler and sewn to a multibranch graft connected 
to a separate arterial line from the bypass circuit. In this way, unilateral cerebral perfusion is main-
tained during the relatively brief time it takes to sew the contralateral anastomosis, with bilateral 
cerebral perfusion maintained once both anastomoses are complete. This provides split upper and 
lower body perfusion prior to initiation of circulatory arrest

Neuroprotection During Dissection Repair



508

or significant ipsilateral carotid stenosis may represent relative contraindications to 
this technique. During innominate sACP, perfusate flow is established around 
6–10 ml/kg/min and increased or decreased to maintain a mean arterial pressure of 
40–60 mmHg as measured in a right upper extremity arterial line [3]. Bilateral ACP 
strategies require access to both the left common carotid as well as the innominate 
and are more typically employed during total arch replacement (Fig. 4e). Despite 
the intuitive sense that bilateral ACP would be more physiological than sACP, stud-
ies have failed to demonstrate superior neurological outcomes or decreased mortal-
ity with this technique [27].

 Neuroprotection as a Function of Repair Technique and Perfusion 
Strategies: Buffalo Trunk Technique—Shaggy Aorta Protocol (RCP/ACP)

The technique for total arch replacement with frozen elephant practiced at the 
University of Colorado is a modification of the FET utilizing a separate branched 
graft for the brachiocephalic vessels and a branched graft–stent graft construct for 
arch and proximal descending aortic reconstruction. Longer durations of deep 
hypothermic circulatory arrest have been associated with worse postoperative neu-
rologic dysfunction including stroke in patients undergoing arch replacement [28, 
29]. The Buffalo Trunk technique [30] represents the authors efforts to minimize 
(ideally to eliminate) the period of cerebral, spinal, and systemic ischemia through 
operative and technical efficiency. Combined with optimizing cerebral perfusion by 
replacing dissected arch vessels, the Buffalo trunk procedure and other similar oper-
ations represent a method of neuroprotection as a function of the dissection repair 
strategy and technique.

In cases of dissection extending into the head vessels, our practice is to identify 
the extent of dissection and replaced the portion of the involved common carotid 
arteries up to the level of the internal and external bifurcation through an extended 
or separate cervical incision if necessary. The more severely affected side is typi-
cally debranched first in an end-to-end fashion to a separate trifurcated branched 
graft which is connected to a “Y’d” arterial limb of the cardiopulmonary bypass 
circuit. The contralateral side is subsequently debranched while perfusion is contin-
ued from the previously repaired side. A separate branched graft for the supraaortic 
vessels allows an independent connection to the cardiopulmonary bypass circuit 
and enables bilateral antegrade cerebral perfusion independent from body perfusion 
(Fig. 2). Central or peripheral cannulation is performed and CPB instituted prior to 
brachiocephalic debranching in order to begin the process of systemic cooling and 
creates some mild cerebral hypothermia during clamping of head vessels. A shunt 
during either carotid or innominate artery anastomosis is not typically needed due 
to contralateral perfusion through an intact circle of Willis and other arterial collat-
erals. Electroencephalography, cerebral oximetry by near-infrared spectroscopy, 
and other non-invasive neuromonitoring are used continuously to monitor for 
changes during a test occlusion of the head vessel and while proximally occluded 
for debranching. Early separation of the innominate and left common carotid 
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arteries from the aorta in this technique may theoretically reduce the risk of anterior 
circulation emboli. However, with an anomalous left vertebral artery originating 
from the arch, the posterior circulation remains at risk, highlighting the importance 
of minimizing excessive aortic manipulation.

Patients are systemically cooled to moderate levels of hypothermia (20–28 °C) 
as the arch vessels are debranched. Following separation of the innominate and left 
common carotid from the aortic arch, a guidewire is advanced from the groin into 
the proximal transverse arch. Intravascular ultrasound is performed to identify the 
dissection anatomy and confirm true-lumen wire placement. Exchange for a stiff 
guidewire will serve as a rail for FET deployment into the true lumen. Transesophageal 
echo and fluoroscopy may be used as adjuncts to assess wire positioning, but do not 
supplant the need for IVUS to prevent a wire path that could traverse multiple 
fenestrations.

In acute aortic dissection, the authors will employ a “shaggy aorta” protocol for 
cerebral perfusion consisting of a 3-min period of RCP followed by subsequent 
ACP for the remaining duration of systemic circulatory arrest. The sequential com-
bination of both cerebral perfusion adjuncts aims to optimize cerebral hypothermia, 
provide a short period of deairing and flushing of potential emboli, and sufficient 
oxygen and metabolite delivery. Arterial line management for both hemiarch and 
total arch operations utilizing the “shaggy aorta” protocol are shown in Fig. 5.

During systemic circulatory arrest, the aortic arch is transected and the Buffalo 
trunk graft-stent graft construct is advanced into the proximal descending thoracic 
aorta antegrade over the guidewire. The stent graft is released from the construct 
and further advanced until the proximal edge is flush with the cut edge of the divided 
aorta. An external felt strip, the aortic wall, the surgical graft, and the proximal end 
of the stent graft are incorporated in a single running external suture line comprising 
the distal anastomosis. Systemic circulation is recommenced though the perfusion 
limb of the aortic graft. The left subclavian artery and the separate branched graft to 
the innominate artery and LCCA are anastomosed to the aortic graft after comple-
tion of additional procedures to the aortic root and myocardial reperfusion. The 
completed arch replacement is shown in Fig. 6.

 Pharmacological Neuroprotection

Various pharmacologic agents have been evaluated for their neuroprotective proper-
ties with regard to aortic surgery. These drugs act through a range of mechanisms 
which include the following categories: cardiovascular modulators, anti- 
inflammatories and immunomodulators, antioxidants, anti-apoptotic agents, drugs 
reducing neuronal excitotoxicity, drugs that reduce metabolic demand, and osmotic 
agents or diuretics to reduce tissue swelling. The literature on pharmacological neu-
roprotection is vast resulting in significant confusion as both agonists and inhibitors 
of certain receptors, or pathways, have demonstrated efficacy in different studies. 
For example, modulators of vascular tone can improve cerebral or spinal cord 
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perfusion by not only increasing the systemic arterial pressure, but also by decreas-
ing vascular resistance through regional collaterals. Table 2 lists several agents that 
were favored in the past, are currently applied in the clinical setting, or have dem-
onstrated neurological improvement in animal models of ischemia reperfusion 
injury [3, 31–41]. Although many agents have theoretical or anecdotal clinical 
potential, or have shown compelling results in animal models, a majority have not 
been validated by clinical trials.

In terms of cerebral pharmacological protection, modern practice has trended 
away from historically utilized agents proposed to decrease metabolic demand such 
as barbiturates or other coma-inducing agents. The contemporary goal has evolved 

a b

Fig. 5 Arterial line management for “Shaggy Aorta” protocol in hemiarch and total arch repair 
incorporating both the benefits of retrograde and antegrade cerebral pefusion. (a) For hemiarch 
replacement the ascending aorta is cannulated for institution of bypass. During cooling, the innom-
inate artery is cannulated percutaneously, and the superior vena cava is cannulated with a right- 
angle cannula—each subsequently connected to an arterial line from the bypass circuit. At the start 
of hypothermic circulatory arrest, a 3-min period of retrograde cerebral perfusion is administered 
through the superior vena cava with maintenance of antegrade cerebral perfusion through the 
innominate artery for the remainder of circulatory arrest. After completion of the distal anastomo-
sis, a side-arm on the hemiarch graft is used for reperfusion. (b) For total arch replacement the 
ascending aorta is cannulated for bypass. During cooling, innominate and left common carotid 
arteries are debranched and sewn to a multibranch graft as described in Figs. 3 and 4, and the 
superior vena cava is cannulated with a right-angle cannula—each subsequently connected to an 
arterial line from the bypass circuit. At the start of hypothermic circulatory arrest, a 3-min period 
of retrograde cerebral perfusion is administered through the superior vena cava with maintenance 
of bilateral antegrade cerebral perfusion through the branched graft sewn to the cranial vessels. 
After completion of the distal anastomosis, a side-arm on the arch graft is used for lower body 
reperfusion
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toward expeditious emergence from anesthesia to obtain a reliable neurological 
exam. With the longer acting potent sedatives, patients could potentially take days 
to rouse sufficiently to be extubated. For spinal cord protection, while institutional 
practices may vary, the clinical standard of care for both prevention and treatment 
of spinal malperfusion remains vasopressor use to increase the driving mean arterial 
pressure to improve watershed perfusion [42]. But some institutions do rely on 
intrathecal papaverine to promote local vasodilatation with potential development 
of a longer-term collateral network.

Our institutional approach to pharmacological cerebral protection for circulatory 
arrest cases includes administration of methylprednisolone 500 mg upon induction, 
followed by lidocaine 100 mg and magnesium 2 g once the patient has reached the 
target nadir temperature before initiating circulatory arrest [3, 34]. As per the table, 
the steroid limits inflammation but also acts as a free radical scavenger, while the 
lidocaine and magnesium stabilize neuronal membrane potential and reduce meta-
bolic demand. When temperature reduction alone does not sufficiently promote 
EEG silence, Propofol is bolused to reach EEG silence immediately prior to initiat-
ing HCA. The necessity of EEG silence to optimize metabolic reduction remains 
debated but it makes sense for cardiac surgeons who routinely use EKG activity as 
a marker of metabolic protection during cardiac arrest.

a b

Fig. 6 Total arch replacement using a multibranch graft sewn to the innominate and left common 
carotid arteries and the Buffalo trunk technique for frozen elephant trunk deployment and distal 
anastomotic reconstruction. (a) Here the separate arterial lines connected to the multibranch graft 
and the arch graft perfusion side-arm respectively are shown. (b) Once the patient is weaned from 
bypass, the perfusion branches are ligated with a vascular stapler
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Table 2 Pharmacologic agents for neuroprotection

Drug category Agent
Target 
effect Evidence

Used 
clinically?

Cardiovascular 
modulators

Calcium channel blockers Cerebral/
spinal

Theoretical Yes

Beta blockers Cerebral/
spinal

Retrospective Yes

Vasopressors Cerebral/
spinal

Retrospective Yes

Papaverine Spinal Retrospective Yes
Anti-inflammatory/
immunomodulatory

Steroids Cerebral/
spinal

Retrospective Yes

Cyclosporine A Cerebral/
spinal

Experimental No

Aprotonin Cerebral/
spinal

Retrospective Yes

Parecoxib Cerebral/
spinal

Experimental No

Resveratrol Cerebral/
spinal

Experimental No

Adenosine Cerebral/
spinal

Experimental No

Antioxidant Superoxide dismutase Cerebral/
spinal

Experimental No

Deferoxamine Cerebral/
spinal

Experimental No

Allopurinol Cerebral/
spinal

Experimental No

Naloxone Cerebral/
spinal

Experimental No

Ulinastatin Cerebral/
spinal

Experimental No

Anti-apoptotic Erythropoietin Cerebral/
spinal

Experimental No

Acadesine Cerebral/
spinal

Theoretical Yes

Gabapentin Cerebral/
spinal

Experimental Yes

Minocycline Cerebral/
spinal

Experimental No

Nitric oxide Cerebral/
spinal

Theoretical No

Penehyclidine Cerebral/
spinal

Experimental No

(continued)
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 Coagulopathy Management

As hypotension and anemia significantly increase the risk of neurological injury, 
appropriate management of bleeding from complex aortic intervention remains 
paramount. Unfortunately, hemostasis can be a formidable challenge in the operat-
ing room, especially with redo operations, emergencies, and in the setting of the 

Table 2 (continued)

Drug category Agent
Target 
effect Evidence

Used 
clinically?

Anti-excitotoxic Magnesium Cerebral/
spinal

Retrospective Yes

Lidocaine Cerebral/
spinal

Retrospective Yes

Ketamine Cerebral/
spinal

Experimental Yes

Remacemide Cerebral/
spinal

Retrospective Yes

Alpha 2-adrenergic agonists 
(Dexmedetomidine)

Cerebral/
spinal

Experimental Yes

Riluzole Cerebral/
spinal

Experimental No

Fructose-1,6- 
bisphosphonate

Cerebral/
spinal

Experimental No

Preconditioning Anesthetic gases 
(Isofluorane, Sevofluorane)

Cerebral/
spinal

Experimental Yes

Diazoxide Cerebral/
spinal

Experimental No

Anti-metabolic Barbiturates Cerebral/
spinal

Retrospective Yes

Phenytoin Cerebral/
spinal

Theoretical Yes

Narcotics Cerebral/
spinal

Theoretical Yes

Propofol Cerebral/
spinal

Theoretical Yes

Midazolam Cerebral/
spinal

Theoretical Yes

Anti-hyperglycemic Insulin Cerebral/
spinal

Theoretical Yes

Diuretic Mannitol Cerebral/
spinal

Retrospective Yes

Furosemide Cerebral/
spinal

Experimental Yes
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wide array of potent, irreversible anticoagulants. Potential large volume blood loss, 
hypothermia, fluid shifts, dilution from crystalloid and colloid infusions, cardiopul-
monary bypass, and hypothermia all contribute to aberrations in the coagulation 
system. These abnormalities include consumption and dilution of coagulation fac-
tors and fibrinogen, consumption and malfunction of platelets, and hyperfibrinoly-
sis [34]. Hematological and coagulation lab parameters monitored throughout the 
case are hemoglobin, platelets, INR, PTT, fibrinogen, and thromboelastometry 
(TEM) or thromboelastography (TEG) [43–46]. Particularly at the termination of 
cardiopulmonary bypass, once protamine [44–47] is administered for heparin rever-
sal, aggressive correction of coagulopathy is undertaken. At our institution, all 
patients receive tranexamic or aminocaproic acid for hyperfibrinolysis [45]. Patients 
receive packed red blood cells for hemoglobin <7, platelets for thrombocytopenia 
<100, and fresh frozen plasma for INR >1.6 [45]. While there is a desire to limit 
coagulation resuscitation only response to abnormal lab results, this is not possible 
in many aortic cases, which require preemptive correction of blood and coagulation 
deficits. For coagulation factor replacement, in addition to fresh frozen plasma, pro-
thrombin complex concentrate and recombinant factor 7a can be administered, 
though these may increase the risk of thrombosis [44]. Fibrinogen can be replaced 
with fresh frozen plasma, cryoprecipitate, or fibrinogen concentrate [34].

If patients continue with diffuse, nonsurgical bleeding despite appropriate resus-
citation, our institutional preference is to temporarily close the chest with a vacuum 
device and complete their resuscitation in the cardiothoracic intensive care unit 
rather than prolonging their time with an open chest in the operating room. The field 
is usually packed with sponges—white sponges are placed over the heart, and the 
black vaccum sponge and dressing over the top. Vacuum at 125 mmHg is applied 
and adjusted if the RV appears affected by the pressure. Once the patient has been 
adequately resuscitated in the intensive care unit, they are returned to the operating 
room in 12–24 h for formal closure or washout. Opponents of delayed sternal clo-
sure argue that the technique increases the risk of infectious complications, how-
ever, in our experience, patients temporarily left open after complex aortic operations 
have not developed any mediastinal or sternal infections. The safety of this tech-
nique has also been demonstrated in large retrospective series [48].

 Postoperative Care

In the immediate postoperative period after aortic dissection repair, patients should 
be monitored in the intensive care unit. Ongoing coagulopathy should be corrected, 
normal hemoglobin maintained, and high-normal oxygen saturation targeted. 
Appropriate volume resuscitation, preservation of adequate cardiac output with 
ionotropic support if needed, and use of vasopressors to achieve target blood pres-
sure are additional management factors in maintaining hemodynamic stability to 
prevent secondary neurological injury from inadequate perfusion. We target a sys-
tolic blood pressure of 110–140 in all patients post-dissection repair. If patients are 
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at high risk for spinal malperfusion due to their dissection anatomy or from the 
extent of thoracic aortic coverage, a mean arterial pressure of 80–100 is tar-
geted [42].

Hourly neurologic exams should be performed postoperatively. If a patient dem-
onstrates new stroke symptoms in the immediate postoperative period, we obtain 
contrasted brain imaging as soon as the patient’s hemodynamic condition allows to 
identify embolic sources of stroke that may be amenable to catheter-based interven-
tions. Concerns for spinal cord injury should prompt lumbar drain placement if not 
done preoperatively, more aggressive cerebrospinal fluid drainage as allowed by 
protocol, increased blood pressure goals (MAP 90–100) [49], and consideration of 
spinal imaging studies. Imaging studies are not helpful in the early diagnosis of 
spinal cord injury from malperfusion, but can demonstrate complications of lumbar 
drain placement. A bloody tap on insertion or unilateral symptoms should raise 
suspicion for possible epidural hematoma, rather than the bilateral motor symptoms 
seen with ischemic spinal cord injury.

 Conclusion

Neurological optimization in acute aortic syndrome can be as complex as the ana-
tomic derangements at presentation. Further, the anatomic derangements can evolve 
requiring attention to changes in both the neuromonitoring and the laboratory mark-
ers of tissue ischemia. While this requires incredible attention to detail, the reduc-
tion of neurological complications may be the most important factor in improving 
patient outcomes.
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 Introduction

Acute type A aortic dissection (ATAAD) is a surgical emergency. If left untreated, 
the mortality rate increases by 1–2% per hour after initial onset of symptoms, with 
up to a 90% 30-day mortality in the absence of surgical intervention [1–3]. In 
patients successfully treated with surgery, late survival rates are as high as 90% at 1 
and 3 years. Rapid diagnosis and early surgical treatment after initial risk assess-
ment is the standard of care for these patients. However, despite emphasis on early 
diagnosis and intervention, advancements in surgical technique, and refined periop-
erative care, surgery for ATAAD still carries an operative mortality of 10–30% in 
multiple series [4–7]. The International Registry of Aortic Dissection (IRAD) 
reports an overall surgical mortality of 25% in ATAAD, despite representing larger 
tertiary centers with expertise in aortic disease [6]. Recent data from the Society of 
Thoracic Surgeons Adult Cardiac Surgery Database (STS-ACSD) examining out-
comes for ATAAD repair in North America from 2004 to 2016 in >25,000 patients, 
which is the largest report of ATAAD repairs to date [8], found no meaningful 
improvement in 30-day/in-hospital mortality over the time interval of the study 
(19% in 2004 to 18% in 2016) [9] (Fig. 1). This lack of improvement in outcomes 
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over time has prompted increasing investigation into identification of risks of mor-
tality in ATAAD with and without repair.

Studies from IRAD have identified independent predictors of in-hospital mortal-
ity after ATAAD. These include advanced age (>70), coma and/or cerebrovascular 
accident, hypotension/shock at presentation, prior aortic valve surgery, preoperative 
left or right ventricular dysfunction, and cardiac tamponade [10, 11]. Evidence of 
malperfusion syndromes, whether neurovascular, myocardial, mesenteric or limb 
ischemia, have all been associated with increased mortality in patients after ATAAD 
repair [11, 12]. Several groups have attempted to risk stratify patients with ATAAD 
to determine whether surgery would be overwhelmingly futile, or whether delaying 
surgery for other intervention may improve outcomes [7, 11, 13–15]. In this chapter, 
we review contemporary approaches to risk stratification of ATAAD patients with a 
focus on when to delay or defer central aortic repair (Table 1).

 Patient Age, Functional Status and Co-morbid Conditions

With an aging population, several studies have investigated the increased risk of 
cardiac surgery in elderly patients [1, 16, 17]. Many of these patients have signifi-
cant functional limitations and co-morbid conditions. In the acute setting, like with 
ATAAD, full assessment of frailty may be quite limited. Though age has been 
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Fig. 1 Data from the Society of Thoracic Surgeons Adult Cardiac Surgery Database examining 
outcomes for ATAAD repair in North America demonstrates no meaningful improvement in 
30-day mortality over time [8]

A. A. Sabe et al.



521

shown to increase the risk of aortic surgery, there is no convincing evidence that an 
age-based cutoff should be used for ATAAD repair. Many relatively healthy octoge-
narians and nonagenarians have been reported to do very well after ATAAD repair 
[18, 19]. However, frailty and non-elective cardiac surgery have been demonstrated 
to be independent predictors of risk in proximal aortic surgery [20, 21].

Elderly patients frequently have comorbid conditions that increase their risk of 
elective surgery and, in the emergent setting, may make their surgical risk prohibi-
tive. Octogenarians, in particular, carry a high morbidity and mortality rate when 
undergoing surgical treatment of ATAAD [22] (Fig. 2). It is especially important to 
evaluate the overall functional status and comorbid conditions of these patients 
when making the decision whether to operate. Several comorbid conditions includ-
ing prior cerebrovascular disease, cardiac disease, and severe chronic lung disease 
have been shown to be independent predictors for 30-day mortality after ATAAD 
repair [8, 23]. An elderly patient on hemodialysis, or who is wheelchair bound, or 
who suffers from dementia, or who is living in a skilled nursing facility, poses a 
significant mortality risk in the setting of surgery for ATAAD. It is very reasonable 
to medically manage selected geriatric patients as the overall long term survival 
between surgery and medical management does not differ [22] (Fig. 3). Whether or 
not surgery is undertaken in this high-risk population, the patient and their family 

Table 1 Considerations for potential delay or deferment of emergent type A aortic dissection repair

Advanced Age
Functional Status including Frailty and Dementia
Co-morbid Conditions
Patient Directed Goals of Care
Visceral and Extremity Malperfusion and Malperfusion syndromes
Cerebral Malperfusion and Major Brain Injury
Prior Cardiac Surgery and Redo Sternotomy
Direct Oral Anticoagulants
Patients Refusing Blood Products
Type A Intramural Hematoma (IMH)
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Fig. 2 Actuarial survival 
of octogenarians suffering 
from ATAAD compared 
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should be clearly counseled on “best-case” and “worst-case” scenarios. In a VA 
study evaluating 95,204 patients who underwent high risk surgery, only 770 (0.8%) 
received a palliative care consultation before surgery. Of all the patients who died 
within 90 days, 29.9% had received a palliative care consultation, with 5.6% having 
received consultation before surgery. Families of the decedents reported an overall 
significant increased satisfaction with end-of-life care, communication and support 
[24]. While challenging in the acute care setting, goals of care should always be 
carefully considered, particularly in geriatric patients.

 Malperfusion and Malperfusion Syndromes

Malperfusion is commonly seen in ATAAD, occurring in 16–33% of patients [1]. 
Although one of the goals of proximal aortic replacement in the setting of ATAAD 
is to restore perfusion to the true lumen, success is variable as distal re-entry tears 
in the arch or thoracoabdominal aorta may result in persistent dynamic or static 
malperfusion despite resection of the proximal entry primary tear. Though the 
mechanisms and locations are variable, clinically apparent malperfusion of any kind 
is associated with a higher mortality rate. Mesenteric malperfusion syndrome in the 
setting of acute aortic dissection is particularly lethal and has a reported mortality 
rate of 60% or higher in multiple series. Even with early intervention, the mortality 
rate in these patients is still up to 42% [25]. In a retrospective review, Lawton et al. 
demonstrated that patients with malperfusion and severe acidosis (base deficit >10) 
had an operative mortality of 92%. There were no survivors when this acidosis was 
secondary to abdominal organ malperfusion [13].
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Many groups have adopted treatment algorithms which delay operative repair of 
the proximal aorta in the setting of malperfusion with end-organ dysfunction [7, 13, 
26]. Clearly defining and differentiating malperfusion alone from a “malperfusion 
syndrome” (MPS) is critical in optimizing treatment. Malperfusion is defined as 
“inadequate blood flow to the end organs because of dissection related obstruction 
of the aorta and its branches” whereas MPS is defined as “tissue necrosis and fail-
ure of vital organs (such as viscera or lower extremity) secondary to late-stage 
malperfusion” [26, 27]. As such, the diagnosis of MPS requires both clinical fea-
tures (e.g., abdominal pain, tenderness, oliguria or anuria, extremity motor or sen-
sory neurovascular deficits, focal neurologic deficits) and laboratory features (e.g., 
elevated lactate, serum creatinine, liver or pancreatic enzymes, creatinine kinase) 
[27] indicative of end-organ ischemia.

In 1997, Deeb et al. at the University of Michigan described their novel and highly 
controversial (at the time) strategy of operative delay for patients with MPS from 
ATAAD. This landmark study compared an historic cohort managed with immediate 
proximal aortic repair with a cohort managed with initial selective percutaneous 
intervention, primarily transcatheter fenestration of the dissection membrane to 
restore true lumen perfusion with or without branch vessel stenting, for MPS fol-
lowed by delayed operative repair after resolution of malperfusion injury. The his-
toric cohort managed with initial central aortic repair had an in-hospital mortality 
rate of 89% compared to a mortality rate of 25% for the group managed with delayed 
repair after restoring end-organ perfusion (P = 0.003). These results helped inform 
their group and others to adopt a consistent strategy, referred to as the “complication-
specific approach”, of correcting “significant end-organ malperfusion” prior to 
definitive surgical repair of ATAAD. Using this prospectively applied protocol over 
the next decade, Deeb et al demonstrated a 95% success rate in reperfusing malper-
fused vascular beds percutaneously [28]. Addressing significant MPS in a staged 
fashion, with a TEVAR first strategy to re-expand a compressed distal true lumen 
followed by delayed type A repair, has been successful in select patients and likely is 
superior to fenestration-based strategies for restoring true lumen flow [29, 30].

Over the years, this complication-specific approach has been refined and the 
University of Michigan group, along with others, have developed an algorithm for 
endovascular revascularization followed by delayed open repair in patients with 
MPS and no aortic rupture or cardiac tamponade (Fig. 4). A more recent study from 
the Michigan group evaluated outcomes over two decades using the aforementioned 
algorithm of endovascular reperfusion with delayed open repair compared with 
expected outcomes of an “upfront OR for every patient approach” using prognostic 
models from the literature [27]. In patients with MPS initially treated with fenestra-
tion/stenting, mortality from aortic rupture decreased from the first to second 
decades from 16 to 4% (P = 0.05). Notably, the risk of dying from organ failure was 
6.6 times higher than the risk of death from aortic rupture (hazard ratio = 6.63; 95% 
CI, 1.5–29; P = 0.01) [27].

MPS presents a particular challenge and carries a high risk of morbidity and 
mortality. We emphasize the importance of careful patient selection when determin-
ing operative intervention in ATAAD with associated MPS. It is critical to highlight 
the difference between a dissection resulting in malperfusion based on imaging 
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findings alone (so-called “radiographic only” malperfusion), and MPS where there 
is additional clinical and laboratory evidence of end-organ ischemia [31]. 
Importantly, otherwise operative patients presenting with ATAAD and radiographic 
concern for malperfusion, but without clear evidence of resultant end-organ dys-
function, are still best treated with immediate repair of the ATAAD. In patients with 
true MPS who are otherwise operative candidates, we recommend delayed repair of 
the ATAAD after reversing clinically apparent mesenteric or limb MPS. These rec-
ommendations assume institutional capability to provide early endovascular reper-
fusion as necessary. Otherwise, in these high-risk patients with MPS and no evidence 
of tamponade, immediate transfer to another institution may be the best approach [32].

 Cerebral Malperfusion

Cerebral malperfusion (CM) occurs in up to 15% of patients with ATAAD [33, 34] 
and poses a significant challenge in the emergent treatment of these patients. 
Hemorrhagic conversion of an ischemic insult while on cardiopulmonary bypass is 
of real concern and determining the appropriate patients for immediate surgery is a 
dilemma [35, 36]. Patients with CM have high rates of short-term mortality, report-
edly as high as 50%, and very poor survival rates at 10 years [37]. Despite this, 
several studies have demonstrated that early intervention in patients with CM 
resulted in improved hospital mortality and significant neurologic recovery [14, 33, 
38, 39]. An IRAD study evaluating 2402 patients who underwent surgery for 
ATAAD found 362 (15.1%) presented with CM. Patients with CM who underwent 
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clinical decision making in 
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surgery for ATAAD had a higher incidence of postoperative cerebrovascular acci-
dent (17.5% vs. 7.2%, P < 0.001), higher incidence of acute kidney injury (28.3% 
vs 18.1%, P  <  0.001), and higher in-hospital mortality than those without CM 
undergoing surgery (25.7% vs. 12%, P < 0.001) [34]. Although this study lacks data 
on long-term outcomes, the authors concluded that select patients with ATAAD and 
CM can undergo surgery with a hospital survival rate as high as 75% [34, 40]. An 
earlier observational study demonstrated select patients with CM and either CVA or 
coma who underwent surgery for ATAAD had 5-year mortality of 27% and 44%, 
respectively, as compared with a 76 and 100% mortality with medical management 
for either cohort. Moreover, 84% of patients with CVA and 79% of patients present-
ing with coma had reversal of brain injury after undergoing surgery [41] (Fig. 5). A 
more recent report combining data from three centers identified 1600 patients who 
underwent ATAAD repair, of which 150 had presented with a preoperative neuro-
logic deficit. Of these patients, 62% had no to moderate postoperative neurologic 
deficits. Notably, patient age (odds ratio 1.041; P = 0.02) and history of prior stroke 
(odds ratio 2.651; P = 0.03) were predictive of poor clinical outcome, while present-
ing with coma was not. Hemorrhagic conversion occurred in only seven patients and 
no independent predictors were identified [42].

Similar to other cases of ATAAD, patients with ATAAD and CM who undergo 
surgery should be carefully selected by an experienced team based on age, frailty, 
comorbidities, tamponade, and extent of other malperfusion syndromes. In addition, 
patients with CM require special consideration with evaluation of extent and loca-
tion of stroke, hemorrhagic conversion/risk for hemorrhagic conversion, symptom 
duration, and coma. Preoperative cerebral imaging can aid clinical prognostication, 
as demonstration of a large infarct or occluded internal carotid artery may predict a 
worse neurologic outcome [42, 43]. When experienced clinical evaluation otherwise 
portends a favorable prognosis in ATAAD with CM, early surgery may be performed 
with reasonable rates of survival and reversal of cerebral ischemia, including patients 
presenting with coma. Ultimately, this is an evolving realm and given recent data, 
including case reports describing potential advances in percutaneous intervention 
prior to surgery, cases should be considered a case-by-case basis [42, 44].

 ATAAD in Patients with Prior Cardiac Surgery

Several studies have investigated operative risk for ATAAD repair after prior cardiac 
surgery [45–48]. A single center review from the University of Michigan of 545 
patients who underwent ATAAD repair between July, 1996 and January, 2017 found 
no significant difference in 30-day major morbidity or mortality in the 50 patients 
who had previous cardiac surgery as compared to the other 495 patients [49]. A 
recent review of the STS-ACSD identified 1332 patients who underwent surgery for 
ATAAD, of whom 138 (10.4%) had a prior sternotomy. Patients who underwent 
redo-sternotomy for ATAAD repair had a significantly higher operative mortality 
(28% vs. 15%, P < 0.01) with a longer length of stay (13 vs. 10 days, P < 0.02) than 
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primary sternotomy patients. Although not reaching statistical significance, there 
was a trend towards decreased operative mortality for redo patients at high-volume 
centers (25.7% vs. 37.9%, P  =  0.19). These studies suggest that patients with 
ATAAD and prior cardiac surgery should be carefully selected for operative repair, 
and perhaps centralized to higher volume centers [50].

 Direct Oral Anticoagulants (DOACs)

Increased use of DOACs without a rapid, sustained reversal agent poses a particular 
challenge in patients with ATAAD [51]. There is a paucity of literature on patients 
with ATAAD on DOACs, and no consensus on how to manage these patients.

Antidotes for specific DOAC’s have been approved in recent years. Idarucizumab 
is approved as a reversal agent for dabigitran, and andexenat alfa is approved as a 
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reversal agent for rivaroxaban and apixaban. Idarucizumab, a monoclonal antibody 
fragment, has been given prior to heart transplant with good effect in a small case 
series [52]. Andexanet alfa acts as a factor Xa decoy, thus significantly reducing (but 
not eliminating) anticoagulant activity by binding and sequestering apixaban and 
rivaroxaban. Its use in the setting of emergent cardiac surgery, particularly with 
cardiopulmonary bypass, has been described in case reports but requires further 
investigation [53]. It is important to note that andexanet alfa reverses factor Xa 
inhibitor levels for ~2–3 h, after which levels return back to baseline [54, 55].

We recommend a multimodal approach in select patients requiring emergent sur-
gery for ATAAD on DOACs. The patient’s other risk factors for surgery and planned 
extent of operation (i.e. root versus supracoronary ascending replacement and hemi- 
versus total arch) should be carefully considered, as should other known risk factors 
for bleeding in proximal aortic repair (Table 2) [56]. Depending on institutional 
capability, initial options include delayed surgical repair until half-life clearance of 
the agent based on timing alone, global coagulation assay, thromboelastometry 
assays, or preferably direct measurements of anti-factor Xa levels. Post cardiopul-
monary bypass options to treat coagulopathy include use of antifibrinolytics, stan-
dard blood products such as platelets, fresh frozen plasma, and cryoprecipitate, as 
well as recombinant hemostatic factors such as prothrombin complex concentrate 
[57], activated factor VIIa [58], human fibrinogen concentrate [59], and thoughtful 
administration of anti Xa antidotes as discussed earlier [60, 61].

 Patients Refusing Blood Products

A patient’s refusal to receive transfusion of blood and/or blood products may pres-
ent a rare but difficult dilemma in patients with ATAAD. In particular, many mem-
bers of the Jehovah’s Witness community will not accept transfusion. Favorable 
outcomes have been demonstrated in studies of Jehovah’s Witness patients under-
going elective cardiac surgery with appropriate preoperative planning [62, 63]. 
Unfortunately, the emergent nature of ATAAD, frequent need for circulatory arrest 
with systemic hypothermia, as well as near universal need for blood products pres-
ents a rare and difficult dilemma. For example, STS-ACSD data on 2982 patients 
undergoing surgical repair of ATAAD between 7/2011 and 9/2012 demonstrated a 

Table 2 Predictors of massive transfusion in thoracic aortic procedures requiring hypothermic 
circulatory arrest (logistic regression model) [56]

Variable
Odds 
ratio

95% Wald confidence 
interval

Predictor P 
value

Preoperative hemoglobin (per 1-g/dL 
increment)

0.543 0.428–0.688 <0.0001

Cardiopulmonary bypass time (per 10-min 
increase)

1.15 1.05–1.26 0.0026

Emergency case status 4.02 1.532–10.553 0.0047
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median blood product requirement of 5 units packed red blood cells, 4 units fresh 
frozen plasma, 1 unit of cryoprecipitate, and 3 units of platelets following surgical 
repair [64]. It is paramount, therefore, to have a clear, detailed discussion with the 
individual patient and/or their health care proxy. One must not assume that any 
individual will uniformly refuse transfusion of any blood products until properly 
counseled on the gravity of their refusal. Furthermore, treatment with purified pro-
teins derived from plasma is acceptable to many patients [65]. Options which may 
be acceptable to patients include treatment with albumin, activated factor VIIa, 
factor eight inhibitor bypass activity (FEIBA), prothrombin complex concentrate, 
and human fibrinogen concentrate as detailed above [66]. Though minimal data 
exists regarding patients refusing blood transfusion with ATAAD, for select patients 
who do undergo surgery consideration should be given to limiting the scope of 
operation to the extent possible with avoidance of prolonged cardiopulmonary 
bypass times and deep cooling, strict attention to surgical hemostasis, liberal use of 
recombinant hemostatic factors to facilitate clotting, and vigilant postoperative 
blood pressure control with early return to the operating room for surgical control 
of bleeding [67].

 Intramural Hematoma

Intramural hematoma (IMH) and acute aortic dissection present similarly and are 
often indistinguishable based on clinical findings alone. Differentiating the two 
requires contrasted and non-contrasted imaging of the aorta. IMH is relatively less 
common when compared with true aortic dissection with patent false lumen. An 
IRAD review of 1010 patients with acute aortic syndrome identified only 58 patients 
(5.7%) with IMH [68], although IMH appears to be more common in series from 
the Far East as compared to the West [69].

Given the lack of data, treatment strategies for acute Type A aortic IMH have 
been controversial. Traditionally, acute Type A aortic IMH was treated similarly 
to ATAAD, with early operative intervention. This is based on early experience in 
small patient populations demonstrating poor outcomes in patients with ascending 
aortic IMH [70]. More recently, larger studies have challenged this approach, and 
the treatment paradigm has evolved. Several centers have demonstrated success 
with medical management of select patients with acute ascending aortic IMH 
[71]. Though further studies are needed, based on current data, high risk patients 
with acute ascending IMH can be initially treated medically if hemodynamically 
stable, without refractory pain, with no evidence of tamponade or periaortic hema-
toma, and an aortic diameter < 5 cm [72]. A review of the IRAD database, although 
the patient numbers were small, demonstrated more favorable outcomes with 
medical management of IMH involving the aortic arch as compared with the more 
proximal ascending aorta [68]. High risk patients treated expectantly should 
undergo standard interval imaging and follow-up to evaluate for progression or 
resolution.
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 Alternative Management

It is important to underscore variable approaches to ATAAD repair. Clinical judge-
ment is paramount in determining the extent of surgical repair. For instance, alterna-
tive strategies to cooling have been employed with excellent success. Patients in 
general may benefit from moderate hypothermia as opposed to deep hypothermic 
arrest. As discussed earlier, this may be particularly important in patients refusing 
transfusion of blood products, although data regarding the impact of the degree of 
hypothermia on bleeding outcomes has been mixed with several studies showing no 
difference in transfusion outcomes between deep and moderate hypothermia strate-
gies [73]. Hemiarch replacement without circulatory arrest has also been described 
with favorable results [74], although larger studies are needed to evaluate the benefit 
of this method. Less aggressive surgical approaches, like an ascending aortic 
replacement instead of a hemiarch or partial/total arch replacement, have also been 
performed. However, a recent STS database study found patients who underwent 
ascending aortic replacement alone had a significantly higher 30-day mortality rate 
compared with those who underwent hemiarch replacement (19.1% vs. 16.3%, 
P = 0.001), but a lower 30-day mortality when compared with patients who had a 
total arch replacement (19.1% vs. 26.9%, P < 0.001) [8]. These subgroup analyses 
must be interpreted carefully as institutional and individual experience and surgical 
technique, including use of circulatory arrest and cannulation strategies, vary widely 
and may affect outcomes. Aortic dissection involving the arch branch vessels does 
not necessitate a zone 1/2/3 arch replacement, and a hemiarch alone is frequently 
sufficient [75]. Similarly, in dissections involving the aortic root, surgeons should 
use their judgement and experience prior to attempting a valve-sparing root surgery. 
Further, in a large proportion of patients with ATAAD, valve resuspension with neo- 
media sinus of Valsalva repair provides a durable long-term option [76]. Root 
replacement may be a better alternative compared with valve-sparing root surgery, 
particularly in patients who may not tolerate a prolonged cross clamp time and 
potential need to re-arrest the heart in the event of failure of a valve-preserving 
approach.

As discussed, clinical determination of patient operability is multifactorial. In 
patients who are at extreme or prohibitive risk for surgery, investigational and off- 
label use of thoracic endovascular aortic repair (TEVAR) in the ascending aorta has 
been applied. Despite being a higher risk patient population, small studies have 
demonstrated promising results in select patients [77, 78]. Studies have demon-
strated good technical success, early mortality rates below 15%, and relatively low 
aorta-related mortality rates in the long term [79–81]. Finally, recent data from the 
IRAD database demonstrates that definitive medical management may be a reason-
able option in certain high-risk patients, with 30-day survival rates of nearly 40% 
with medical management alone [69]. Predictors of success with medical manage-
ment in ATAAD included prior cardiac surgery and most proximal dissection extent 
limited to the ascending aorta without root involvement, among several others 
(Fig. 6) [69].
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 Conclusion

Despite advances in diagnostic imaging and surgical technique, the early morbidity 
and mortality after ATAAD remains high. Optimizing surgical outcomes requires 
thoughtful patient selection informed by predicted survival postoperatively, as well 
as patient goals of care. Timing of surgery requires a nuanced characterization of 
the severity and extent of dissection and potential reversibility of malperfusion syn-
dromes. As with other procedures in cardiac surgery, age, frailty, comorbid condi-
tions, prior surgical intervention or chest radiation, baseline functional status, 
extent of organ injury and predictive reversibility, and individual goals of care may 
deem a patient inoperable and are some of the most important predictors of out-
come [23].
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 Introduction

Acute Type A aortic dissection (ATAAD) has long been accepted as a surgical emer-
gency. However, a semi-elective approach has successfully been explored for the 
late-presenting aortic dissector. Additionally, patients with severe comorbidities, 
advanced age, prior aortic valve replacement (AVR), and those with a completed 
stroke can benefit from intentional delay or even sole medical therapy. This chapter 
will explore appropriate deviations from the “emergent surgery” rule in very 
selected patient circumstances.
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• Reasons for Delay
• Theory Behind Delay (transfer to high-volume center, multidisciplinary 

approach, daytime procedure)
• Outcomes of Delayed Approach (mortality data)

 Definitions

While a large amount of data exists on emergent surgery for acute Type A aortic 
dissection itself, there is only minimal data available regarding delayed surgery for 
this condition. Operative delay, with interval medical management, is appropriate 
only for specific patient populations.

The prime patient example is a late-presenting dissector, arriving after surviving 
the initial 48 h of dissection symptoms [1]. These patients are either diagnosed late 
or transferred late to a referral center, having already successfully surmounted the 
initial “eye of the storm” [2]. These patients have remained hemodynamically stable 
under medical management. In other cases, surgeon experience may dictate inten-
tional delay in management, as in patients with powerful morbidities or previous 
AVR (aortic valve replacement) or CABG (coronary artery bypass grafting). Other 
situations where surgical delay may be warranted will be discussed in the following 
sections.

It is also important to define the temporal phases of aortic dissection, which are 
generally subdivided into three categories. An “acute aortic dissection” extends up 
to 2 weeks from the onset of symptoms, “subacute” from 2 weeks to 3 months, and 
“chronic” beyond 3 months. The high mortality of acute aortic dissection during the 
first 24–72 h is well known, running about 1–2% per hour. However, little is known 
about the natural history and clinical implications of dissection beyond this time 
mark [3–5].

 Natural History of Acute Aortic Dissection

In order to understand the clinical implications of a delayed surgical approach, it is 
important to understand the physiology of waiting. Up until very recently, almost no 
data existed on subacute or chronic dissections, given that some 90% of patients 
with Type A dissection are treated surgically. Following surgical delay for a variety 
of reasons, aortic dissectors who have evolved to the chronic stage do reach a dura-
ble state of stability. One study showed that about 60% of those who have become 
chronic-stage survivors of Type A dissection do require surgery during follow-up; 
their surgical results are significantly better compared with the acutely operated 
cohort [6].

To review, aortic dissection occurs when an intimomedial tear allows blood to 
enter the aortic wall, subsequently creating a false lumen [3]. The false lumen then 
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propagates proximally or distally and often impairs or collapses the true lumen. 
Rapid propagation often causes rupture into the pericardial or pleural spaces. Lumen 
collapse can lead to malperfusion of organs and limbs. Most of the natural compli-
cations, such as rupture, aortic insufficiency, and organ ischemia, are expected dur-
ing the very early period.

The acute to chronic transition involves all three layers of the aortic wall, includ-
ing the tunica intima, media, and adventitia (see Table 1 and Fig. 1) [7, 8]. In the 
chronic state, the intima can become atherosclerotic and hyperplastic. The media 
can atrophy and also undergo fragmentation of elastic fibers, reducing tensile 
strength and elasticity. Medionecrosis and cystic medial necrosis progress as well. 
The adventitia is subject to inflammation and fibrosis. The fibrosis can impair the 
vasa vasorum, which are responsible for gas exchange. Mobility of the dissected 
septum tends to decrease over time, through fibrosis and gradually increasing tissue 
stiffness [9]. Some argue that this factor can adversely impact late endograft repair, 
as theoretically the less mobile septum accommodates the endograft less favorably. 
If the septum is stiff and fibrotic, the compressed true lumen is less likely to re- 
expand and obliterate the false lumen. Histologic changes correlate with imaging 
findings of thickened dissection flaps (see Table 2) [8].

Table 1 Histologic aortic grading, according to Schlatmann and Becker

Grade I Grade II Grade III

Cystic medial 
necrosis

Minute cyst present 
within a single 
lamellar unit

Increased cyst size and 
number in total width of 
one lamellar unit

Large cyst extending over 
more than one lamellar 
unit

Elastin 
fragmentation

Fewer than 5 foci in 
one micro field 
(×200), smooth 
muscle orientation 
preserved

5 or more foci 
fragmented in one field 
(×200), confluent or 
scattered media, smooth 
muscle orientation 
preserved

Foci with elastin 
fragmentation in 5+ 
elastic lamellae, regardless 
of micro field, smooth 
muscle cells altered in 
orientation

Fibrosis
(increased 
collagen)

Increase in collagen 
in area compromising 
less than 1/3rd of 
total width of media

Increase in collagen 
between 1/3rd and 2/3rds 
of total width of media

Increase collagen in area 
compromising > 2/3rd 
total width of media

Medionecrosis
(focal loss of 
nuclei in the 
media)

Area compromising 
less than 1/3rd of 
total width of media

Area compromising 
between 1/3rd and 2/3rds 
of total width of media

Area compromising 
greater than 2/3rd of total 
width of media

Atheroma Atheroma present
Vasa vasorum 
fibrosis

Fibrosis present

Inflammation Inflammation present
Intimal 
hyperplasia

Hyperplasia present

Medial atrophy Measured in mm

Reprinted with permission from [7]
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 Reasons for Surgical Delay

This chapter is in no way intended to suggest deviating from the standard of routine 
immediate surgery for acute Type A aortic dissection, which we agree constitutes a 
surgical emergency. This chapter merely means to clarify that for certain selected 
unusual patients, surgical delay may be appropriate. We cannot overemphasize the 
need for fast diagnosis and surgical repair in the early stages of dissection. Our 
knowledge of the selected role of delayed surgical therapy is based on experiences 
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Fig. 1 Histopathology changes in type A dissection over time (a) cystic medial necrosis. (b) 
Elastin fragmentation. (c) Fibrosis. (d) Medionecrosis. Note: no significant differences were seen 
in grading of cystic medial necrosis, medionecrosis, elastin fragmentation, or fibrosis between 
acute, subacute, and chronic type A dissections, with the restriction of the admittedly (and expect-
edly) low numbers of late operated type A dissection patients. Despite the lack of statistical signifi-
cance, a gradually increasing trend is grossly discernible in elastin fragmentation and medionecrosis 
over time. Refer to Table 1 for details on grading (reproduced with permission from [8])
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with both intentional and unintentional delay. For instance, much of our data extrap-
olates from patients who experienced delay in recognition of the diagnosis of acute 
aortic dissection or delay in surgical referral.

Data from the International Registry of Acute Aortic Dissection (IRAD) pub-
lished in 2011 provides an important timeline perspective. Time from hospital 
arrival to diagnosis of aortic dissection averaged 4.5 h. Time from diagnosis to sur-
gery averaged 4.8 h. This makes for a total door-to-operating room time of just over 
8 h. Longer delay from diagnosis to surgery occurred in nonwhites, those with prior 
cardiac surgery, and those without ongoing shock or hypotension [10]. These cate-
gories, in the IRAD report, are identified as needing improvement in diagnosis and 
triage. Delays were noted especially in non-tertiary centers, sites unfamiliar with 
aortic dissection [11, 12].

Several studies also note that patients hospitalized with acute aortic dissection on 
weekends may have delayed diagnosis of acute Type A dissection and its complica-
tions, leading to delay in management [12]. This is associated with short-staffing 
and absence of staff experienced with aortic dissection patients during the week-
end time.

Aside from the issues of late diagnosis and late referral to surgical centers, 
some experience has been accumulated regarding deliberate delay of surgical 
therapy. A retrospective study performed at Duke University explored the out-
comes of acute Type A aortic dissection before and after initiation of a multidisci-
plinary thoracic aortic surgery program (TASP) [13]. The program consists of CT 
surgery, vascular surgery, cardiac anesthesia, cardiovascular medicine, cardiac 
critical care, radiology, neurology, pathology, medical genetics, blood bank, nurs-
ing, and perfusionists. The CT surgeons themselves had subspecialized in thoracic 
aortic surgery. While unstable patients and those presenting within 48 h of symp-
tom onset were taken to the OR emergently, patients who were stable, asymptom-
atic, and had crossed the 48 h mark underwent preoperative evaluation. Operative 
mortality after TASP decreased dramatically, from 33.9 to 2.8%. Survival benefit 
extended to late follow- up, with survival at 5 years of 85% after TASP, versus 
55% before.

Table 2 The changes in aortic morphology and histopathology as acute dissection transitions over 
time to chronic aortic dissection

Changes in aortic morphology and histopathology from acute to chronic dissection

• Aortic diameter increases remarkably rapidly early after dissection, with a later plateau
• The dissection flap thickens early and then plateaus, straightens, and becomes less mobile
•  The false lumen patency has an adverse effect on the outcome, and mild progression of false 

lumen thrombosis is seen over time
• Longitudinal extension of dissection or new branch vessel involvement is rare
•  The aortic wall is markedly abnormal in its histological pathology initially, and becomes 

increasingly more so over time
•  Fibrosis of the aortic wall progresses over time; thus, flap thickness and stiffness (immobility) 

increase during the remodeling process

Reprinted with permission from [8]
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TASP chooses to defer surgery until daylight hours in late-presenters based on 
some literature that notes a low rate of acute decompensation or rupture in stable 
patients who present after 48 h from onset of symptoms [13, 14]. The proportion of 
cases initiated at night decreased from 48 to 29% after the onset of TASP. Emergent 
cases decreased from 89 to 75%. Despite these observations, clinically emergent 
cases are performed immediately.

Several groups have demonstrated superior outcomes with intentional delay for 
acute strokes complicating acute Type A aortic dissection. Acute stroke serves as 
another reason intentional delay may be elected. A completed stroke may be noted 
at presentation or at arrival to the referral center. A case series out of Japan con-
cluded that intentional surgical delay and medical observation are useful for patients 
who present with both aortic dissection and cerebral infarct [15] (See Fig. 2). Blood 
flow reestablishment in the area of infarct or administration of anticoagulation dur-
ing cardiopulmonary bypass may worsen the clinical picture due to hemorrhagic 
conversion and possible brain edema and/or herniation. This topic of stroke and 
acute Type A dissection remains controversial, as Estrera and colleagues have advo-
cated for immediate repair of acute Type A aortic dissection in the setting of stroke. 
They have not noted neurological devastation due to early surgery in the face of 
acute stroke. However, they do note that patient approach should be individualized, 
with surgeon-dependent decision making [16]. While we advise for the standard 
emergent approach for an evolving stroke, delay should be considered for a com-
pleted acute cerebral event [2, 17].

Intentional delay of surgery may also appropriately be made due to acute dissec-
tion while on anticoagulation. Good clinical outcomes have been demonstrated with 
delay to permit dissipation of novel direct-acting anticoagulants (DOACs) [18].

a b

Fig. 2 (a) Brain CT scan demonstrating multiple low-density infarctions in the right hemisphere, 
with moderate cerebral edema. (b) Arch angiogram of the same patient, demonstrating impaired 
flow through the right carotid artery as a result of the dissection process. It was thought that imme-
diate surgical intervention was not appropriate in the acute phase of the dissection. Interval medi-
cal management was undertaken, with eventual aortic replacement 3 months after initial 
presentation (reproduced with permission [15])
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Although numerous groups including ours have demonstrated positive outcomes 
with surgical delay of surgery for acute Type A dissection in selected patients, some 
groups argue against this approach. A group out of Japan notes that, as opposed to a 
medical management mortality of about 59%, operative mortality was about 49% 
even in the high-risk patients with potential reasons for surgical delay. Higher mor-
tality in the medical group was attributed directly to operative delay. Notably, 
patients in the medical group were somewhat older (62 vs. 58 years old), with over 
70% history of hypertension (often longstanding), and more common incidence of 
left ventricular hypertrophy compared to those who underwent surgical manage-
ment [19]. Another Japanese study indicates poor long-term survival in those under-
going a delayed operative approach, with cause of death attributed to rupture of 
aneurysms [20].

Table 3 lists reasons for pursuing intentional surgical delay in acute Type A aor-
tic dissection [6].

 Experience with Intentional Surgical Delay

Importance of Medical Management with Anti-impulse Therapy Medical man-
agement involves the well-known anti-impulse therapy, which is instituted immedi-
ately and continued during the interval of non-operative therapy. The concept of 
anti-impulse therapy is to decrease the strength of each cardiac contraction, to 
inhibit and discourage propagation of the dissection and aortic rupture. The impact 
of anti-impulse therapy is indicated in Fig. 3 [21]. Please note that afterload reduc-
tion alone actually increases the dp/dt (change in pressure over time), exacerbating 

Table 3 Subset analysis of reason for delay or avoidance of surgery in “group A”—cohort of 
patients with surgical delay of >48 h after initial symptom onset or sole medical therapy. “Group 
A” consisted of 93 patients which was further subdivided into 53 patients who ultimately underwent 
operative repair and 40 who did not. Percentages may not sum to 100, as some patients had 
multiple reasons for delay

Variable

Group A > 48 h to surgery (all patients)
p 
Value

Eventual surgery, n 
(%)

Medical management, n 
(%)

Unknown 1 (1.9) 11 (28.2) 0.0002
Delay in diagnosis 27 (50.9) 7 (18.0) 0.0012
Overall medical condition 16 (29.4) 7 (18.0) 0.7374
Subacute dissection 6 (11.3) 2 (5.1) 0.2975
Chronic obstructive pulmonary 
disease

2 (3.8) 3 (7.7) 0.4126

Acute renal failure 0 (0.0) 1 (2.6) 0.2411
Congestive heart failure 3 (5.7) 2 (5.1) 0.9114
Cerebrovascular accident 1 (1.9) 3 (7.7) 0.1772
Patient refusal 4 (7.6) 2 (5.1) 0.6424
Other 10 (18.9) 4 (10.3) 0.2558

Reprinted with permission from [6]
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the adverse impact on the aorta. A β-blocker is essential, in addition to afterload 
reducers, to blunt the aortic pressure wave. So, anti-impulse therapy involves both 
afterload reducers and B-blockers. Table 4 shows drugs that can be utilized in anti- 
impulse therapy [21].

Delay Until Morning in Stable Patients Presenting Beyond 48 h Multiple groups 
have documented the relative benefit of not taking the patient to the OR in the 
middle of the night if they are late-presenters (beyond 48 h) [6]. Theoretical benefits 
to support the practice of waiting until AM include having a rested surgical and 
anesthetic team, completion of thorough pre-operative evaluation, and presence of 
a full, high-quality ancillary operating room team. As these patients have survived 
the “eye of the storm” it has been found unlikely that they will rupture before the 
first morning surgical timeslot [2, 6]. We have published this data to provide a modi-
cum of legal protection for surgeons waiting until morning.

Non-operative Therapy for Octogenarians Advanced age and severe comorbidi-
ties can certainly impact the decision of many surgeons. We have shown that late- 
presenters in this group can have acceptable outcomes if surgery is delayed to 
address comorbidities or not performed at all. For instance, data demonstrates that 
emergent Type A aortic dissection surgery in octogenarians is associated with rela-
tively high intraoperative and perioperative mortality. Even though immediate post- 
surgical survival may be better, long-term survival does not differ between medical 
and surgical patients in this advanced age group [2, 22].

Fig. 3 Aortic pressure curves under various conditions. Curve (a) demonstrates administration of 
a vasodilator agent such as nitroprusside, curve (b) baseline state, and curve (c) Beta-blocker 
administration. Curves (a, b) show significant decrease in blood pressure and acceleration in heart 
rate at the expense of the steeper portion of the ascending curve (increased dp/dt). Curve (c) shows 
that although the degree of pressure lowering is usually smaller, the characteristic negative chro-
notropy and inotropy result in a blunted upstroke of the blood pressure curve, representing 
decreased impulse and dp/dt (reproduced with permission from [29])
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Table 5 presents a list of reasons for delay or avoidance of surgery in a cohort of 
patients from a Yale study. Patients divided into one group with definitive operative 
management post the 48-h mark or another group with sole medical management 
shared similar postoperative outcomes [6].

Delay in Surgery in Cases with Prior AVR In prior years, many patients who 
underwent aortic valve replacement (AVR) did not undergo concomitant resec-
tion of a dilated aorta. More recently, with the recognition of the relationship 
between bicuspid aortic valve and ascending aortopathy, aortic resection is rec-
ommended for anyone undergoing elective aortic valve replacement with a mod-
erately dilated aorta (greater than 4.5 cm) [23]. Given this fact, we believe that 
patients who present with acute Type A aortic dissection late after prior AVR can 
be operated in a delayed fashion, waiting for morning in most cases [2]. The prior 
AVR provides a certain degree of protection due to the prosthetic valve, as the 
biologic or mechanical replacement valve is not vulnerable to dissection-related 
aortic insufficiency. The prior surgery itself produces dense periaortic adhesions, 
which likely discourage free rupture. Also, the dissection process cannot cross 
the aortotomy suture line, thereby protecting the right coronary artery (RCA) 
from dissection. These mitigating anatomic factors are schematized in Fig.  4. 
The behavior of these post-AVR patients resembles those with a Type B aortic 
dissection, often permitting a conveniently timed or even semi-elective surgical 
approach [2].

Delay in Surgery in Cases with Prior CABG Type A aortic dissection in patients 
with prior remote coronary artery bypass (CABG) represents a very serious situ-
ation. We sometimes cautiously delay surgery for a high-quality computerized 
tomographic scan (CT) to delineate the anatomy of the grafts. It is quite important 
to know which veins are open and to note the exact position of the internal mam-
mary artery (IMA) graft. Some of the mitigating anatomic factors mentioned 
above for the post-AVR setting apply to the post-CABG setting and are dia-
grammed in Fig. 5. The adhesions from the prior surgery may provide a modicum 
of protection from free rupture of the ascending aorta. The proximal anastomoses 
may “tether” the dissections somewhat, inhibiting completely free propaga-
tion [24].

Table 5 List of reasons for intentional surgical delay of acute type A aortic dissection
Reasons for intentional surgical delay of acute type A aortic dissection

• Presentation beyond 48-h mark
• Optimization of comorbidities
• Completed stroke
• Transfer to a multidisciplinary center
• Prior AVR

Reprinted with permission from [2]
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 Outcomes of a Delayed Surgical Approach

Permanent Non-operative Management In terms of permanent non-operative man-
agement, IRAD data estimates surgically managed acute Type A aortic dissection 
mortality to be about 26%, compared to medically managed patients whose early 
mortality is 58% [14]. We recommend early operative management as a general pol-
icy, with short-interval non-operative management reserved for patients presenting 
more than 48 h after onset of pain. We recommend permanent non-operative therapy 
only for select patients groups with extremely advanced age or profound 
comorbidities.

Short-Interval Delayed Surgical Therapy Several studies demonstrated satisfac-
tory survival for patients undergoing short-interval delayed surgical treatment for 

Type A Aortic
Dissection Post AVR

2

1

1

3

3

Prosthetic
valve

Right
coronary
artery

1. Dissection will not cross a suture line,
    so Right coronary artery is protected.

2. Aortic insuficiency is eliminated due
    to the prostethic valve

3. Peri-aortic adhesions, resulted from previous surgery,
    protect against free repture of the aorta.

Fig. 4 The prior AVR provides a degree of protection due to the prosthetic valve, as the biologic 
or mechanical replacement valve is not vulnerable to dissection-related aortic insufficiency. The 
prior surgery itself produces dense periaortic adhesions, which likely discourage free rupture. The 
dissection process cannot cross the aortotomy suture line, thereby protecting the right coronary 
artery (RCA) from dissection (reproduced with permission from [2])
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acute Type A aortic dissection. One of our studies of high-risk patients with substan-
tial comorbidities had a mean time period between dissection and surgical interven-
tion of about 11 days (see Fig. 6) [25]. All who had a delay in treatment with interval 
medical therapy survived to reach definitive operation. There was no significant 
difference in short-term survival between the group undergoing delayed surgery and 
early operation [3, 25].

Another one of our patient series included 42 patients who underwent surgical 
repair of Type A dissection after the 48-h mark with 1-year survival of over 88%; 
5-year survival was over 70%, which was significantly higher compared to patients 
who did not undergo eventual repair [1]. We underscore that this management strat-
egy is pertinent only to select patients who survived the first 48-h from dissection 
onset and presented substantial comorbidities that required optimization. These 
select patients can potentially be managed via semi-elective operation. Patients who 
underwent this operative strategy generally had more comorbidities (which is one of 
reasons some of these patients undergo intentional delay) without significant differ-
ence in survival rates compared to emergent cases. Patients undergoing semi- 
elective operation also tended toward improved long-term survival despite higher 
rates of comorbidities. Figures 7 and 8 illustrate survival comparisons for groups 
with immediate vs. delayed surgical approach as well as comparison with medical 
treatment.

Malperfusion Malperfusion (usually of legs or viscera) is a very serious presenting 
symptom and essentially rules out any delay in surgery. In our recent experience, 
although there was no significant difference in early or midterm outcomes for 

Completed CABG

POST-CABG

Saphenous
vein grafts

Internal
thoracic
artery

Occlusion in
marginal
circumflex
artery

Occlusion in
left anterior
descending
(LAD) artery

Occlusion in
right coronary
artery (RCA)

Fig. 5 Type A aortic 
dissection patients with 
prior remote coronary 
artery bypass (CABG) 
present a serious challenge. 
Surgery is at times delayed 
in pursuit of a high-quality 
computerized tomographic 
scan (CT) to delineate the 
anatomy of the grafts to 
know which veins are open 
and to note the exact 
position of the internal 
mammary artery (IMA) 
graft. Some of the 
mitigating anatomic factors 
mentioned above for the 
post-AVR setting apply to 
the post-CABG setting

Delayed Surgery for Acute Aortic Dissection



548

75 Total Patients

41 Patients
Underwent

Urgent Operation

8 Patients
Died in
Hospital

33 Patients
Survived

Initial Operation

1 Patients Died
After Interval

Surgery

18 Patients 
were

Discharged

Reasons for Medical Management
6 Patients Refused

4 Patients Misdiagnosed, and
5 Had Extensive Comorbidities

3 Patients Died in Hospital 12 Patients were Discharged

1 Patient Died After Discharges:
Questionable Extension

of Dissection
11 Patients Alive

Comobidities Included
severe COPD in 3;

ARF and Emcrphalopathy in 1; and
Ongoing Cardiac Ischemia in 1

19 Patients Underwent
interval Operation

> 48 in After initial Dissection

15 Patients
were

Treated Medically

Fig. 6 Outcome of all patients treated for acute type A aortic dissection. The three main branch 
points represent, respectively, those patients treated with urgent surgery, patients undergoing 
delayed operation, and those undergoing exclusively medical management. ARF, acute renal fail-
ure; COPD, chronic obstructive pulmonary disease (reproduced with permission from [25])

100%

90%

80%

70%

60%

50%

40%

30%

20%

Group A-Delayed Repair

Group B-Immediate Repair

10%

0%
0

# At Risk
Group A 49 39 24 19 11 8
Group B 90 51 32 24 19 11

2 4
Years

6 8 10

Fig. 7 Kaplan-Meier cumulative survival after operative repair. Ten-year survival is illustrated for 
patients undergoing operation as a function of the timing of repair. Survival is equivalent between 
Group A (delayed repair, dark line) and group B (immediate repair, gray line; p = 0.3669) (repro-
duced with permission from [6])
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patients with and without malperfusion, those with malperfusion were taken to the 
OR more rapidly [26]. The Michigan group (and others) have recently argued that 
patients with Acute Type A dissection and malperfusion should first undergo percu-
taneous reperfusion, with surgery delayed until reperfusion injury resolves [10, 27, 
28]. This is a controversial approach, with most teams arguing for immediate direct 
aortic surgery in the malperfusion setting. Proper replacement of the ascending 
aorta and undersurface of the aortic arch, directing blood back into the true aortic 
lumen, usually reverses malperfusion immediately. Of course, already completed 
injury at patient presentation, due to the malperfusion, cannot be reversed even by 
ideal ascending aortic surgery. Such patients have a poor outcome regardless of 
approach.

 Conclusion

Interval non-operative therapy has a role in acute Type A dissection. Specifically, 
patients presenting in the middle of the night stable for more than 48 h after pain 
onset can generally safely be delayed until the first morning operating room slot. 
Patients with anticoagulants on board may need to be delayed to prevent peri- 
operative hemorrhage. Patients with prior AVR are partially protected by adhesions 
from the prior surgery, by the prosthetic valve, and by the aortotomy itself; they can 
usually be operated semi-electively. Patients in extreme advanced age or with pro-
found comorbidities may be treated with permanent non-operative therapy, in highly 
selected cases, with a reasonable chance of survival.

100

80

60

40S
ur

vi
va

l, 
%

Follow-up, mo

20

0 3 6 9 12 15 18 21 24

Initial Surgery
Medical Treatment
Interval Surgery

Fig. 8 Kaplan-Meier 
actuarial survival curve 
from date of initial 
presentation and treatment. 
Note that survivals over the 
first 2 years are equivalent. 
Comparison made using 
log-rank test (p = 0.44) 
(reproduced with 
permission from [25])
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Anesthetic Management of Acute Aortic 
Dissection

Michael Tien and Albert T. Cheung

 Introduction

Acute aortic dissection is a life-threatening condition associated with mortality rates 
that approach 30% depending on the location, extent, and complications of the dis-
section [1]. Recent advances in disease awareness, diagnosis, surgical and endovas-
cular repair technique, anesthetic management, perioperative care, and risk 
stratification have reduced mortality rates to 20% or less [2, 3]. Emergency surgical 
repair of acute dissections involving the ascending aorta is necessary to prevent 
acute life-threatening complications that include branch-vessel malperfusion, car-
diac tamponade, and aortic regurgitation. Acute dissections involving the descend-
ing thoracic aorta require emergent operation for rupture, end-organ malperfusion, 
or limb ischemia. The perioperative and anesthetic management of patients with 
aortic dissection is important for improving outcomes by detecting complications 
related to the dissection, pharmacologically controlling arterial blood pressure and 
heart rate, expediting transport to the operating room, using intraoperative trans-
esophageal echocardiography (TEE) to verify the diagnosis and characterize the 
dissection, ensuring end-organs are protected during circulatory arrest, treating 
blood loss and coagulopathies, and correcting the postoperative metabolic derange-
ments as a consequence of the operation.
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 Preoperative Management

Once the decision is made that a patient with a presumed or established acute aortic 
dissection requires open surgical or endovascular repair, the anesthesiologist and 
operating room staff should be immediately notified. Safely expediting transfer of 
the patient to the operating room or interventional suite has the potential to affect 
outcome because early mortality increases over time. Important information to con-
vey to the accepting team includes an estimate of the timing of patient arrival, the 
likelihood that the diagnosis has been established, the planned surgical intervention 
upon verification of the diagnosis, the medical condition of the patient, the type and 
location of vascular access, and the medications being administered by intravenous 
infusion (Table 1).

Table 1 Preoperative information for direct admission to the operating room in acute aortic 
dissection
1. Presumed or Established Diagnosis of Aortic Dissection
   (a) Pre-admission imaging studies: CTA, MRI, echocardiogram, CXR
   (b) Need to verify diagnosis by TEE
   (c) Planned surgical or endovascular intervention
2. Classification of Aortic Dissection
   (a) Stanford Classification
    I Type A: Involves the ascending aorta
    II Type B: Confined to the descending aorta
3. Medical Condition of the Patient
   (a) Spontaneously breathing
   (b) Required endotracheal intubation and mechanical ventilatory support
   (c) Laboratory test results
   (d) Penn Classification
    I Penn class a: No malperfusion or circulatory instability
    II Penn class b: presence of malperfusion
    III Penn Class c: Presence of circulatory shock
    IV Penn Class b+c: Presence of both malperfusion and circulatory shock
4. Medical treatment
   (a) Vascular access and sites
    I Arterial catheter
    II Peripheral venous catheters
    III Central venous catheters
   (b) Medications
    I Vasopressor infusions
    II Vasodilator infusions
    III Beta-blockers
    IV Sedatives
    V Narcotic analgesics

Abbreviations: CTA, computed tomographic angiography; CXR, chest roentgenogram; MRI, 
magnetic resonance imaging; TEE, transesophageal echocardiography
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 History and Physical Exam

The history and physical examination can usually be performed simultaneously 
with the review of pre-admission medical records, imaging studies, and laboratory 
testing by assigning specific tasks to selected members of the admitting team. At the 
same time, transfer of care from the transport team is systematically accomplished 
by transitioning physiologic monitors, intravenous lines, and medications to equip-
ment that will be used in the operating room. Consent for surgery and anesthesia can 
then be obtained once a decision is made to proceed with operation.

The focus of the history and physical is to confirm the diagnosis and to detect 
evidence of malperfusion or circulatory compromise. The classic signs and symp-
toms of acute aortic dissection include severe, sharp or tearing pain in the chest, 
back, or abdomen [1, 4]. Evidence of malperfusion may include the presence of 
variation in pulse amplitude or a pulse deficit in one extremity. New focal neurologi-
cal deficits, altered mental status, or syncope may indicate cerebral malperfusion 
due to involvement of the aortic arch branch vessels or carotid arteries. Nausea, 
melena, or abdominal tenderness may indicate mesenteric ischemia. Spinal cord 
ischemia may manifest as new onset lower extremity weakness or paraplegia.

Circulatory compromise and the potential for cardiovascular collapse or circula-
tory shock should be suspected in patients with cardiac tamponade from rupture of 
the ascending aorta into the pericardium, acute aortic regurgitation from extension 
of the dissection into the aortic root, right or left ventricular failure from coronary 
artery malperfusion, or hypovolemia from rupture of the descending aorta into the 
pleural space [5, 6]. Venous congestion, dyspnea, tachypnea, tachycardia, ischemic 
changes in the electrocardiogram, hypoxemia, asymmetric breath sounds, rales, dia-
stolic murmur, pulsus paradoxus, pulmonary edema on the chest roentgenogram, or 
the presence of hemothorax or significant pleural effusions may all indicate impend-
ing cardiovascular collapse. In these patients, beta-blocker therapy could worsen the 
condition and antihypertensive drugs should be discontinued upon the induction of 
general anesthesia to prevent severe hypotension.

The history and physical should also elicit the presence of coexisting diseases or 
conditions that may affect anesthetic and surgical management. For instance, athero-
sclerotic and peripheral vascular disease may increase the risk of thromboembolic 
complications. Clinically significant carotid artery disease increases the risk of stroke 
and cerebral malperfusion. Severe, longstanding hypertension in combination with 
occlusive vascular disease may alter cerebral and end-organ blood flow autoregulation 
and require maintaining a higher mean arterial blood pressure during cardiopulmonary 
bypass (CPB) to maintain cerebral and renal perfusion. The presence of pre-existing 
chronic renal disease, ischemic heart disease, cardiomyopathy, pulmonary disease, or 
liver disease also impacts outcome and convalescence after operative repair. Some 
patients presenting with acute aortic dissections may also have hereditary or genetic 
aortic syndromes such as bicuspid aortic valves, Loeys- Deitz syndrome, Ehlers-
Danlos syndrome, or Marfan’s syndrome and their corresponding medical problems.

Finally, large aortic aneurysms, dissections, or hematomas can compress the 
right ventricular outflow tract, right pulmonary artery, trachea, or left mainstem 
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bronchus, which may contribute to hemodynamic or airway compromise during the 
induction of general anesthesia (Fig. 1) [7–10]. These structural complications can 
be anticipated by careful review of the pre-admission imaging studies.

 The Importance of Classification

There are three widely used classification schemes in the management of patients 
with acute aortic dissection. The DeBakey classification and the Stanford classifica-
tion schemes characterize aortic dissections according to anatomic location and 
extent [11, 12]. The DeBakey classification was originally used to determine the 
surgical approach and operative repair: Type I (involving the ascending aorta, arch, 
and descending thoracic aorta), Type II (confined to the ascending aorta), Type IIIa 
(involving the descending thoracic aorta up to the celiac artery), and Type IIIb 
(involving the descending thoracic aorta and the abdominal aorta) [11]. The Stanford 
classification demonstrated that patients with Type A dissections involving the 
ascending aorta had better outcomes in response to emergency surgical repair, but 
that outcomes were similar between surgery and conservative medical management 
among patients with Type B dissections that were confined to the descending aorta 
[12]. The interim development and refinement of endovascular procedures has pro-
vided additional interventional options for the management of patients with Stanford 

Fig. 1 Computed tomorgraphic angiography (CTA) axial cross section at the level of the tracheal 
carina in a patient with a dilated ascending aorta (AAo) causing simultaneous compression of the 
pulmonary artery and airway that places the patient at risk of respiratory failure from airway 
obstruction, hypoxemia from ventilation/perfusion mismatching from obstruction of the right pul-
monary artery (RPA) together with the left mainstem bronchus (LMSB), and heart failure from 
right ventricular outflow tract obstruction in response to the induction of general anesthesia
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type B aortic dissections, selected patients with Stanford Type A aortic dissections, 
and as an adjunct to open surgical repair [1].

The Penn classification for acute aortic dissection was originally developed to sup-
plement the Stanford classification to explain the heterogeneity of surgical outcomes 
by risk-stratifying patients based on their ischemic pattern or circulatory condition at 
the time of presentation [13]. In patients undergoing surgical treatment for acute 
Stanford Type A aortic dissections, the Penn classification improved outcome predic-
tion based on presence or absence of branch-vessel malperfusion, circulatory collapse, 
or both [13, 14]. Patients are classified as Penn class a if there is no evidence of malp-
erfusion or circulatory collapse, Penn class b if there is branch- vessel malperfusion 
(i.e. stroke, paraplegia, pulse deficits, acute kidney injury, mesenteric ischemia, etc.), 
Penn class c if there is circulatory collapse (i.e., left or right ventricular dysfunction, 
pericardial tamponade, acute coronary ischemia, myocardial infarction, etc.), and 
Penn class b+c if there is both branch-vessel malperfusion and circulatory collapse 
[13]. A recent study demonstrated that the Penn classification was also effective for 
predicting outcome among patients with acute Stanford Type B aortic dissections [3]. 
Because the Penn classification identifies patients with life-threatening pathophysio-
logical complications of acute aortic dissection that affects the surgical, intraoperative, 
and postoperative management, it is of particular importance to the anesthesiologist.

 Diagnostic Imaging

The diagnosis of aortic dissection may be suspected based on the presence of high- 
risk clinical features, but confirmatory cardiovascular imaging is necessary to estab-
lish the diagnosis of aortic dissection and characterize its location and extent. 
Increased awareness for aortic dissection and the wide availability of computed 
tomographic (CT) imaging has increased the rate of detection of acute aortic dissec-
tions. Although different imaging modalities can be used to diagnose aortic dissec-
tion, the sensitivity, specificity, and information provided by the tests may vary 
depending on the quality of the study, the experience of the physician interpreting 
the study, and the presence of atypical features of aortic dissection [15–17]. CT and 
CT angiography (CTA) are the most common initial studies used to diagnose aortic 
dissection. If the CT scan is not diagnostic, or the diagnosis cannot be confirmed 
because of imaging artifacts, the patient can still be directly admitted to the operat-
ing room and the diagnosis verified using intraoperative TEE before proceeding 
with operation. Although TEE cannot completely image the distal ascending aorta 
and aortic arch, it can reliably diagnose Stanford Type A aortic dissection with 
involvement of the ascending aorta. In addition, TEE provides valuable information 
on the presence of aortic regurgitation, physiologic evidence of cardiac tamponade, 
and the presence or severity of right or left ventricular dysfunction. Ultrasound and 
Doppler imaging can also be applied in the operating room to detect extension of 
the aortic dissection into the carotid arteries (Fig. 2).
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 Intraoperative Management

 Intraoperative Physiologic Monitoring and Setup

In addition to standard basic physiologic monitoring recommended by the American 
Society of Anesthesiologists (ASA), patients undergoing repair of aortic dissections 
benefit from a full spectrum of invasive and noninvasive physiologic monitors for 
intraoperative and postoperative management. This should ideally include an intra-
arterial catheter, central venous catheter, pulmonary artery catheter, and 
TEE. However, if the patient is in extremis, the potential risks and benefits of spend-
ing additional time to secure central venous access or invasive monitoring modali-
ties should be weighed against the need for emergent surgical intervention.

An intraarterial catheter is required for continuous blood pressure measurement, 
analysis of respiratory variation in the arterial pressure waveform, and frequent 
blood sampling for intraoperative laboratory testing. The arterial catheter should 
ideally be placed prior to induction of general anesthesia. The choice of site for arte-
rial pressure monitoring is important in patients with aortic dissection. If there is a 
pulse deficit or limb ischemia, placement of the arterial catheter in an unaffected 
limb will provide the best estimate of central aortic pressures. If axillary artery can-
nulation or perfusion is planned, an intraarterial catheter in the ipsilateral arm will 
not provide measurements when the axillary artery is temporarily occluded while it 
is surgically accessed, and may overestimate systemic arterial blood pressures dur-
ing cardiopulmonary bypass (CPB) when the axillary artery is perfused. An arterial 
catheter in the contralateral arm or femoral artery provides the best estimation of 
systemic arterial blood pressures during CPB with axillary artery perfusion, but 

Fig. 2 Intraoperative Duplex imaging of the right common carotid artery (CA) in short-axis dem-
onstrating extension of the dissection into the carotid artery in a patient with an acute Stanford type 
A aortic dissection. Two dimensional ultrasound imaging of the carotid artery (left panel) demon-
strates the presence of an intimal flap (arrows) within the lumen of the artery. Color flow imaging 
(right panel) demonstrated blood flow in the true lumen (TL) with the onset of cardiopulmo-
nary bypass
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cannot measure cerebral perfusion pressure during selective antegrade cerebral per-
fusion. For endovascular or open repair of Stanford Type B aortic dissections with 
involvement near the origin of the left subclavian artery, placement of the arterial 
catheter in the right arm will provide continuous arterial pressure monitoring in the 
event that the left subclavian artery has to be clamped or excluded. If feasible, the 
ability to secure intraarterial catheters in both upper extremities and a femoral artery 
provides useful information, vascular access, and redundancy if one of the arterial 
blood pressure monitoring sites fails to function or provide accurate measurements 
during operation.

A pulmonary artery catheter provides continuous measurements of the central 
venous pressure, pulmonary artery pressure, cardiac output, and mixed venous oxy-
gen saturation throughout the operation and into the postoperative period. This 
information is valuable for guiding intraoperative resuscitation with fluids and 
blood products, and titrating inotropic and vasoactive medications, especially in the 
setting of acute aortic dissections when the condition of the patient can fluctuate 
quickly and unpredictably. The pulmonary artery catheter also provides critical 
information to guide postoperative management in the intensive care unit to enable 
precise fluid management and assist in the rapid diagnosis of complications such as 
postoperative bleeding, cardiac tamponade, pulmonary edema, or ventricular fail-
ure. In addition to physiologic measurements, the pulmonary artery catheter in com-
bination with its vascular introducer sheath provides central intravenous access for 
the administration of vasoactive medications and infusions together with a site for 
the rapid administration of fluids and blood products to respond to hypovolemia or 
hemorrhage.

Temperature monitoring is important for the safe conduct of deliberate hypother-
mia, selective antegrade cerebral perfusion (SACP), and deep hypothermic circula-
tory arrest (DHCA). A temperature probe in the nasopharynx provides the most 
accurate reflection of brain temperature. Specially designed temperature probes 
placed in the ear canals can also be used to measure the temperature near the tym-
panic membranes and are also often used to estimate brain temperature. An esopha-
geal temperature probe or thermistor at the tip of the pulmonary artery catheter 
accurately measures central blood temperature but is not accurate during CPB when 
there is no pulmonary blood flow or during cardioplegia when topical ice is applied 
to the pericardium adjacent to the esophagus. A temperature probe at the tip of the 
urinary catheter provides a measurement of the bladder temperature that correlates 
with blood temperature if urinary output is brisk, but values may lag behind changes 
in blood temperature if the patient is oliguric or anuric. A rectal temperature probe 
can also be used to estimate core temperature, but takes time to equilibrate. In addi-
tion, the temperature of the blood entering the CPB circuit through the venous can-
nula and the temperature of the blood exiting the membrane oxygenator and heat 
exchanger of the CPB circuit can be measured directly. Information from tempera-
ture monitoring at multiple sites is integrated to guide cooling for deliberate hypo-
thermia, establish the target endpoint for the initiation of DHCA or SACP, guide the 
rate of active rewarming to prevent hyperthermia during reperfusion, and estimate 
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the systemic temperature that will be achieved at equilibrium after rewarming on 
CPB to prevent hypothermia in the postoperative period.

Brain function monitors are available to indirectly evaluate and monitor brain 
activity and perfusion during general anesthesia and CPB. Full montage electroen-
cephalography (EEG) monitoring can be used for the early detection of cerebral 
hypoperfusion. EEG can be used to detect the characteristic pattern in response to 
deliberate hypothermia, and the onset of electrocortical silence has been used as a 
physiologic endpoint for the safe initiation of DHCA [18]. Commercially available 
instruments to measure processed EEG and provide a value such as the bispectral 
index (BIS) or patient state index (PSI) are commonly used to quantify the depth of 
general anesthesia, but also reflect changes associated with hypothermia. These 
monitors are widely available, easy to use and interpret, performed using sensors 
applied as an adhesive patch onto the scalp, do not require specialized personnel, 
and can be quickly implemented in an emergency setting. However, no direct com-
parisons with full montage EEG have been performed to determine their sensitivity 
and specificity for the detection of hypoperfusion or electrocortical silence.

Near-infrared spectroscopy (NIRS) cerebral oximetry can be utilized to continu-
ously monitor cerebral regional oxygen saturation (rSO2) in the right and left bilat-
eral frontal cortices to evaluate cerebral perfusion during CPB.  In the setting of 
acute aortic dissection, NIRS may improve the ability to detect cerebral hypoperfu-
sion. In addition to detecting global cerebral hypoperfusion, NIRS may detect con-
tralateral cerebral hypoperfusion due to an incomplete Circle of Willis during 
unilateral SACP. Asymmetry in the NIRS values during unilateral SACP can be 
used to prompt surgical interventions to augment perfusion to the contralateral 
hemisphere or to cannulate and directly perfuse the contralateral carotid artery. In 
addition to cerebral perfusion, the rSO2 values obtained by NIRS monitoring also 
provides an indirect indicator of the mixed venous oxygen saturation, and can indi-
cate hypoxemia, hypovolemia, anemia, venous congestion, or low cardiac output. 
Simultaneous EEG and NIRS monitoring may be useful for determining the physi-
ologic consequences of reductions in the rSO2 values on brain electrical activity. 
This approach can be useful for hybrid open and endovascular aortic arch repairs 
that require temporary serial occlusion of the innominate and left carotid arteries.

Neurophysiologic monitoring of central nervous system and spinal cord function 
with somatosensory evoked potentials (SSEP) and motor evoked potentials (MEP) 
can be performed during operations under general anesthesia, but requires special-
ized equipment and personnel. Intraoperative SSEP and MEP monitoring has been 
used to detect spinal cord ischemia and stroke during cardiac and major thoracic 
aortic operations [19, 20].

 Intraoperative TEE

The clinical application of intraoperative TEE together with increasing expertise in 
its use and refinements in the imaging platform have represented a major advance-
ment in the perioperative management of acute aortic dissection. Guideline 
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statements from the American Heart Association, American Society of 
Anesthesiology, and the Society of Cardiovascular Anesthesiologists recommend 
the routine use of intraoperative TEE for acute aortic dissection [15, 20]. The TEE 
probe can be inserted immediately after the induction of general anesthesia and 
images analyzed to confirm the diagnosis of acute aortic dissection and evaluate for 
evolution of the disease in comparison to pre-admission studies prior to the start of 
operation. TEE can provide useful information about the location of intimal tear, 
extent of the dissection, or the presence of aortic regurgitation to guide surgical 
repair. TEE also provides both structural and physiologic information on the pres-
ence and severity of pericardial effusions, right and left ventricular size and func-
tion, evidence of myocardial ischemia, and co-existing structural heart disease.

TEE is also useful in guiding the management of CPB. TEE can be used to guide 
central aortic cannulation for CPB, and establish that the true lumen is perfused dur-
ing CPB (Fig. 3). The true lumen of the aorta is typically smaller in diameter, is in 
continuity with the aortic valve, expands during systole, and has rounded borders 
due to the continuity of the intimal layer. The false lumen of the aorta is typically 
larger, crescent-shaped, with sharp edges at the site where the intimal flap separates 
from the adventitia. The false lumen may contain thrombus or hematoma. The TEE 
examination can be combined with images from the CTA to verify and distinguish 
the true lumen from the false lumen of the aorta. After initiation of CPB, TEE can 
be used to detect left ventricular distention if there is aortic regurgitation. Prior to 
separation from CPB, TEE is used to guide the evacuation of intracardiac air in the 
left atrium, left ventricle, and aorta. After aortic valve repair or resuspension, TEE 
can detect and quantify the severity of any residual aortic regurgitation. TEE can 
also be used to evaluate left ventricular and right ventricular function to verify that 
coronary blood flow has been properly restored after aortic root replacement. 
Coronary artery insufficiency or malperfusion will appear immediately on the TEE 
examination as right ventricular failure or segmental left ventricular wall motion 
abnormalities corresponding to the territories supplied by the affected coronary 
arteries.

Fig. 3 During central aortic cannulation using the Seldinger technique in a patient with aortic 
dissection, intraoperative transesophageal echocardiography (TEE) imaging of the proximal 
descending thoracic aorta demonstrated that the guidewire was in the false lumen (FL) of the dis-
sected aorta (left panel). TEE guidance was used to reposition the guidewire into the true lumen 
(TL) of the aorta (right panel) before insertion of the arterial cannula to prevent cerebral malperfu-
sion upon initiation of cardiopulmonary bypass
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 General Anesthesia in Patients with Acute Aortic Dissection

Induction of general anesthesia for patients with acute aortic dissection requires 
attention to the usual concerns for emergency operations in addition to specific con-
cerns related to the aortic dissection. Rapid sequence induction and tracheal intuba-
tion with cricoid pressure is normally performed for patients with a full stomach and 
increased risk of aspiration of gastric contents. However, the risks associated with 
hemodynamic instability as a consequence of a precipitous induction should be 
weighed against the risk of gastric aspiration. Increased blood pressure in response 
to tracheal intubation due to inadequate analgesia or failure to attenuate sympathetic 
nervous system response could increase the risk of aortic rupture or extension of the 
dissection. Anesthetic or narcotic analgesics administered in combination with 
intravenous antihypertensive agents may precipitate severe hypotension or circula-
tory shock upon induction of general anesthesia in patients with cardiac tamponade, 
acute aortic regurgitation, heart failure, or who are dependent on endogenous sym-
pathetic tone to maintain hemodynamic function. For these reasons, it is important 
to anticipate the hemodynamic responses to the anesthetic drugs used to induce 
general anesthesia and be prepared to intervene immediately to maintain cardiovas-
cular stability. Usual strategies include the discontinuation of intravenous vasodila-
tor therapy prior to the induction of general anesthesia in anticipation of hypotension 
caused by the direct action of the anesthetic drugs and the attenuation of sympa-
thetic nervous system tone. In patients with poorly controlled hypertension, anes-
thetic drugs and narcotics may need to be supplemented with beta-blockers or 
intravenous vasodilator therapy to attenuate the heightened sympathetic response to 
tracheal intubation. In patients at risk for circulatory shock due to cardiac tampon-
ade, aortic regurgitation, or heart failure, anesthetic drugs that have minimal direct 
actions on the cardiovascular system and cause less attenuation of the sympathetic 
nervous system (i.e., ketamine or etomidate) can be administered together with the 
immediate availability of inotropes and vasopressors if necessary. In the case of 
cardiac tamponade, the anesthesiologist must also be prepared to immediately treat 
hypertension upon opening of the pericardium to prevent aortic rupture when the 
arterial pressure acutely increases. Although consensus guidelines recommend the 
early use of beta-blocker therapy to treat acute aortic dissection, tachycardia in a 
patient with acute aortic dissection may also indicate cardiovascular instability and 
impending shock due to cardiac tamponade, aortic regurgitation, or heart failure. In 
patients with tachycardia due to cardiovascular instability, beta-blockers should be 
used with caution or avoided altogether due to concerns for precipitating cardio-
genic shock.

Maintenance of general anesthesia is achieved usually with a combination of 
inhaled anesthetic agents, narcotic analgesics, intravenous sedative hypnotic agents, 
and neuromuscular blocking agents. Processed EEG with anesthetic depth monitor-
ing can be useful to maintain a consistent level of anesthetic depth for prolonged 
operations that involve the use of deliberate hypothermia. Continuous infusion of 
narcotic analgesics and sedative hypnotic agents may be useful to maintain 
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therapeutic drug concentrations in prolonged operations that involve CPB. It is also 
important to note that anesthetic requirements decrease in response to deliberate 
hypothermia and that anesthetic drug-induced EEG suppression should not be con-
sidered equivalent to hypothermia-induced metabolic suppression of the brain when 
determining adequate conditions for brain protection for hypothermic circulatory 
arrest. When intraoperative neurophysiologic monitoring with SSEP is used, the 
dose of inhaled anesthetic agent is maintained constant by monitoring the concen-
tration of the volatile anesthetic in the expired gases together with maintaining com-
plete neuromuscular blockade to optimize the recording of the SSEPs and minimize 
anesthetic-induced changes in the amplitude or latency of the evoked potentials. In 
contrast, when intraoperative MEP monitoring is used, neuromuscular blocking 
agents and inhaled anesthetic agents are avoided altogether and anesthesia is main-
tained with intravenous narcotics and sedatives to maintain the fidelity of the MEPs.

The anesthetic regimen is also typically designed to last into the early postopera-
tive period to permit a controlled and gradual emergence from anesthesia in the 
intensive care unit while the patient remains on mechanical ventilatory support. 
This can usually be accomplished with continuous infusions of sedative hypnotic 
agents or narcotic analgesics such as propofol, dexmedetomidine, or fentanyl. 
Dexmedetomidine has the advantage that it provides sedation and attenuates sym-
pathetic nervous system tone without suppressing respiration. Contemporary prac-
tice favors the avoidance of long acting benzodiazepines, particularly among older 
patients, because they may contribute to postoperative confusion or delirium.

The surgical management of patients requiring open repair for Stanford Type B 
dissections involving the descending thoracic aorta that are not amenable to endo-
vascular repair requires a left thoracotomy. For these cases, one-lung ventilation is 
required to facilitate surgical exposure. Lung isolation and selective ventilation of 
either the right or left lung can be achieved with placement of a double-lumen endo-
tracheal or endobronchial tube. Alternatively, a bronchial blocker can be positioned 
in the left mainstem bronchus through a standard endotracheal tube to selectively 
ventilate only the right lung. The advantage of the double-lumen endotracheal tube 
is the ability to quickly deflate or re-expand the left lung as needed throughout the 
operation. However, it can sometimes be difficult to position correctly if the 
descending aorta distorts the left mainstem bronchus. Additionally, the double- 
lumen endotracheal tube must eventually be exchanged to a single-lumen endotra-
cheal tube at the end of the operation to facilitate postoperative mechanical 
ventilatory support in the intensive care unit.

 Cerebral Protection

Surgical repairs of the distal ascending aorta or aortic arch require temporary cessa-
tion of cerebral and systemic blood flow or a period of circulatory arrest. The pri-
mary technique that has been consistently demonstrated to provide ischemic 
protection to the brain and other organs during a period of circulatory arrest is 
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deliberate hypothermia. In contemporary practice, deliberate hypothermia is often 
used alone or in combination with SACP or retrograde cerebral perfusion (RCP) 
depending on surgeon and institutional expertise or preferences [15]. The original 
physiologic rationale for the application of deliberate hypothermia for ischemic 
protection was that the ischemic tolerance of the brain could be increased propor-
tionally to the reduction of the cerebral metabolic rate caused by hypothermia. In 
response to hypothermia, cerebral oxygen consumption decreases by a factor of 2.3 
for every 10 °C decrease in body temperature [21, 22]. Assuming an ischemic toler-
ance of 4 to 5 minutes at normothermia, the reduction in metabolic rate achieved at 
a temperature between 14 and 18 °C would provide a safe ischemic time for circula-
tory arrest of between 20 and 30 min (Fig. 4) [21, 22]. In actual clinical practice, this 
approach has been successful, but the protective effects of hypothermia likely 
extend beyond its sole actions on the cerebral metabolic rate.

Despite being widely implemented, there is no consensus or definitive evidence to 
dictate the optimal temperature for the conduct of DHCA, the ideal site to estimate 
brain temperature as a target for the initiation of circulatory arrest, the safe duration of 
circulatory arrest, or the degree of hypothermia necessary for protection when SACP 
or RCP is used in conjunction with hypothermia. A meta-analysis performed on exist-
ing published studies did not demonstrate any differences in outcomes between the 
use of DHCA alone or in combination with RCP or SACP [23]. However, clinical 
practice consistently demonstrates that the risk of neurologic injury increases with 
increasing duration of circulatory arrest, particularly when extending beyond 
30–45 min without perfusion. DHCA lasting longer than 45 min has been shown to 
be associated with increased incidence of postoperative neurological complications 
such as seizures, neurologic deficits, and stroke [24, 25]. If cerebral perfusion is sup-
plemented by SACP, the duration of circulatory arrest can be safely extended even at 
temperatures in the range of 28 °C [23, 26, 27]. Deliberate hypothermia is primarily 
achieved by actively cooling the blood through the heat exchanger of the CPB circuit. 
Application of ice to the surface of the scalp has been commonly used as an adjunct 
to achieve and maintain cerebral hypothermia, but its effectiveness has not been 
proven. RCP may assist in maintaining cerebral hypothermia, provide some degree of 
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metabolic substrate delivery during circulatory arrest and also serve to flush embolic 
material from the arterial circulation prior to the restoration of antegrade cerebral 
perfusion. In addition, adjuvant pharmacologic neuroprotective drugs such as gluco-
corticoids, barbiturates, propofol, ketamine, mannitol, furosemide, lidocaine, or mag-
nesium are commonly administered in combination with hypothermia, but the 
effectiveness of pharmacologic adjuncts for neuroprotection have not been proven [15].

In addition to providing controlled deliberate hypothermia, consensus recom-
mendations support a controlled and gradual rewarming rate with the avoidance of 
hyperthermia during reperfusion [15]. There may also be a protective benefit to a 
period of hypothermic reperfusion prior to initiation of rewarming [28]. Rewarming 
should be carried out gradually, with a temperature gradient no greater than 10 °C 
maintained between the venous inlet and arterial outlet of the CPB circuit. When the 
patient temperature reaches 30 °C, this gradient should be no more than 4 °C. It is 
important that the rewarming process occur slowly at ≤0.5 °C/min with the arterial 
outlet temperature less than 36.5 °C, and keeping the nasopharyngeal or tympanic 
membrane temperature less than 37 °C to decrease the risk of cerebral hyperthermia 
[29, 30]. Cerebral hyperthermia has been shown to have detrimental effects on post-
operative neurocognitive outcomes by exacerbating ischemia-reperfusion neuro-
logic injury [31, 32]. In addition, attention to maintain arterial perfusion pressure 
and ensure adequate venous drainage during CPB can prevent cerebral hypoperfu-
sion caused by arterial hypotension or venous hypertension.

Because the temperature of the brain cannot be measured directly, a variety of 
approaches have been attempted to ensure the target conditions for brain hypother-
mia have been achieved prior to the initiation of circulatory arrest. In addition to 
estimating the brain temperature using nasopharyngeal, tympanic, blood, and blad-
der temperature probes, the EEG can also be used as a physiologic surrogate for the 
effects of hypothermia on the brain. The average nasopharyngeal temperature for 
electrocortical silence by EEG is 18 °C, but cooling to a target nasopharyngeal tem-
perature of approximately 12.5 °C is necessary to ensure electrocortical silence in 
99.5% of patients when EEG is not available [18, 33]. When using EEG changes as 
a target for the delivery of hypothermia, it is important to discontinue inhaled anes-
thetics and avoid the administration of propofol or barbiturates until conditions for 
circulatory arrest have been achieved since these drugs cause suppression of the 
EEG independently of the effects of hypothermia. Alternatively, one study has even 
reported the use of jugular bulb oxygen saturation measurements as a method to 
track the reduction of cerebral metabolic rate in response to deliberate hypothermia 
and employed a jugular bulb venous oxygen saturation of 90% as an target for the 
initiation of circulatory arrest [34].

 Perfusion Management

Specific perfusion techniques have been developed and utilized to provide systemic 
perfusion and selective perfusion to the brain for operations on the aortic arch that 
are important for cerebral protection. A meta-analysis of published studies has 
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indicated that central cannulation for CPB was superior to peripheral cannulation 
with regards to mortality and neurologic injury in aortic surgery [35]. Central can-
nulation and perfusion can be achieved by direct cannulation of the true lumen of 
the dissected aorta after sternotomy, direct cannulation of the innominate artery, or 
through a branched graft to an axillary artery. The advantages of central cannulation 
include decreasing the risk of cerebral thromboembolism by avoiding retrograde 
arterial blood flow to the brain through a diseased aorta, decreased risk of perfusing 
the aorta through the false lumen, and decreased risk of the intimal flap occluding 
the aortic arch branch vessels with the onset of extracorporeal circulation.

RCP was a technique developed to improve the safety of DHCA and potentially 
prolong the safe duration of circulatory arrest to the brain. To implement RCP, a 
venous cannula is inserted into the superior vena cava and snared between the right 
atrium and the azygous vein. Upon initiating circulatory arrest after achieving delib-
erate hypothermia, cold oxygenated blood can be perfused in a retrograde fashion 
into the superior vena cava cannula at a rate of 150–250 mL/min. During RCP, the 
patient is positioned in approximately 10° Trendelenburg to decrease the risk of 
cerebral arterial air embolism. Superior vena cava pressures should be continuously 
monitored via the side port of an introducer sheath in the internal jugular vein and 
maintained below 25–30 mm Hg to prevent cerebral edema. It is important to note 
that existing studies have demonstrated that RCP does not fulfill the metabolic 
demands of the brain even in the presence of deep hypothermia and cannot be used 
indefinitely to prevent neuronal ischemia [36, 37]. Proponents of RCP believe that 
the technique is simple to perform, avoids instrumentation of the aortic arch branch 
vessels, helps to maintain cerebral hypothermia after antegrade perfusion is discon-
tinued, provides some degree of metabolic substrate delivery to the brain to prevent 
neuronal ischemia during circulatory arrest, and provides a mechanism to flush out 
thromboembolic material in the arterial circulation before resuming antegrade cere-
bral perfusion.

SACP is becoming the most widely used perfusion technique for brain protection 
during aortic arch operations. Advantages of SACP include the ability to provide 
complete metabolic substrate delivery to the brain to extend the safe duration of 
circulatory arrest necessary to complete complex aortic arch or extended arch 
reconstruction and the ability to selectively provide deep hypothermia to the brain 
while maintaining higher core systemic temperatures in the range of 22–28 °C to 
reduce the duration on CPB necessary to achieve hypothermia and the subsequent 
time required for rewarming. SACP is performed by perfusing the brain using oxy-
genated blood at 10–12  °C from the CPB circuit via cannulation of the axillary 
artery, innominate artery, or direct cannulation of the aortic arch branch vessels. In 
unilateral SACP through the right axillary artery, the base of the innominate artery 
is clamped to direct the oxygenated blood into the right carotid and vertebral arter-
ies. Blood flow to the contralateral side of the brain is provided by collateral circula-
tion via the Circle of Willis. Flow rates for selective antegrade cerebral perfusion are 
typically 5–7 mL/kg/min to achieve a mean arterial blood pressure of 60–70 mm Hg 
measured in the ipsilateral radial artery. The adequacy of cerebral perfusion and 
oxygenation can be monitored with continuous or processed EEG in combination 
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with cerebral oximetry. Acute decreases in rSO2 or the attenuation of EEG ampli-
tude may indicate suboptimal positioning of perfusing cannula. Asymmetrical 
decreases in the EEG amplitude or rSO2 values on the contralateral side of the brain 
may indicate inadequate collateral circulation. Perfusion to the contralateral side of 
the brain can be augmented during unilateral SACP by increasing blood flow, 
increasing the perfusion pressure, or clamping the base of the contralateral carotid 
and subclavian arteries. If these maneuvers are not effective, bilateral SACP may be 
necessary to ensure adequate global cerebral perfusion. Bilateral SACP can be 
accomplished by direct cannulation of the innominate, left carotid, and left subcla-
vian arteries in the open aortic arch. Existing evidence and clinical experience has 
not demonstrated the superiority unilateral or bilateral SACP over RCP or DHCA 
alone for aortic arch operations [23, 38]. The choice of perfusion technique used for 
aortic operations is typically specific to the preferences and expertise of individual 
surgeons and institutions. Potential disadvantages of SACP include the added time 
necessary to expose and cannulate the axillary artery, increased surgical instrumen-
tation of the aortic arch branch vessels, and the increased risk for cerebral 
thromboembolism.

 Spinal Cord Protection

Spinal cord ischemia is well known complication of thoracoabdominal aortic aneu-
rysm repair and can affect patients undergoing either open or endovascular opera-
tions. The risk of spinal cord ischemia and infarction depends on the extent of the 
descending thoracic and abdominal aorta that is replaced and the number of inter-
costal and segmental arteries that are sacrificed. In addition, injury or impaired 
blood flow to the vertebral arteries, inferior mesenteric artery, or branches off the 
iliac arteries that supply collateral blood flow to the spinal cord can potentiate the 
risk of spinal cord ischemia. Although spinal cord ischemia can manifest as a com-
plication of acute aortic dissection in rare instances, it is not established whether 
patients with aortic dissection are at increased risk of spinal cord ischemia [39]. 
Spinal cord ischemia has also been reported as a complication in approximately 2% 
of patients with Stanford Type A aortic dissection undergoing extended aortic arch 
repair with frozen elephant trunk grafting into the proximal descending thoracic 
aorta [40].

Strategies to prevent spinal cord ischemia in patients undergoing open or endo-
vascular thoracoabdominal aortic aneurysm repair include prophylactic lumbar 
cerebrospinal fluid drainage, arterial blood pressure augmentation, mild deliberate 
hypothermia, distal aortic perfusion, reimplantation of critical intercostal and seg-
mental arteries, and the application of intraoperative SSEP or MEP monitoring for 
early detection of spinal cord ischemia [15, 39, 41]. In patients who initially have a 
normal postoperative neurologic examination but subsequently develop spinal cord 
ischemia, early detection combined with early intervention with lumbar cerebrospi-
nal fluid drainage and arterial pressure augmentation has been shown to be effective 
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for preventing or decreasing the severity of permanent paraplegia [42–44]. The 
physiologic rationale for lumbar cerebrospinal fluid drainage and blood pressure 
augmentation is to increase spinal cord perfusion pressure that is approximated by 
the difference between the mean arterial pressure and the cerebrospinal fluid pres-
sure. In addition, hypotension caused by neurogenic shock as a consequence of 
spinal cord ischemia requires early and aggressive treatment [44]. Although case 
reports describe the use of lumbar cerebrospinal fluid drainage and blood pressure 
augmentation to treat spinal cord ischemia caused by acute aortic dissection, there 
is insufficient evidence or clinical experience to recommend this treatment for 
patients with spinal cord ischemia complicating Stanford Type A aortic dissections 
[45]. In these situations, the risks and benefits of increasing the arterial pressure or 
instrumenting the spinal canal must be carefully considered.

 Mesenteric Organ Protection

Deliberate hypothermia not only serves to protect the brain, but also serves to pro-
tect other vital organs such as the liver and kidneys during the period of ischemia 
from circulatory arrest. The optimal temperature for systemic or mesenteric organ 
protection and the safe duration of circulatory arrest for organs outside the central 
nervous system is not completely understood, but existing clinical experience sug-
gests that these organs can tolerate a longer period of DHCA without permanent 
damage. In operations on the thoracoabdominal aorta, mesenteric perfusion can also 
be provided by direct cannulation and perfusion of the renal, celiac, or superior 
mesenteric arteries. Alternatively, partial left heart bypass or partial CPB with distal 
aortic perfusion can be used to minimize the duration of mesenteric ischemia during 
thoracoabdominal aortic reconstruction. Perioperative renal injury is often multifac-
torial as a consequence of pre-existing chronic kidney disease, peripheral arterial 
disease, recent exposure to radiographic contrast agents, and ischemia during opera-
tive repair. There is insufficient evidence to support the efficacy of pharmacologic 
agents to protect against acute kidney injury for patients undergoing major aortic 
operations, but techniques commonly used in an effort to protect the kidneys and 
preserve renal function include preoperative intravenous hydration, intravenous 
mannitol, and diuretics to maintain urine output.

 Blood Loss and Fluid Management

Operations on the thoracic aorta always pose a risk of serious hemorrhage and 
proper intraoperative preparation requires having the capability to rapidly replace 
blood and fluid losses and restore hemostatic function at the completion of the oper-
ation. Large-bore peripheral intravenous access as well as large-bore central venous 
access permits rapid administration of fluids or blood products. Apparatuses to 
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rapidly infuse and warm intravenous fluids and blood products (i.e., Belmont or 
Level 1) are useful for responding to acute or ongoing hemorrhage. Packed red 
blood cells together with fresh frozen plasma is typically prepared and made readily 
available at the start of operation and at the conclusion of CPB. The volume of sal-
vaged blood that is readministered should be tracked so that the equivalent volume 
of plasma, platelets, or cryoprecipitate can be replaced.

In addition to surgical blood loss, operations for acute aortic dissection are often 
complicated by diffuse microvascular bleeding. Antifibrinolytic agents such as 
tranexamic acid and aminocaproic acid are routinely used to decrease blood loss. 
Other prothrombotic agents such as recombinant factor VIIa, prothrombin complex 
concentrate (PCC), and anti-inhibitor coagulant complex (FEIBA) are commonly 
needed for the treatment of diffuse microvascular bleeding. Acute care laboratory 
studies and point-of-care testing are also useful for guiding the treatment of patients 
requiring massive transfusion and its associated metabolic consequences. Testing 
typically includes checking arterial and venous blood gas measurements of pH, 
partial pressure of oxygen, partial pressure of carbon dioxide, base deficit, complete 
blood count, electrolytes, calcium, glucose, lactate, and activated whole blood clot-
ting time. Furthermore, tests of coagulation such as prothrombin time, activated 
partial thromboplastin time, International Normalized Ratio (INR), platelet count, 
or rotational thromboelastometry (ROTEM) and thromboelastography (TEG) can 
be used to guide the administration of blood products and factors in a bleeding and 
coagulopathic patient.

 Postoperative Care

Virtually every physiologic organ system can be affected by acute aortic dissection 
and the operations performed to treat it. From a neurocognitive standpoint, patients 
undergoing these surgical repairs are often disoriented and confused upon emer-
gence from anesthesia because of drug effects, metabolic disturbances, and pain 
from the operation. They may not fully understand what had just happened to them, 
where they are, or even what time of day it is. For these reasons, it is important to 
re-orient the patient, explain to them what had just happened to them, and what to 
expect during their recovery. The multimodal treatment of postoperative pain with 
acetaminophen, gabapentin, and narcotic analgesics is effective for reducing the 
total dose of any single agent and their corresponding side effects. If safe, early 
emergence from anesthesia and sedation is desirable to assess for evidence of stroke, 
spinal cord ischemia, seizures, encephalopathy, and to perform a complete physical 
examination.

The incidence of postoperative stroke ranges from 3% to 10% depending on 
patient comorbidities and risk factors, and whether the operation was elective or 
emergent [23, 27, 31]. If postoperative stroke is suspected, appropriate CT imaging 
can reveal the location and extent of infarct, hemorrhage, or cerebral edema. Global 
cerebral ischemia from shock or hypoperfusion during circulatory arrest may 
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manifest as neurocognitive dysfunction, delirium, encephalopathy, or as a transient 
neurologic deficit. Encephalopathy and delirium both typically improve with time, 
but may require supportive care and management with antipsychotics or sedatives. 
If postoperative seizures are suspected, EEG can be diagnostic, and the patient 
should be appropriately treated with antiepileptics while determining the underly-
ing etiology of the seizure.

Patients undergoing extended arch repair, frozen elephant trunk graft, thoracoab-
dominal aortic repair or TEVAR are at risk for spinal cord ischemia [15, 40]. Routine 
examination to test for proximal and distal lower extremity weakness or loss of 
sensation is important for the early detection of spinal cord ischemia. Clinical expe-
rience suggests that early detection and interventions to treat spinal cord ischemia 
can be effective for preventing or decreasing the severity of permanent paraplegia or 
paraparesis [42, 43].

Postoperative mechanical respiratory support is typically necessary after open 
surgical operations until pulmonary function returns. Perioperative lung injury or 
respiratory insufficiency may be sustained as a consequence of pulmonary edema 
from heart failure, transfusion related circulatory overload (TACO), transfusion 
related acute lung injury (TRALI), ventilation/perfusion mismatching from atelec-
tasis and vasodilator therapy, or phrenic nerve injury. Postoperative dysphagia 
increases the risk of aspiration pneumonia. Spinal cord ischemia or infarction may 
impair the function of accessory muscles necessary for respiration and clearing of 
pulmonary secretions.

The hemodynamic condition of patients in the early postoperative period is often 
dynamic because of blood loss, fluid shifts, the effects of drugs or pain on auto-
nomic nervous system function, the need for vasopressor or vasodilator therapy 
during operation, and the state of myocardial function after reperfusion. The risks of 
exacerbating surgical bleeding and the aortic dissection due to hypertension must 
also be weighed against the risk of cerebral, spinal, and renal hypoperfusion if blood 
pressure is too low. Pre-existing chronic hypertension may alter end-organ auto-
regulation of blood flow and a greater-than-normal mean arterial blood pressure 
may be necessary to ensure end-organ perfusion. Concentric left ventricular hyper-
trophy may also be a consequence of pre-existing hypertension and associated with 
diastolic dysfunction. Ongoing mediastinal bleeding in the postoperative period 
may cause cardiac tamponade. Avoiding venous hypertension and venous conges-
tion is also important to optimize end-organ perfusion. Patients with aortic dissec-
tion are also at risk for occult peripheral, cerebral, or coronary vascular disease that 
may not be fully characterized because of the emergency nature of the operation. 
Once circulatory stability has been achieved and continuous vasoactive medications 
have been discontinued, treatment with beta-blockers, antihypertensive therapy, and 
a statin should be considered to reduce the risk of postoperative atrial fibrillation 
and attenuate disease progression.

Acute kidney injury is common after repair of aortic dissection because of pre-
operative exposure to radiographic contrast agents, pre-existing chronic renal dis-
ease, renal malperfusion from the aortic dissection, thromboembolism, temporary 
ischemia during operation, or hypoperfusion as a consequence of hypotension or 
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antihypertensive therapy. Efforts to aid the recovery of renal function include opti-
mizing arterial pressure, venous pressure, and cardiac output together with avoiding 
nephrotoxic agents. Renal malperfusion from dissection may be amenable to treat-
ment with endovascular stenting. There are no proven pharmacologic agents effec-
tive for the prevention or treatment of acute kidney injury, but diuretic therapy can 
be useful in the management of volume overload in nonoliguric renal failure. In 
cases of oliguric renal failure, continuous renal replacement therapy or intermittent 
hemodialysis may be necessary.

Metabolic acidosis with elevated lactate is common in the postoperative period 
as a consequence of circulatory arrest. The nadir for arterial pH and peak of serum 
lactate levels occur approximately 6 h after circulatory arrest, and typically return to 
normal over 18–20 h [46]. Postoperative metabolic and lactic acidosis as a normal 
consequence of the operation must be distinguished from acidosis caused by new or 
unresolved mesenteric ischemia or circulatory shock. The efficacy of treating meta-
bolic acidosis with sodium bicarbonate is controversial, and the administration of 
sodium bicarbonate correlates with the severity of postoperative hypernatremia 
[47]. Hypernatremia may contribute to agitation, confusion, and delirium. The sub-
sequent need to treat hypernatremia with the administration of free water can con-
tribute to volume overload. Hyperkalemia may manifest during reperfusion, though 
more commonly hypokalemia occurs as a consequence of hyperglycemia and treat-
ment with insulin, diuretics, and beta-adrenergic agonists.

Intraoperative and postoperative bleeding requiring transfusion of blood prod-
ucts is common in aortic surgery [48]. The combination of tissue factor exposure in 
the false lumen of the dissection, CPB, deliberate hypothermia, blood loss with 
hemodilution, and renal dysfunction leads to complex dynamic changes in the coag-
ulation and hemostatic pathways [49, 50]. Although the optimal approach is to have 
therapy guided by acute care laboratory studies of the coagulation profile and com-
plete blood count, the time it takes to obtain laboratory results may cause delays in 
the management of life-threatening bleeding. Blood and coagulation factor replace-
ment must sometimes be carried out empirically. Additionally, antifibrinolytic 
agents, and specific factor concentrates such as recombinant activated factor VIIa, 
PCC, or FEIBA may be necessary to treat microvascular bleeding, decrease blood 
product requirements, and achieve hemostasis [51]. Uncontrolled bleeding can lead 
to serious consequences such as cardiac tamponade, hemothorax, anemia, thrombo-
cytopenia, hypovolemic or hemorrhagic shock, and dilutional coagulopathy. 
Surgical re-exploration for bleeding complications may be necessary if bleeding is 
refractory to conservative treatment. Once hemostasis has been achieved, prophy-
laxis for venous thromboembolism should be considered. The potential for heparin- 
induced thrombocytopenia and thrombosis should also be considered in patients 
with persistent thrombocytopenia or unexplained thrombotic complications.

Occasionally, branch vessel malperfusion as a result of the aortic dissection or 
the operative repair itself can cause mesenteric ischemia. Signs or symptoms of 
mesenteric ischemia range from subtle to overt depending on severity. Mesenteric 
ischemia should be suspected in patients with persistent or worsening metabolic or 
lactic acidosis, abnormal hepatic function, postoperative ileus, abdominal pain, 
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food intolerance, or lower gastrointestinal bleeding. Dysphagia and the risk of gas-
tric aspiration should be considered before resuming oral intake. Risk factors for 
dysphagia include prolonged endotracheal intubation, advanced age, use of TEE, 
delirium, encephalopathy, stroke, vocal cord injuries, or injury to the recurrent 
laryngeal nerve. In the absence of gastrointestinal complications, early initiation of 
enteral nutrition and stool softeners to prevent constipation will facilitate 
convalescence.

Acute limb ischemia from malperfusion is a common complication of acute aor-
tic dissection. In severe cases, reperfusion after operative repair may cause compart-
ment syndrome requiring fasciotomy. In addition, limb ischemia may also be caused 
by thromboembolism, occlusive peripheral vascular disease, or vascular access site 
complications. The routine assessment of peripheral pulses and perfusion is impor-
tant for the early detection of limb ischemia or compartment syndrome.

Postoperative hypothermia can be expected after operations performed with 
deliberate hypothermia. The recommendation for gradual rewarming and the avoid-
ance of hyperthermia in combination with surgical exposure, the administration of 
intravenous fluids, and blood products contributes to the risk of postoperative hypo-
thermia. Attention to temperature monitoring and early application of external 
forced air warming in the postoperative period can prevent further temperature drift 
and restore normothermia. Although neuroprotective, hypothermia increases the 
risk of infection and potentially impairs hemostatic function and wound healing.

 Conclusion

Success rates for operative outcomes for uncomplicated acute aortic dissections has 
improved over time and mortality has decreased from 20% to as low as 5% at cen-
ters of excellence [2, 3]. Improvements in the management of acute aortic dissection 
can be attributed to recent innovations in diagnosis, surgical techniques, anesthetic 
care, and postoperative management. Important advancements also include 
increased public awareness of the condition and rapid diagnosis with expedited sur-
gical and anesthetic care at experienced medical centers. Endovascular repair tech-
niques and the availability of hybrid operating room suites with intraoperative 
imaging capability have greatly expanded treatment options. The clinical applica-
tion of intraoperative TEE for the surgical and anesthetic management has permit-
ted real-time diagnosis and management of life-threatening complications of aortic 
dissection. The application of intraoperative neurophysiologic monitoring, cerebral 
oximetry and processed EEG has helped to refine techniques for neuroprotection 
during aortic arch repair. Routine attention to the prevention, detection, and treat-
ment of spinal cord ischemia has decreased the risk of permanent paraplegia. 
Despite the many advances in the perioperative care of patients with acute aortic 
dissection, the comprehensive care of these patients is resource intensive, requires 
experienced teams, continues to remain challenging, and is always associated with 
a risk of complications that can lead to high mortality.
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 Introduction

Patients who undergo surgical repair following aortic dissections have multiple 
hemostatic abnormalities due to numerous factors that contribute to coagulopathy 
and bleeding [1]. Anticoagulation and its reversal, exposure to extracorporeal circu-
lation, tissue injury due to blood exposure in the false lumen, and further acquired 
defects [2] can all contribute to impaired hemostasis. Bleeding management in this 
patient population requires a multimodal approach [3, 4]. Developing specific 
bleeding management strategies and algorithms to guide transfusion decisions is an 
integral part of patient blood management which not only reduce allogeneic blood 
transfusions but optimize clinical care [5, 6]. Cardiac surgical patients undergoing 
aortic dissection repair are exposed to extensive surgery and often long cardiopul-
monary bypass times, which place them at high risk for developing coagulopathy 
[7]. This chapter will review therapies focused on this patient population, including 
coagulation testing, blood product transfusion, and pharmacologic strategies to 
decrease bleeding.
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 Coagulation Testing

In patients who are bleeding following aortic surgery, coagulation testing is impor-
tant to help define contributing hemostatic defects. Although standard laboratory 
coagulation tests are typically available (i.e., prothrombin time, partial thrombo-
plastin time, platelet counts, fibrinogen levels), these have limitations with regard to 
specificity and reporting time. As a result, viscoelastic testing with the use of throm-
boelastography (TEG) or thromboelastometry (ROTEM) is increasingly used in 
bleeding management as it examines multiple aspects of the hemostatic system. 
Since whole blood is used for these tests, their samples require reduced preparation 
compared to standard laboratory tests, and thus reduced time, before actionable 
information can be obtained.

In cardiac surgical patients, impaired platelet function, in addition to reduced 
numbers, is a significant cause of bleeding [8]. However, platelet specific function 
testing is not widely available despite the use of viscoelastic testing and other point- 
of- care (POC) analyzers such as VerifyNow® and PFA-100®. POC platelet tests 
have not been validated in acutely bleeding patients since thrombocytopenia and 
hematocrit significantly influences their reported values. Even with standard TEG 
and ROTEM, it is important to understand that results are also affected by platelet 
number, and not function, due to the activators within the test (e.g., kaolin, tissue 
factor). Until better platelet function testing for the post-CPB period is developed, 
platelet transfusions for assumed dysfunction will continue to be administered 
empirically or based on platelet numbers [9].

Despite the lack of studies supporting platelet function tests in the perioperative 
management of cardiac surgical patients, multiple studies have shown that using 
pre-determined algorithms can decrease bleeding and transfusion requirements 
after cardiac surgery. Transfusion algorithms based upon objective measurements 
decrease the empirical administration of hemostatic factors [10]. Furthermore, algo-
rithms based upon POC viscoelastic testing have been shown to reduce bleeding, 
the need for allogeneic transfusions, returned to the operating room for bleeding, 
and overall cost of transfusional therapy in aortic dissection patients [11]. An exam-
ple of a viscoelastic tracing is provided in Fig. 1.

While POC tests have gained widespread use, most institutions have internally 
developed their own algorithms using these devices. In many randomized studies, 
point-of-care testing and transfusion algorithms decrease transfusions and improve 
hemostasis [10, 12–15]. However, different POC platforms have been used in these 
studies, along with different transfusion triggers. This is why meta-analyses of vis-
coelastic POC devices tend to show minimal effects [16–18]. Therefore, it is not 
clear whether the actual testing devices or the algorithms, which guide transfusion 
and decrease empirical administration, have the largest impact on reducing blood 
product usage.
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Fig. 1 Examples of normal and hypocoagulable viscoelastic tracings. These are 2 tracings from a 
TEG® 5000 machine (Haemonetics, Braintree, MA). Although this is a static image, it should be 
noted that the tracing develops over time and can be read in a dynamic fashion. The top tracing 
(“Baseline”) depicts a normal coagulable state, while the bottom one (“Post CPB”) shows hypoco-
agulability. Measured components are depicted in color with their solid lines depicting the final 
value and the dashed reference lines representing the normal range. The R time (orange) is mea-
sured in minutes and represents initial thrombin generation and fibrin formation. The K time 
(green) is the amount of time for the clot strength to reach 20 mm in amplitude and represents a 
measure of fibrin build-up. The angle (blue) is formed by a tangential line to the curve at the K time 
and provides information on the speed of fibrin cross-linking. MA (purple) is the maximum ampli-
tude of the clot strength and reflects fibrin and platelet interactions. The black numbers are derived 
from the curve and calculated. A: clot amplitude at any given time along the curve. PMA: projected 
MA, with a value of ‘0.0’ meaning the clot is likely to reach an MA in normal limits and a value 
of ‘1.0’ indicating it is unlikely. G: shear elastic modulus strength of the clot which is derived from 
MA. CI: coagulation index, which is a TEG® value calculated from the measured values to provide 
a summary of coagulability; CI >3.0 is indicative of hypercoagulability and a CI< –3.0 indicative 
of hypocoagulability. Fibrinolysis is not depicted on these curves (tracings were each stopped after 
~50 min) since the patient was already receiving antifibrinolytic therapy, which is typical in car-
diac surgery. EPL: estimated percent lysis at 30 min after MA reached and is continually updated 
until LY30 point is reached. LY30: percent lysis at 30 min after MA reached
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 Transfusion Therapy and Transfusion Guidelines

Multiple studies continue to define the role of transfusional therapies in acute bleed-
ing in cardiac surgery. Unfortunately, most of the studies to date have focused on red 
blood cell (RBC) transfusions and defining the ideal hemoglobin as a transfusion 
trigger. There is less objective data available that evaluates the role of hemostatic 
blood components, which include fresh frozen plasma (FFP), platelets, and cryopre-
cipitate. Despite few controlled trials, there are an increasing number of guidelines 
and practice documents for bleeding management in cardiac surgical patients [19, 
20]. Although these guidelines are reported as generally applicable recommendations, 
there are also other important considerations regarding the use of specific blood prod-
ucts in cardiac surgical patients that need to be considered. The rationale for the trans-
fusion of individual blood components will be addressed in the following sections.

 Red Blood Cells

Although many studies have focused on a specific hemoglobin trigger in cardiac 
surgery, multiple factors should be assessed when deciding on RBC transfusions in 
aortic dissection surgery. With acute hemorrhage, the rate of bleeding, which can be 
quite high in these situations, much be taken into account [21]. Transfusion deci-
sions when hemoglobin concentrations are approximately 7–10  g/dL should be 
based on any potential or continuing bleeding rate and magnitude, and the intravas-
cular volume status [21].

In general, the number of patients being transfused RBCs during cardiac surgery 
has significantly decreased over the past decade [22]. In a large, multi-center, ran-
domized study, the TRICS III trial demonstrated a ‘restrictive’ (Hgb <7.5  g/dL) 
transfusion trigger was non-inferior to a ‘liberal’ trigger (Hgb <9.5 g/dL in the ICU) 
with respect to important patient outcomes [23]. It should be noted, however, that 
few patients in transfusion trials are undergoing aortic surgery, which is often an 
emergency and may be complicated by other undiagnosed patient co-morbidities 
and underlying coagulopathies. Hemoglobin triggers for RBC transfusion are not to 
be taken as absolute indications, and patients undergoing aortic dissection repair 
should be transfused if signs of inadequate perfusion are present.

 Fresh Frozen Plasma (FFP)

FFP is overused in most surgical patients, often because of empirical therapy or to treat 
abnormal prothrombin times (PT) and/or partial thromboplastin times (PTT). Although 
these standard coagulation tests are used clinically to evaluate bleeding, they do not 
reflect bleeding in surgical patients and can be abnormal in patients who are not bleed-
ing. Despite the extensive use of FFP, there is no data supporting its efficacy outside of 
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trauma patients requiring massive transfusion [24]. Analyses of randomized controlled 
trials have been unable to demonstrate consistent evidence of benefit for plasma in 
most clinical scenarios [25]. The use of plasma to treat elevated international normal-
ized ratios (INRs), especially when the INR is less than 1.7, is problematic since the 
INR of the FFP itself is about 1.5 [26]. Paradoxically, the overuse of FFP is therefore 
more likely to result in dilution and exacerbation of coagulopathy. The use of PCCs is 
now preferred over FFP for reversal of vitamin K antagonists [27].

This is not to say that FFP has no role in the treatment of aortic dissection 
patients. It has been well demonstrated that multiple plasma proteins, including 
coagulation factors and anticoagulation factors, significantly fall during aortic sur-
gery with prolonged CPB [28]. FFP has a role in restoring these important proteins, 
although its use should be judicious. In situations of massive transfusion (see 
below), FFP is recommended as part of a balanced resuscitation. Although rare, 
catastrophic thrombosis following cardiac surgery can happen when only pro- 
coagulant therapies are administered following prolonged CPB [29]. More research 
is needed to determine the role of FFP in preventing this deadly event.

 Cryoprecipitate

Cryoprecipitate is obtained from thawing FFP.  The proteins that precipitate in a 
small volume include fibrinogen, factors VIII, XIII, and von Willebrand factor. Prior 
to administration, individual units of cryoprecipitate from multiple donors are 
pooled in the blood bank and administered usually as 5–10 units. Although initially 
developed for treating hemophilia due to its high factor VIII levels, the primary use 
of cryoprecipitate currently is to replete fibrinogen levels when specific fibrinogen 
concentrates are not available, or for acquired Factor XIII deficiency [30].

In Europe and other countries, cryoprecipitate is not available, and specific puri-
fied fibrinogen concentrates are used to treat bleeding. In the current era, the target 
hemostatic level of fibrinogen is 150–200  mg/dL (1.5–2.0  g/L), but the normal 
fibrinogen levels in plasma range from approximately 200–400 mg/dL and higher. 
Fibrinogen is critical to clot strength, and fibrinogen repletion for aortic surgery has 
been extensively studied and will be discussed later in factor concentrates. The lev-
els of fibrinogen less than 100 mg/dL (1 g/L) can a prolong the clot-based coagula-
tion tests PTT and PTT, and FFP administration is unlikely to correct. Cryoprecipitate 
or other methods of fibrinogen repletion should be considered in patients following 
aortic surgery as part of a multimodal protocol to manage bleeding [31].

 Platelets

One of the major causes of bleeding in aortic surgery is both platelet dysfunction 
due to activation and extracorporeal circulation, as well as thrombocytopenia due to 
dilution and consumption. As previously stated, monitoring platelet function in 
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acutely bleeding patients is problematic. As a result, platelets are administered 
based on a platelet count, as well as empirically administered when patients are 
bleeding. Most platelets transfused are obtained from single donors by apheresis or, 
alternatively, pooled multi-donor concentrates.

Following cardiac surgery, including aortic surgery, most transfusion algorithms 
suggest a threshold for platelet administration to be less than 100,000/μL, which is 
similar to neurosurgical procedures. As a reminder, normal platelet counts are 
150,000–400,000 platelets/μL.  Although viscoelastic testing is thought to assess 
platelet function, this is highly dependent on what activators are used, as well as 
fibrinogen levels.

 Massive Transfusion

In aortic surgical patients, extensive bleeding may occur that requires large volume 
transfusions. This is often referred to as ‘massive transfusion,’ which is defined as 
the acute replacement of more than one blood volume or more than 10 units of 
PRBC within several hours [32, 33]. Treatment of the coagulopathy should include 
volume replacement, normothermia, resolution of acid-base abnormalities, and 
blood component therapy.

Most aortic surgical centers who routinely perform these procedures have proto-
cols and facilities that are capable of providing allogeneic blood products as well as 
factor concentrates in a timely manner. However, in patients who have major bleed-
ing, using fixed ratios of 1:1:1 for RBCs, plasma, and platelets, is standard manage-
ment and part of damage control resuscitation [34]. Additionally, because of 
fibrinolysis, an antifibrinolytic should be considered in the bleeding cardiac surgical 
patient. Further management strategies include targeting fibrinogen levels in the 
form of cryoprecipitate or fibrinogen concentrates [34]. However, point-of-care 
monitoring and other goal-directed therapy can follow with fibrinogen levels and 
facilitate additional potential therapeutic approaches. The role of off-label use of 
factor concentrates to manage bleeding that cannot be controlled by conventional 
measures is still evolving (see below).

 Adverse Effects of Transfusions

Allogeneic blood product transfusions are extensively used in aortic surgical 
patients, of which potential acute adverse effects include hypersensitivity reactions, 
sepsis, acute respiratory failure defined as transfusion-related acute lung injury 
(TRALI), and even volume overload describe is transfusion associated circulatory 
overload (TACO) [35–37]. In general, the higher the quantity of blood products 
transfused, the greater probability of developing acute respiratory distress syndrome 
(ARDS) [38].
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 Pharmacologic Therapies

Multiple systemic and topical pro-hemostatic agents are used during cardiac sur-
gery. One of the unique aspects in this patient population is the ability to preemp-
tively treat patients for potential bleeding problems, specifically with antifibrinolytic 
agents. The multiple agents used will be reviewed in this section.

 Antifibrinolytic Agents

One of the mainstay therapies for both preventing and treating hemorrhage in 
patients following aortic surgery is the use of antifibrinolytic agents. There are mul-
tiple causes and initiation of fibrinolysis, both due to cardiopulmonary bypass as 
well as the activation that occurs following aortic dissection [39–43]. Efficacy in 
decreasing bleeding and transfusion is well established, as noted by the guidelines 
published by the Society of Thoracic Surgeons and The Society of Cardiovascular 
Anesthesiologists [44].

The current antifibrinolytic agents used are the lysine analogues: epsilon amino-
caproic acid (EACA) and tranexamic acid (TXA). Both occupy the lysine binding 
site of plasminogen, preventing it from interacting with fibrin [45]. An extensive 
database supports the efficacy of antifibrinolytic agents in cardiac surgery to 
decrease bleeding and transfusion [46]. Although TXA is the primary agent used 
worldwide, it does come with potential for causing seizures, which is likely a dose- 
dependent effect [47]. Large scale clinical trials in CABG patients have suggested 
that cumulative doses above 50 mg/kg should be avoided [48]. Given that the risk of 
seizures may be increased when circulatory arrest is used, many clinicians often use 
EACA in this setting despite its potential to have an increased risk of renal failure 
and fewer studies in cardiac surgical patients [49, 50].

 Protamine

One of the benefits of heparin anticoagulation is that it is acutely reversible with 
protamine, a highly basic peptide isolated from salmon sperm that binds heparin 
by forming a simple acid-base interaction [51]. Protamine rapidly reverses heparin 
to allow clot formation. Protamine can cause adverse reactions, including anaphy-
laxis, acute pulmonary vasoconstriction, and right ventricular failure, and hypo-
tension [51]. Different reactions to protamine have been reported ranging from 
minimal cardiovascular effects to life-threatening cardiovascular collapse. Risk 
factors for protamine reactions have been reported to be allergies to NPH insulin 
and men who have had vasectomies, while aspirin administration may be protec-
tive [52].
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Protamine administration for heparin reversal after cardiac surgery is often 
highly empirical administering large doses of protamine for persistent bleeding 
when bleeding is related to multiple other factors. What should be remembered is 
that protamine itself can inhibit platelet aggregation and prolong the ACT. Multiple 
studies report that excess protamine beyond what is needed for actual reversal 
decreases clot strength. Clinicians’ routine administration of additional protamine 
to treat a prolonged activated clotting time may actually further increase clotting 
time and contribute to excess bleeding [53]. Therefore, approaches to avoid excess 
protamine using heparin protamine titrations or fixed protamine doses based on 
time and duration of cardiopulmonary bypass are important as part of a multimodal 
strategy [54].

 Desmopressin

Desmopressin (also called DDAVP) is an analog of vasopressin that releases large 
von Willebrand factor multimers from their storage site in endothelial cells [55–58]. 
Rapid administration can cause hypotension, and as a result, it should be given 
slowly using doses of 0.3 mcg/kg to avoid vasodilation [59, 60]. despite its exten-
sive use in cardiac surgical patients, 18 trials of desmopressin in 1295 patients 
undergoing cardiac surgery only demonstrated small reductions on blood loss with 
~115 mL median volume reduction), and little data supporting any efficacy [60, 61]. 
The best use for DDAVP in cardiac surgery may be in patients with impaired renal 
function.

 Fibrinogen Concentrate

Fibrinogen is a critical coagulation factor that has been extensively studied in aortic 
surgical patients for repletion using fibrinogen concentrates. Fibrinogen levels also 
have been reported to be predictors of perioperative bleeding [62, 63]. As previously 
discussed, both cryoprecipitate and purified fibrinogen concentrates are the two 
major methods of repeating fibrinogen levels. However, fibrinogen concentrate has 
been the focus of most trials to date.

In one of the first prospective, randomized, and blinded studies of patients under-
going elective aortic replacement surgery, 61 patients were randomized to receive 
either fibrinogen concentrate or placebo [64]. Fibrinogen levels were determined 
using viscoelastic monitoring with FIBTEM testing following separation from car-
diopulmonary bypass and protamine reversal. Fibrinogen concentrate administra-
tion reduced transfusions compared to placebo (2 units versus 13 units), and 
transfusion avoidance occurred in 13 of 29 patients receiving fibrinogen concen-
trates compared to none of the placebo-treated patients. Of note, the FIBTEM test 
is a point of care viscoelastic testing method that removes the platelet contribution 
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for clot formation by inhibiting platelet activation to evaluate fibrinogen levels or 
abnormalities in clot formation, and generally correlates with laboratory-based 
fibrinogen assays (Clauss assays).

Other retrospective studies and prospective studies have reported fibrinogen con-
centrate administration and aortic surgery reduces bleeding and the need for trans-
fusions both intraoperatively and postoperatively [65–69]. In another study of 
patients undergoing elective aortic valve and ascending aorta replacement, fibrino-
gen concentrate reduced 24-h postoperative bleeding and blood product administra-
tion [66]. Bleeding and transfusion were also reduced in a similar retrospective 
evaluation of fibrinogen repletion using purified concentrates and guided by of-care 
fibrinogen measurements using FIBTEM for post-bypass bleeding following thora-
coabdominal aortic aneurysm repair [67]. The need for subsequent blood product 
transfusion was reduced in these patients, as was 24-h chest tube drainage volume.

Because of the success of reducing both bleeding and allogeneic blood transfu-
sion using fibrinogen concentrates, the concept was expanded to a worldwide mul-
ticenter randomized clinical trial that evaluated 519 patients from 34 different 
medical centers to fibrinogen replacement using a five-minute bleeding mass to 
determine whether patients would be treated. A total of 152 patients met inclusion 
criteria for fibrinogen repletion with similar median and interquartile ranges of pre-
treatment 5 min bleeding masses of 107 (76–138) grams in the fibrinogen group 
compared to placebo with 91 (71–112) grams. In the fibrinogen concentrate and 
placebo groups, respectively (P = 0.13). Of note is that patients who received fibrin-
ogen concentrates received more allogeneic blood products in the first 24 h postop-
eratively: 5.0 units (2.0–11.0), when compared with placebo, 3.0 (0.0–7.0). Most of 
the prior studies that showed marked efficacy of fibrinogen concentrates reducing 
bleeding were from a single European center with a large active aortic surgical pro-
gram. In the large multicenter study, low bleeding rates and normal fibrinogen lev-
els, along with the inability to follow a complex transfusion algorithm, likely 
influenced the results. The overall message for the clinician is that preemptively 
raising fibrinogen levels alone without treating the underlying coagulopathy is not 
likely beneficial and levels should be targeted as discussed above.

 Recombinant Factor VIIa (rFVIIa)

Recombinant activated factor VII (rFVIIa) is approved in most countries for the 
treatment of bleeding episodes and perioperative management in adults and chil-
dren with hemophilia A or B with inhibitors, congenital Factor VII (FVII) defi-
ciency, and Glanzmann’s thrombasthenia with refractoriness to platelet transfusions, 
with or without antibodies to platelets. However, clinicians have used it off label for 
intractable bleeding, including in cardiac surgical patients.

In one of the first prospective trials, Gill et al. enrolled patients following cardiac 
surgery who were bleeding more than 200 mL/h and had not been otherwise treated 
[70]. In this phase II, dose-escalation study, 35 patients were randomized to receive 
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rFVIIa at doses of 40 mcg/kg rFVIIa, 69 patients received 80 mcg/kg rFVIIa, and 
68 patients received placebo. Although the primary endpoint was serious adverse 
events, secondary end points included rates of re-exploration, additional transfu-
sions, and amount of blood loss. There were no statistically significant differences 
in adverse events among the groups however, significantly fewer patients treated 
with rFVIIa group underwent re-exploration for bleeding (P  =  0.03) or required 
allogeneic transfusions (P = 0.01) [70].

A more extensive safety study of 4468 subjects that included 4119 patients and 
349 healthy volunteers reported a higher rate of arterial thromboembolic events 
among those subjects who received rFVIIa compared to placebo (5.5% vs. 3.2%) 
[71]. Interestingly, venous thromboembolic events were similar (5.3% vs. 5.7%). It 
should be noted that major bleeding in cardiac surgical patients increases the risk of 
serious adverse events, including operative mortality, as does increased transfusion 
of blood products [72]. Therefore, when evaluating ‘rescue therapies’ such as 
rFVIIa, these risks must be weighed against potential complications of the therapy. 
In patients major aortic surgery with refractory bleeding, rFVIIa as salvage therapy 
has been reported and recommended [73].

 Prothrombin Complex Concentrates

Prothrombin complex concentrates (PCCs) are purified, freeze-dried coagulation 
factors derived from pools of plasma that include factors II, VII, IX, and X in concen-
trations that depend on the manufacturer [74]. In the United States, both three factor 
and four factor PCCs are available. The three factor PCCs were originally for hemo-
philia therapy and included factor IX products that include Profilnine SD [Grifols, 
Barcelona, Spain], Bebulin VH [Baxter], and Factor Eight Inhibitory Bypassing 
Activity(FEIBA) VH [Baxter] [75]. Bebulin and Profilnine contain low levels of fac-
tor VII, while FEIBA contains the activated form of VII (VIIa). Four- Factor PCCs 
are approved for warfarin and other vitamin K antagonist reversal. Three-factor 
PCCs are often administered for bleeding rather than vitamin K antagonist reversal 
and used for off-label indications, including bleeding in surgical patients. Kcentra 
(CSL Behring) is the only four component PCC available in the United States but is 
called Beriplex P/N in other countries. Other four component PCCs available in most 
countries and include Octaplex (Octapharma, Vienna, Austria) [75–79]. While PCCs 
have been around for decades, modern agents differ in that most also include low 
levels of anticoagulants including Protein C and Protein S, as well as antithrombin.

In Europe, viscoelastic monitoring is used extensively for goal-directed bleeding 
management, and algorithms for bleeding in cardiac surgical patients routinely 
include the use of four component PCCs, although the body of evidence for this is 
currently small. Retrospective evaluation of a large database reported that initial 
treatment using POC testing with PCCs, decreased bleeding as well as thrombotic 
complications [80]. There was also a reduced need for allogeneic transfusion with 
FFP, but platelet transfusions were increased [80].
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Much like rVIIa, PCCs have also been reported as rescue therapy for life- 
threatening bleeding refractory to conventional treatment. One report of 25 patients 
who received FEIBA as rescue therapy included aortic root replacement and heart 
transplants. Following a mean FEIBA doses of 2154 units, FFP and platelet transfu-
sions decreased without need for re-exploration [81]. One Canadian multicenter 
phase II study is underway, the Factor Replacement in Surgery Trial (NCT04114643), 
to better evaluate the role of factor concentrates versus FFP in cardiac surgical 
bleeding.

 Topical Hemostatic Agents

In aortic surgical patients, hemostatic agents are often applied as adjunctive mea-
sures to promote hemostasis. Multiple agents have been reported in cardiac surgical 
patients, and commonly encountered ones are summarized in Table 1. They are typi-
cally applied directly to the site of oozing within the surgical field. In patients with 
active bleeding, the application of such agents can be challenging, which may limit 
their efficacy. Although much of the data evaluating these agents is from retrospec-
tive analyses, there are some randomized clinical trials that have been previously 
reviewed [82]. Topical agents can be broadly classified into those that provide a 
mechanical barrier, those that contain an active hemostatic agent, or those that com-
bine both of these elements.

Table 1 Topical hemostatic agents commonly used in aortic surgery

Class of agent Brand name (manufacturer) Major component

Mechanical agents Avitene (Bard Davol Inc, Warwick, RI) Bovine collagen
Gelfoam (Baxter, Deerfield, IL) Porcine gelatin
Surgicel (Ethicon/J&J, New Brunswick, 
NJ)

Cellulose

Non-active 
sealants

Bioglue (Cryolife, Kennesaw, GA) Bovine albumin + glutaraldehyde
Coseal (Baxter, Deerfield, IL) Polyethylene glycol

Active agents Thrombin JMI (Pzifer, New York, NY) Bovine thrombin
Evithrom (Ethicon/J&J, New 
Brunswick, NJ)

Pooled human thrombin

Recothrom (Baxter, Deerfield, IL) Recombinant human thrombin
Combination 
agents

Floseal (Baxter, Deerfield, IL) Human thrombin + bovine 
gelatin

Surgiflo (Ethicon/J&J, New Brunswick, 
NJ)

Human thrombin + porcine 
gelatin

Evicel (Ethicon/J&J, New Brunswick, 
NJ)

Human thrombin + human 
fibrinogen

Tisseal (Baxter, Deerfield, IL) Human thrombin + human 
fibrinogen
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Mechanical hemostatic agents are used to provide a barrier at the site of bleeding 
to allow for potential hemostatic activation and provide a scaffold for the accumula-
tion of critical hemostatic factors. Because they rely on the patient’s coagulation 
system, they should be left in place until clot forms. The most widely used agent of 
this type is simply bone wax, whose application is almost ubiquitous with sternal 
closure. Other agents are mainly derived from porcine gelatin or bovine collagen, 
which in its anhydrous form, can bind bleeding surfaces. Collagen sponges are simi-
lar to microfibrillar collagen but obtained from bovine tendon or skin.

Synthetic sealants are also applied to reduce bleeding in a mechanical fashion. A 
synthetic polyethylene glycol has been extensively used in Bentall thoracic aortic 
surgery [83]. For major aortic and other cardiac surgical patients, Coselli et  al. 
examined the use a “bioglue” that contains bovine albumin with glutaraldehyde and 
reported improved hemostasis at anastomotic sites [84]. Despite the potential effi-
cacy, glutaraldehyde may have the potential for tissue injury compared to other 
potential topical hemostatic products [85].

The compound for most active topical agents is thrombin, used either as a single 
therapy or combined by the surgeon with a mechanical agent (e.g., a gelatin sponge). 
The concept of topical thrombin is to locally activate the clotting cascade. Early 
topical thrombin preparations were bovine derived. Unfortunately, the xenogenic 
source induced antibody formation against human thrombin and factor V, causing 
potential hypersensitivity reactions as well as complex coagulopathic bleeding 
states. As a result, bovine thrombin is seldom used in the current era. The develop-
ment of both purified and recombinant human thrombin has reduced these adverse 
reactions.

Therapeutic agents that combine both mechanical properties and have an active 
hemostatic agent fall into two categories: gelatin plus thrombin (often termed ‘flow-
able’ agents), and fibrin sealants. The gelatin used for flowable agents is either por-
cine or bovine derived and then combined with human thrombin. The product must 
be reconstituted when ready to use and is typically delivered via a specialized appli-
cator. Fibrin sealants contain two critical hemostatic factors, thrombin, and fibrino-
gen. They can be administered as either a patch or in liquid form to provide local 
hemostasis, but require a relatively dry field to be effective. For these different 
agents, different sources of hemostatic factors are used in individual preparations 
and include human, bovine collagen and thrombin, and equine collagen. Fibrin seal-
ants can also be mixtures of human fibrinogen, thrombin, and an antifibrinolytic 
agent to prevent clot lysis, traditionally aprotinin [86].

 Summary

Coagulopathy and bleeding management requires a multimodal approach that 
includes fibrinogen repletion, providing appropriate procoagulants, and antifibri-
nolytic agents. When patients bleed, surgical sources of bleeding should also be 
considered, especially in an ICU setting. In addition to allogeneic blood 
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transfusions, factor concentrates are increasingly management strategies to con-
sider in treatment algorithms. With major hemorrhage, specific protocols for mas-
sive transfusion should be considered. Bleeding management algorithms in 
cardiac surgical patients are increasingly used that include this multimodal ther-
apy along with as well as goal-directed management with point-of-care viscoelas-
tic testing.
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Monitoring After Surgery for Acute Aortic 
Syndromes

Andrew M. Vekstein and Adam R. Williams

 Immediate Post-operative Monitoring

 After Type A Dissection Repair

 Management of Hemodynamics

While patients presenting with Type A Aortic Dissection require aggressive anti- 
impulse therapy initially, hemodynamics after surgical repair are highly variable. In 
general, the fragile nature of aortic suture lines requires very close monitoring of 
blood pressure, with systolic blood pressure (SBP) less than 120 mmHg and dia-
stolic blood pressure (DBP) less than 80 mmHg [1]. We recommend placement of 
bilateral radial artery lines and treatment based off of the line with higher pressures. 
If there is concern for differential perfusion pressures in patients with complex true 
versus false luminal flow, then a femoral artery line should also be inserted. Due to 
often long periods of cardiopulmonary bypass and hypothermic circulatory arrest, 
patients are often severely vasodilated post-operatively requiring vasopressors and 
ongoing volume resuscitation upon arrival in the intensive care unit [2]. If the dis-
section involved the aortic root and replacement of the sinuses of Valsalva is 
required, myocardial protection intra-operatively becomes critical to optimizing the 
early recovery period. If patients develop low cardiac output syndrome, inotropic 
agents such as epinephrine may be utilized cautiously.
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 Coagulopathy

Surgical repair for acute aortic syndromes is associated with profound derange-
ments in the coagulation cascade. The etiology of coagulopathy is multifactorial 
and includes factor and platelet dysfunction after hypothermic circulatory arrest and 
the exposure of blood to the aortic media, which results in cascade activation and 
consumptive coagulopathy, with both clotting factor and fibrinogen levels continu-
ing to drop even after ascending aortic repair [3]. A systematic and aggressive 
approach to transfusion is needed to obtain hemostasis intra-operatively and prevent 
ongoing bleeding post-operatively. At our institution, all patients undergoing hypo-
thermic circulatory arrest have platelet and fibrinogen levels, as well as thrombo-
elastography, checked before weaning from cardiopulmonary bypass, and receive 
prophylactic transfusion of four units of pooled platelet concentrate before separat-
ing from bypass. Once off bypass, protamine and ε-aminocaproic acid infusions are 
initiated, along with single dose of desmopressin, two units of platelets, and two 
units of cryoprecipitate. After management of any surgical bleeding sources, labora-
tory values are again checked and transfusion dictated by international normalized 
ratio, platelet, fibrinogen, activated clotting time and hematocrit levels (Fig. 1). In 
patients with ongoing medical bleeding, defined by uncontrolled flow through nee-
dle holes and raw surfaces, one milligram dose of recombinant factor VIIa (rFVIIa) 
is given. If there is ongoing bleeding then prothrombin complex concentrate 
10 units/kg is administered. This protocol is repeated for continued bleeding. Once 
hemostasis is achieved the sternum is closed. In cases of massive bleeding not 
responsive to blood products, the chest is packed with sponges and the patient trans-
ferred to the ICU for ongoing resuscitation with delayed sternal closure.

Post-operatively, close monitoring of chest tube output and thromboelastography 
guided transfusion is recommended. In patients presenting with DeBakey Type I 
aortic dissection, an ongoing consumptive coagulopathy is expected even after 
ascending and/or arch repair due to ongoing flow in the false lumen [2].

4-6 units of FFP

Wean of CPB

Rewarming on CPB

Bleeding
Bleeding

Bleeding

Ongoing BleedingHemostasis

Protamine, aminocaproic acid, 2U Platelet & 2U Cryoprecipitate

Mediastinal Packing

Factor VII 1mg

Prothrombin complex concentrate 10U/Kg

Chest closure Pack chest, ICU,
delayed chest closure

Fig. 1 Guidelines for 
transfusion for 
coagulopathic bleeding 
after type A dissection 
repair. Adapted from J 
Cardiovasc Surg 
2019;60:633–6 [4]
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 Ongoing Malperfusion Syndromes

In general, reperfusion of the true lumen through ascending aortic repair is thought 
to improve malperfusion syndromes after Type A Dissection [5]. However, every 
dissection generates a different flap anatomy with variable re-entry tears. Furthermore, 
malperfusion may be a static or dynamic process. Static malperfusion refers to a 
process in which the dissection tear propagates into a branch vessel or the intimal 
flap herniates into a branch vessel. Static malperfusion quickly leads to branch vessel 
thrombosis, which may not improve with improved perfusion of the true lumen. By 
contrast, dynamic malperfusion refers to intermittent occlusion of a branch vessel by 
the dissection flap, and usually improves with improved true luminal flow [6].

Post-operatively, sedation should be weaned and neurologic examination performed 
as soon as is appropriate with patients’ hemodynamic status to assess for new or wors-
ening stroke. Renal replacement therapy may be required early after surgery for acute 
renal failure related to malperfusion and overall metabolic derangements. Abdominal 
pain post-operatively is an ominous sign as mesenteric malperfusion and bowel isch-
emia is associated with very poor outcomes (as high as 70% mortality) [7]. Many 
centers have shifted towards a TEVAR and/or intimal fenestration approach if mesen-
teric ischemia is suspected [5]. Concern for limb ischemia on initial presentation simi-
larly may alter treatment algorithm and require delay in ascending aortic repair [8]. 
Peripheral pulse exam should be noted before ascending repair and before leaving the 
operating room. Any concern for worsening exam after initial operation should prompt 
Vascular Surgical consultation, as urgent bypass and/or fasciotomy may be required [9].

 After Endovascular Repair for Type B Aortic Dissection

 Management of Hemodynamics

Hemodynamic management after TEVAR differs greatly from the initial management 
for with Type B dissection. On initial presentation, aggressive anti-impulse therapy 
should be initiated, typically with intravenous esmolol or labetalol. Second line agents 
include calcium channel blockers, such as nicardipine, and nitroprusside. After 
TEVAR, however, permissive hypertension (SBP > 140–160 mmHg) is often pursued 
to optimize spinal cord perfusion [10, 11]. There are competing interests, though, as 
the Vascular Surgery literature has suggested that perioperative hypertension may 
increase type II endoleak and inhibit shrinkage of abdominal aortic aneurysm sac [12].

 Spinal Cord Protection

Although utilized frequently during open thoracoabdominal aortic aneurysm or dis-
section repair, the use of lumbar cerebrospinal fluid (CSF) drainage before TEVAR 
is highly variable among institutions. Common indications for CSF drainage include 
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patients with prior open or endovascular repair of the thoracic, abdominal or thora-
coabdominal aorta. At our institution, spinal drains are only placed if greater than 
75% coverage of the descending thoracic aorta, including intercostals below verte-
bral level T6, is planned [10]. However, new data suggests that with high blood 
pressure goals post operatively (SBP > 160 mmHg), even extended length TEVAR 
(defined as endograft coverage of the entire descending thoracic aorta from the left 
subclavian artery to below the diaphragm to the level of the celiac artery) may be 
performed without spinal drain without adding significant risk of spinal cord isch-
emia [13]. However, there should be a low threshold to place drain post-operatively 
if patients develop any signs or symptoms of spinal cord ischemia, notably lower 
extremity weakness or urinary retention, which does not improve with augmenta-
tion of blood pressure. Although typically employed intra-operatively, motor and 
somatosensory evoked potential monitoring may be utilized post-operatively for 
early identification of potential spinal cord injury and adjust hemodynamic manage-
ment accordingly when neurologic exam cannot yet be performed [14].

 Retrograde Type A Dissection

One of the most feared complications of TEVAR is the propagation of Type B dis-
section retrotgrade into the ascending aorta. Although it only occurs in 2.5% of 
cases, retrograde Type A dissection (RTAD) is associated with high mortality (up to 
40%). Some studies suggest that RTAD is associated with devices with bare metal 
proximal stents [15]. Ideally, RTAD should be identified in the hybrid operating 
room during completion aortogram. At our institution we also perform intraopera-
tive TEE on all TEVAR patients to assess the ascending aorta after stent deploy-
ment. If the patient is a surgical candidate, RTAD is an indication for emergent 
sternotomy and ascending aortic repair.

 Long Term Monitoring and Surveillance

 Risk Factor Modification

Most patient’s presenting with acute aortic syndromes have multiple risk factors, 
such as poorly controlled hypertension, hyperlipidemia and smoking [16]. After 
initial management, coordination with primary care providers and Cardiologists is 
crucial for risk factor modification. For patients with any thoracic aortic disease, 
AHA/AATS/STS Guidelines [17] recommend target blood pressure <140/90 mmHg 
for non-diabetic patients or <130/80 mmHg for patients with diabetes or chronic 
kidney disease. Although the exact post-dissection medication regimen is institution 
dependent, beta-blockers have been favored anti-hypertensive to prevent long-term 
aneurysmal degeneration in multiple studies [18]. A statin is recommended with 
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Low Density Lipoprotein (LDL) <70 and smoking cessation resources should be 
provided to all patients who currently use tobacco products. Medications should be 
reviewed at all subsequent surgical follow up appointments. If patients have features 
concerning for connective tissue disorder, a referral to Genetics is also warranted. 
Patient’s diagnosed with Marfan’s Syndrome should be started on an angiotensin 
II-receptor blocker, which has been demonstrated in animal and human studies to 
reduce the rate of aortic-root dilation [19].

 Imaging Frequency and Modality

Consistent institutional imaging and follow-up guidelines after acute aortic syn-
dromes are an important element of an aortic center. However, specific national and 
international guidelines lack strong evidence to guide frequency of imaging [17]. 
Our institutional protocol after Type A dissection repair (Fig. 2) is for repeat imag-
ing 3 and 9 months after initial surgical repair, then annually henceforth. If imaging 
is stable after 5 years, imaging frequency is liberalized to every 18–24 months. If 
there is concern for dilated segment greater than 4  cm, additional imaging is 
obtained 6 months after initial operation.

Computed tomographic angiography has typically been the preferred examina-
tion to diagnose acute aortic syndrome and surveil patients after aortic repair. 
Specific thoraco-abdominal aortic and dissection protocols yield even more sensi-
tive and specific results. However, magnetic resonance angiography (MRA) has 
been increasingly utilized in the acute and chronic settings. Potential benefits of 
MRA include assessment of ventricular and valvular function, advanced analysis 
with four dimensional protocols and computational fluid dynamics, in addition to 
reduced radiation exposure for patients who will require lifelong surveillance [17]. 
At our institution, we frequently alternate annually between CTA with 
Echocardiography versus MRA alone for annual monitoring.

 After Type A Dissection Repair

 Monitoring of Valvular and Ventricular Function

If aortic root replacement is indicated at the time of index operation, whether valve 
sparing or with valve replacement (Bentall Operation), STS/AHA guidelines rec-
ommend echocardiography before discharge and annually post-operatively [20]. 
Some centers advocate for more frequent echo in the first year, paired with CTA or 
MRA. Particular attention should be paid to stenotic or regurgitant changes in the 
native or prosthetic aortic valve, cardiomyopathy, ventricular dimensions, among 
other Echo findings [21].
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 Fate of the Distal Aorta

The extent of repair of a Debakey Type I aortic dissection during initial surgery is a 
topic of disagreement among experts, with some centers advocating for ascending 
or hemi-arch repair alone and others pursuing a more aggressive total arch approach 
with or without elephant trunk extended into descending aorta [21]. Regardless of 
the initial repair, important considerations during follow up include suture line 
pseudoaneurysm (Fig. 3) and the downstream untreated aorta. Rate of re- intervention 
on the descending aorta after ascending/hemi-arch repair for Type A dissection is 
reported between 20 and 40% [22].

Duke University Proximal Aortic Surveillance Protocol

Aortic Dissection
Proximal

Aneurysm

6-9 months
postoperatively

3 months
postoperatively

+/- 6 months
postoperatively if
any segment of

aorta > 4cm

18 months after
initial postoperative

scan

Every 24 months
thereafter

9-12 months
postoperatively

Annually
(after 5 years

extend to 18 months
then 24 months)

Fig. 2 Duke University Aortic Center protocol for aortic surveillance [18]
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Potential complications of residual Type B dissection after ascending/hemi-arch 
repair for Type A dissection include late malperfusion, aneurysmal degeneration 
and frank rupture. Indications for repair are the same as for Type B dissection in 
isolation, and include end-organ malperfusion (e.g. visceral, limb), refractory pain 
despite medical management, chronic dilation >5.5 cm or rapid dilation >0.5 cm in 
6 months or 1.0 cm in a year. Approach to repair of residual type B dissection after 
ascending repair is dependent upon each patient and anatomy. If dissection involves 
the aortic arch with significant aneurysmal changes, total arch replacement with or 
without elephant trunk may be required. In patients with minimal arch involvement 
and degeneration of the descending thoracic aorta, TEVAR may be considered. 
Criteria for success with TEVAR in this context includes suitable landing zone 
>2 cm (with or without coverage of left subclavian artery), minimal distal fenestra-
tions throughout descending aorta and ideally all four visceral branches coming off 
of the false lumen. In patients with visceral branches off the false lumen or multiple 
distal fenestrations, TEVAR and subsequent thrombosis of the false lumen may cre-
ate malperfusion syndrome or lead to endoleak [22]. Open thoracoabdominal aortic 
repair may be required in appropriate surgical candidates in this scenario.

 After Type B Dissection Repair

 Aneurysmal Dilatation of Untreated Segments

Dilation and degeneration of the distal descending and visceral aortic segments after 
TEVAR represents a complex challenge requiring multi-disciplinary, patient- 
specific management. Unlike primary aneurysmal disease, which is frequently 

Fig. 3 Patient who 
developed a 
pseudoaneurysm at the 
distal suture line after zone 
1 total arch replacement 
for type A dissection
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limited to the infra-renal abdominal aorta, post-dissection aneurysm involves all 
visceral vessels and is associated with significant aortic remodeling and tortuosity. 
Open thoraco-abdominal aortic replacement is an option in patients who are bridged 
through their initial acute dissection with TEVAR, but is associated with significant 
morbidity and mortality. Early feasibility studies for fenestrated/branched thoracic 
endovascular repair show promising results, but are limited by small numbers [23].

 Endoleak

Thoracic endografts were initially designed and FDA approved for thoracic aortic 
aneurysm. When increasingly utilized for aortic dissection, the anatomy of landing 
zones becomes suboptimal, placing patients at higher risk for endoleak in the early 
and late settings. Endoleak is blood flow into the aneurysm sac after endovascular 
repair and can be characterized into five types: Type IA and IB represent perigraft 
leakage at proximal or distal graft attachment sites respectively. Type II is retro-
grade flow from branch vessels within aneurysm sac. Type III is leakage through 
defect in the graft or between two endoprostheses. Type IV is leakage through the 
graft due to the porosity of the fabric. Type V is expansion of the aneurysm sac 
without obvious source on imaging [24]. The most common indication for interven-
tion after TEVAR is Type IA endoleak, which presents high risk for rupture [25].

 Stent Graft Induced New Entry Tears

When utilized for aortic dissection, TEVAR involves landing a device within the true 
lumen against the intimal flap, which may be associated with new intimal injury at the 
proximal or distal ends of the graft. Stent graft-inducted new entry tear (SINE) has an 
incidence as high as 28% with the most significant risk factor being oversizing of 
prosthesis [26]. Assessment for SINE is a critical component of follow up imaging, as 
this may present early or late after initial TEVAR. The frozen elephant trunk technique 
for type A repair can also result in PAU at the distal landing site (Fig. 4). Proximal 
SINE presents high risk of retrograde dissection and requires urgent intervention, 
while distal SINE may result in visceral malperfusion or more rapid expansion of the 
false lumen, but can often be managed with staged extension of endograft [27]. Stent 
graft associated wall injury without new entry tear is an emerging entity that must also 
be observed on imaging, as it is associated with pseudoaneurysm formation.

 Conclusion

As surgical and endovascular therapies for acute aortic syndromes continue to 
evolve, a systematic approach is required for patient monitoring post-operatively 
and surveillance in the long term. Perioperatively, an understanding of 
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hemodynamics, spinal cord protection and the profound metabolic derangements 
associated with acute aortic syndromes leads to improved outcomes. In the long 
term, frequently monitoring with echocardiography, CT and MR imaging should 
focus on both common and more rare complications. As new technology and surgi-
cal approaches, such as the increased use of bare metal stents for endovascular 
repair of dissection, are utilized, further investigation into aortic remodeling and 
potential complications is warranted [28].
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Medical Management of Uncomplicated 
Type B Acute Aortic Syndromes

Arvind K. Pandey, Umberto Campia, and Patrick T. O’Gara

 Introduction

Medical management is the primary treatment approach to type B acute aortic syn-
dromes (AAS). While immediate surgical intervention has been shown to improve 
outcomes, including mortality, in patients with type A dissection, similar benefit has 
not been demonstrated for type B patients. Endovascular aortic repair (EVAR), 
when anatomically appropriate, has become increasingly utilized in preference to 
surgery for management of complicated type B AAS. The effects of EVAR on out-
comes in patients with uncomplicated type B AAS is the focus of ongoing research. 
This chapter reviews the evaluation, monitoring and medical treatment of patients 
with uncomplicated type B AAS with emphasis on imaging, heart rate/blood pres-
sure (impulse) control, and long-term surveillance.

 Clinical Outcomes

Since the development of effective surgical approaches nearly 70  years ago by 
DeBakey and colleagues, acute aortic dissection (AAD) isolated to the descending 
aorta (Stanford Type B, DeBakey Type III) has been recognized as having a natural 
history and outcomes distinct from AAD involving the ascending aorta (Stanford Type 
A, DeBakey Type I, II) [1, 2]. Studies from contemporary cohorts have confirmed 
these prior observations. Data from the International Registry of Aortic Dissection 
(IRAD) and the Spanish Acute Aortic Syndrome Study (SAAS) have demonstrated a 
more than two-fold higher in-hospital mortality for patients with type A versus type B 
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AAD [3, 4]. For patients who survive to hospital discharge, mortality curves flatten for 
both type A and type B AAD. In an analysis of IRAD data, type A AAD patients had 
88% and 68% survival at 1 and 3 years, respectively, and type B AAD patients had 
90% and 79%, respectively, over the same time frames [5, 6]. In the Oxford Vascular 
Study, 5-year survival rates of 85% for type A AAD and 83% for type B AAD were 
observed in patients surviving to hospital discharge [7]. Patients with type A and B 
intra-mural hematoma (IMH) demonstrate natural histories that are similar to those 
for patients with AAD [8]. Outcomes in penetrating aortic ulcers (PAUs) have been 
difficult to define due to differences in patient selection and inclusion across studies. 
PAUs that are found incidentally on imaging studies performed for another indication 
may often be followed conservatively and may not be associated with excess mortal-
ity. PAUs requiring intervention for high- risk features or early complications, how-
ever, may be associated with 30-day mortality rates approaching 15% [9].

Despite the comparatively lower mortality with type B AAD and the favorable 
outcomes associated with medical therapy alone for uncomplicated disease, lower 
survival rates have been observed in the setting of high-risk clinical features, includ-
ing threatened or demonstrable rupture [10], malperfusion syndromes [11], hemo-
dynamic instability and/or persistent pain with difficult to control hypertension [12] 
(Table 1). These clinical features should prompt consideration of an interventional 
approach. Reflecting the high-risk nature of these patients, type B AAD patients 
undergoing surgical intervention have a nearly three-fold higher in-hospital mortal-
ity rate than those treated medically (31.4% versus 10.7%) [4], largely due to estab-
lished complications from the dissection, patient co-morbidities, and the need for 
urgent intervention prompted by clinical decline. Short-term survival is higher with 
EVAR than with acute surgical intervention as reported in observational studies [13] 
and could offer an alternative approach for appropriately selected patients. 
Conservative medical management alone in type B AAD patients with early compli-
cations is associated with in-hospital mortality rates of up to 50% [11].

 Initial Diagnostic Approach

 History and Laboratory Testing

Patient history can provide clues to the diagnosis of type B AAD. However, present-
ing symptoms have limited sensitivity and specificity. Indeed, nearly one-third of 
patients with AAS are initially suspected as having an alternative diagnosis [14]. In 

Table 1 High-risk features in the first 48 h of type B AAD
End organ malperfusion
Impending aortic rupture
Rapid expansion of the false lumen
Refractory pain
Difficult to control hypertension
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the IRAD registry, 98% of patients experienced some form of pain, typically of 
abrupt onset and severe in nature. While nearly three-fourths of type A AAD patients 
reported chest pain, the most frequent location of pain in type B AAD was reported 
to be in the back [4]. However, patients may describe abdominal and chest pain with 
similar frequency, and the character of the pain may not provide further diagnostic 
clarity. At presentation, type B AAD patients are more likely to be hypertensive, and 
less likely to exhibit hypotension, pulse deficit, neurological compromise, or a mur-
mur of aortic regurgitation than their type A counterparts [3, 4]. Of note, absence of 
typical symptoms at presentation, including chest and back pain, is associated with 
increased in-hospital mortality, possibly due to delays in seeking medical care and 
in establishing a diagnosis [15].

Several genetic syndromes predisposing to aortic aneurysms and dissection have 
been identified, including Marfan syndrome (mutations in FBN1 gene, which 
encodes for fibrillin-1), Type IV (vascular) Ehlers-Danlos syndrome (mutations in 
COL3A1 gene, which encodes for type 3 collagen), Loeys-Dietz syndrome (muta-
tions in genes associated with transforming growth factor [TGF-β] pathway), famil-
ial thoracic aortic aneurysm disease (mutations in ACTA2 gene, which encodes for 
𝛼-smooth muscle actin) and others [16]. These genetic syndromes are more com-
monly associated with ascending aortic disease, but descending aortic involvement 
can be observed. Whereas genetic testing in the acute phase is currently not useful 
at the point of care, elicitation of a three-generation family history and clinical rec-
ognition of a syndromic disorder can inform decisions regarding manipulation or 
instrumentation of the aorta. Marfan syndrome, for example, is usually considered 
a contraindication to EVAR [17, 18].

Biomarkers have a very limited role in establishing the diagnosis of AAD but 
may be useful in evaluating alternative diagnoses. D-dimer has the most extensive 
evidence base in AAD. Data from IRAD, other registries, and observational series 
suggest that d-dimer levels have a sensitivity for AAD of >95% but a relatively poor 
specificity of <50%, indicating that its role may be best suited to exclude the diag-
nosis [19, 20]. Inflammatory markers such as C-reactive protein (CRP) correlate 
with the presence of dissection but are non-specific [21]. Other biomarkers that have 
been investigated include smooth muscle myosin heavy chain [22], the BB isozyme 
of creatine kinase [23], calponin [24], elastin degradation products [25], and TGF-β 
[26] (Table 2). Further studies in large cohorts of patients will be needed to better 
understand the pattern and timing of release of these markers, determine whether 
biomarkers may correlate with progression of dissection or complications, and 
establish appropriate cut-off values [27, 28].

 Imaging of the Aorta

Accurate and rapid diagnosis of acute type B AAS relies on non-invasive imaging, 
usually with computed tomographic angiography (CTA). Chest x-ray abnormalities 
are only present in about half of type B patients [15]. Nearly three-fourths of patients 
with type B dissections undergo CT imaging as their initial diagnostic study, 
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although a majority will eventually receive other imaging as well [15]. CTA, mag-
netic resonance angiography (MRA), and transesophageal echocardiography (TEE) 
all have similarly high (>95%) sensitivity and specificity [29], so the use of a spe-
cific modality often depends on availability, local expertise and patient-specific fac-
tors. Advantages of CTA include excellent spatial resolution, rapid imaging 
protocols, and widespread availability. Protocols for CT studies that include non- 
contrast imaging to evaluate for intramural hematoma, arterial phase images to 
evaluate characteristics of the dissection flap, and venous phase images to examine 
the false lumen, are routinely utilized. TEE provides excellent temporal resolution 
and visualization of portions of the aorta without exposing patients to ionizing radi-
ation; however, it may not provide full anatomic interrogation in type B patients, 
particularly of the abdominal aorta and its vascular branches. Moreover, its semi- 
invasive nature and the need for sedation limit its applicability. MRA does not 
involve the use of ionizing radiation but has several disadvantages in the acute set-
ting, given its relatively limited availability, longer scan times, the distance between 
the scanner and emergency clinical personnel, and potential issues arising from 
metallic patient-support devices. However, it does offer similar anatomic resolution 
and the possibility of enhanced functional assessment over CT.  Additionally, 
contrast- enhanced scanning with MRA may provide better evaluation for underly-
ing inflammatory and vasculitic conditions than other imaging modalities.

Features on initial imaging can be helpful in predicting potential adverse events 
in uncomplicated type B AAD patients. These include both positive and negative 
predictors of aortic enlargement [30] that may help guide initial management 
strategies. Multiple studies have demonstrated that an aortic diameter of 40 mm 
or greater on initial imaging is associated with further growth and increased risk 
of intervention [31–40]. However, some studies, including one from the IRAD 
cohort, have observed the opposite relationship, namely faster aortic growth rates 
with smaller initial aortic diameters [41, 42]. The cause for this discrepancy is not 
fully understood but may be due to selection bias (patients with larger aortic sizes 
may be directed towards intervention) or the presence of undiagnosed connective 
tissue disorders, which would have a greater propensity towards adverse remodel-
ing. Patency or partial thrombosis of the false lumen has also been associated 
with  aortic growth on subsequent imaging as well as worse clinical outcomes, 
whereas complete thrombosis of the false lumen is a negative predictor of 

Table 2 Biomarkers investigated in the diagnosis AAD
Biomarker References

D-dimer [19, 20]
CRP [21]
Smooth muscle myosin heavy chain [22]
BB isozyme of creatine kinase [23]
Calponin [24]
Elastin degradation products [25]
TGF-β [26]

CRP C-reactive protein, TGF-β Transforming growth factor beta
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growth [32, 33, 36, 39, 43–45]. Other morphological characteristics that may sig-
nal worse long-term outcomes in type B patients include dissection/false lumen 
situated along the inner curvature of the aorta, rounded configuration of the false 
lumen with elliptical true lumen, and a single or large entry tear [30, 46].

 Initial Medical Therapy in Type B AAS

 Hemodynamic Principles

Medical therapy has been recognized as an important component of the manage-
ment of acute aortic syndromes since the 1960s. Studies on cardiac work in the early 
twentieth century related forces impacting the aorta to changes in the momentum of 
systolic blood flow. Reducing the velocity of ejected blood over time, and hence the 
force transmitted onto the aorta, as well as diminishing the pressure differential of 
each systolic blood wave, were identified as the major targets for medical interven-
tion [10]. This recognition led to the use of anti-adrenergic drugs as the primary 
agents for medical management of AAD [47–49], with heart rate and blood pressure 
(and the rate of rise of blood pressure, dP/dt) as the key markers for the desired 
decrease in myocardial kinetic work. DeBakey recognized the key contribution of 
blood pressure control in aortic dissection patients. In his observational cohort, 
patients with blood pressure less than 150/90 had no mortality, whereas those with 
higher blood pressures had a 36% mortality [1]. In the initial description of the anti- 
adrenergic medical regimen by Wheat, decreased slope and amplitude of the myo-
cardial contractility curve created by the combination therapy of reserpine, 
propranolol, and guanethidine resulted in better survival in AAD patients [47]. Due 
to the extra-cardiac side effects of non-beta-blocker anti-adrenergic agents, and ani-
mal studies showing that beta-blocker therapy in particular reduced myocardial 
contractility without lowering perfusion pressure [48, 49], medical therapy has been 
refined and simplified to include beta blockers as the foundational approach.

 Pharmacotherapy

The therapeutic targets for medical management focus on heart rate and blood 
pressure. Heart rate is targeted to less than 60–65 beats per minute, and systolic 
blood pressure is reduced to 120 mmHg. Intravenous (IV) medications are priori-
tized to rapidly reduce heart rate and blood pressure to these goals in order to halt 
dissection propagation. However, therapy must be individualized to maintain ade-
quate cerebral and visceral perfusion; in patients with chronically and severely 
elevated blood pressures, a higher, intermediate target for initial blood pressure 
control may be more appropriate in order to compensate for altered autoregulatory 
mechanisms.

Medical Management of Uncomplicated Type B Acute Aortic Syndromes



614

Historical experience and contemporary data have demonstrated favorable out-
comes associated with beta blocker therapy [50–52]. In patients intolerant to beta 
blockers, non-dihydropyridine calcium channel blockers are a suitable alternative, 
and they are the second-most common agent to be used in AAD therapy after beta 
blockers [51]. Indeed, one study from IRAD suggests that calcium channel blockers 
may have particular benefit in type B AAD patients [53]. In this study, although beta 
blockers were associated with improved mortality in all patients with dissections, 
type B patients in particular had significantly improved survival when on a calcium 
channel blocker at the time of discharge. The cause for this discrepancy is not 
known; however, non-dihydropyridine calcium channel blockers would be expected 
to have similar benefits as beta blocker therapy on reducing myocardial contractile 
force. Tighter heart rate control has been shown to improve outcomes and reduce 
aortic complications over a strategy with less-stringent control [54].

Pure afterload reduction is delayed until after adequate control of myocardial 
contractile force and heart rate are achieved. This is done to avoid reflex tachycardia 
from vasodilators that may augment cardiac contractility and hence increase, rather 
than reduce, the exposure of the aorta to deleterious cardiac kinetic forces. Once 
adequate heart rate control is established, vasodilators may be added to provide 
enhanced blood pressure control. One protocol for initial pharmacotherapy is to 
achieve heart rate control with IV bolus doses of metoprolol as an intravenous drip 
of esmolol is being started. The non-selective beta blocker labetalol (given intrave-
nously), is also an option for initial therapy. If the patient cannot tolerate beta 
blocker therapy, IV diltiazem is a suitable alternative. Next, IV vasodilators can be 
added for blood pressure control as needed; options usually include sodium nitro-
prusside or nicardipine (Table 3).

 In-Hospital Course

Patients are optimally monitored in an intensive care unit setting to allow for close 
hemodynamic assessment and medication adjustment, in addition to regular assess-
ment of end-organ perfusion and the development of complications [55] (Fig. 1). 

Table 3 Therapeutic agents for treatment of type B AADa

Acute/In-hospital drugs Long-term medication classes

Beta blockers Esmolol (IV) Beta blockers
Labetalol (IV) Calcium channel blockers
Metoprolol (IV) ACE inhibitors

Calcium channel blockers Diltiazem (IV) Angiotensin receptor blockers
Nicardipine (IV) Diuretics

Nitric oxide donors Nitroprusside (IV) Aldosterone antagonists
Nitroglycerin (IV) Direct vascular smooth muscle relaxants

aInitial in-hospital therapy should be provided in an intensive care unit setting. Intravenous medica-
tions are advised for the first 48 h with transition to an oral program thereafter and further titration 
over the course of the hospitalization. An individualized approach is necessary
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Short-term imaging, typically after the first 24–48 h, is important to ensure stability 
of the aorta and dissection flap. In patients who symptomatically improve and main-
tain stable anatomy, monitoring can be de-escalated and medications transitioned to 
oral regimens. For patients who develop high-risk features, including evidence of 
visceral or extremity malperfusion, resistant hypertension, or refractory pain, con-
sideration should be given to interventional treatment. Worsening clinical course or 
recrudescence of symptoms should be paired with urgent or emergent imaging for 
rapid reassessment. Care should be coordinated among cardiovascular medicine, 
cardiac surgery, and vascular surgery. Several centers have created formal multi- 
disciplinary teams across these specialties in order to effectively triage and manage 
patients not just for emergent surgical care of type A AAD, but for comprehensive 
treatment for all AAD patients from admission to discharge.

 Long-term Therapy and Monitoring in Type B AAS

Intermediate- to long-term management of uncomplicated type B AAD includes 
strict heart rate and blood pressure control, periodic surveillance imaging, and vigi-
lance for the development of aortic and cardiovascular complications (Fig.  1). 
Medical therapy that has been started at the time of diagnosis, including beta blockers 
and calcium channel blockers, is continued. Specific use of renin-angiotensin system 
(RAS) inhibitors was initially hoped to have particular benefit in patients with Marfan 
syndrome due to a favorable impact on pathologic TGF-β signaling [56]. However, 

Fig. 1 Care paradigm for medical management of type B acute aortic syndromes. Initial care of 
type B acute aortic syndromes centers on diagnosis and hemodynamic stabilization. High-risk 
phenotypes that may benefit from intervention should be recognized. As patients transition from 
the hospital to the outpatient setting, regular follow-up with surveillance imaging and optimal heart 
rate (HR) and blood pressure (BP) control are crucial to prevent complications. CTA computed 
tomographic angiography, MRA magnetic resonance angiography
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this has not translated into improved clinical outcomes in this patient group [57] or in 
the larger IRAD cohort [53]. Therefore, RAS inhibitors are primarily utilized for 
additional blood pressure lowering effects rather than dissection- specific benefits.

Titration of the anti-hypertensive regimen is often necessary to achieve goal sys-
tolic blood pressures, and a more stringent target, typically 120/80 mmHg or less, is 
warranted. Heart rate should continue to be maintained optimally less than 65 beats 
per minute. Patients with resistant hypertension, defined as those whose blood pres-
sure remains above goal despite three anti-hypertensive medications including a 
diuretic [58], should be identified, as these patients will require more intensive fol-
low- up for medical optimization. In one study, as many as 40% of patients with 
chronic aortic dissection were found to have resistant hypertension, suggesting the 
dissection population may be enriched for this diagnosis [59]. Risk factors associ-
ated with the resistant hypertension phenotype included age and obesity, which may 
serve as additional clues to identify patients that will need close follow-up for blood 
pressure control. Additionally, imaging for these patients should be reviewed to 
ensure that residual dissection flap is not creating anatomic or functional renal 
artery stenosis, as this too may be an indication for intervention.

Physical activity following aortic syndromes needs to be balanced to promote 
cardiovascular fitness while not exposing patients to increased risk for further vas-
cular injury. Patient fears regarding possible deleterious effects from physical exer-
tion can be a significant impediment to maintaining or improving pre-dissection 
activity levels; more often, patients will have a decrease in physical activity and an 
increase in emotional stress following the dissection [60]. Exercise has several car-
diovascular benefits, including aiding in blood pressure control, maintaining ideal 
body weight, decreasing the risk of atherosclerotic vascular disease, and improving 
stress and quality of life measures. Vigorous and isometric exercises are generally 
avoided due to adverse hemodynamic profiles that develop during these activities. 
Studies in healthy volunteers have demonstrated that static exercise can lead to large 
increases in mean arterial pressure without associated decrease in total peripheral 
resistance [61, 62], mimicking a pressor response and worsening aortic wall stress 
by Laplace’s law. Additionally, resistance exercises to the point of exhaustion appear 
to exacerbate increases in blood pressure, particularly in patients who are hyperten-
sive, compared to normotensive counterparts [63]. While similar studies are scarce 
in AAD patients, theoretical risks suggest this type and level of activity should be 
avoided. By contrast, mild to moderate physical activity is typically well-tolerated. 
Patients undergoing supervised exercise in a cardiac rehabilitation program at a 
moderate intensity level after surgical repair of type A AAD are able to achieve a 
significant increase in maximum workload following completion of the program 
without an increase in rates of post-surgical complications [64]. Moreover, patients 
experience improved physical and mental quality of life [65] and those who are able 
to maintain mild to moderate exercise activity long-term demonstrate reduced rest-
ing blood pressures [60]. Based on these findings and the known long-term cardio-
vascular benefits of exercise, light to moderate aerobic exercise appears safe and can 
be encouraged in AAD patients [66]. Weight training may also be considered on an 
individual basis if kept at a light load and the degree of exertion is maintained sig-
nificantly below exhaustion.
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Follow-up imaging is an important component of the long-term care plan for 
type B aortic syndromes. Since non-operative therapy is the mainstay of manage-
ment of uncomplicated patients, monitoring for the development of malperfusion or 
adverse remodeling is essential. Short-term interval imaging is typically pursued at 
1 month, 3 months, and 6 months post-discharge. If a patient’s course remains stable 
and there are no new or concerning vascular changes, then a plan for semi-annual 
clinical follow-up with yearly imaging can be pursued. MRA is an attractive option 
for follow-up imaging due to the lack of radiation exposure. In younger patients 
who may require decades of follow-up, cumulative radiation dose should be consid-
ered among other clinical factors when deciding on the type of surveillance imag-
ing. Key features on imaging include the size and contour of the aorta, any interim 
change in aortic size, and the development or worsening of branch vessel compro-
mise. Predicting which patients will have a benign course and which may require 
intervention in this chronic phase is difficult. Similar to acute risk stratification, 
initial dissection characteristics can be utilized to help predict long-term vascular 
events. These include false lumen patency, initial aortic diameter, location of the 
intimal tear, age, and presence of elevated blood pressure [30, 46, 67, 68]. The pres-
ence of these risk factors may prompt closer follow-up or tighter hemodynamic 
control as an outpatient. Factors which should encourage consideration for interven-
tion include aortic diameter growth of more than 10 mm in a year, an absolute aortic 
diameter greater than 55  mm, and/or development of malperfusion syndrome 
(Table 4).

 Conclusions

The principles of management for type B AAD include prompt diagnosis and risk 
assessment followed by careful and intensive hemodynamic management with 
emphasis on decreasing myocardial work and contractility to reduce aortic wall 
stress. Although event rates are lower in uncomplicated versus complicated type B 
AAD, there remain opportunities to improve outcomes. Whether EVAR should be 
routinely expanded to the treatment of uncomplicated type B AAD remains to be 
determined. Improved identification of high-risk subgroups within type B dissec-
tions might allow for earlier targeting and delivery of this therapy. Medical therapy 
will remain critical for initial stabilization and long-term optimization to prevent 
adverse sequalae and promote favorable remodeling of the aorta.

Table 4 Long-term clinical predictors of vascular events in type B AAD

Age < 60 years
Hypertension
Intimal tear on the aortic inner curvature
Patent or partially thrombosed false lumen
Enlarged (> 40 mm) aortic diameter on presentation
Accelerated growth rate on surveillance scans (> 10 mm/year)
Absolute aortic diameter > 55 mm
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Symptomatic Thoracic Aortic Aneurysms

Rizwan Q. Attia, Arminder S. Jassar, and Duke E. Cameron

 Introduction

The first clinical depiction of aneurysms is from the second century AD when Galen 
first provided accurate description, mentioning pulsatile quality, disappearance of 
the mass with pressure and the contents of bright blood warmer than venous blood. 
He cautioned that ‘if an aneurysm be wounded, the blood is spouted out with so 
much violence that it can scarcely be arrested’ [1]. Contributions to the understand-
ing of aneurysms were gained only from autopsy studies till the nineteenth century. 
Swaine and Latham are credited for reporting the first antemortum diagnosis 1855 
[2]. Peacock first published a comprehensive series of 80 cases in 1863 [3]. The 
importance of symptom onset was recognized early, along with increase in size, as 
the two most important variables that determine when to surgically treat aneurysms 
[4]. It can be argued that little has changed in determining when to intervene over 
the past 60 years on symptomatic aneurysm. Symptoms are a harbinger of rapid 
aortic expansion, rupture or dissection. This chapter details the significance of 
symptoms and how best to approach such patients clinical care.

 Epidemiology

The true incidence aneurysmal disease is unknown as patients are usually asymp-
tomatic till incidental discovery on imaging present with symptoms, the latter is 
estimated to be between 5–10%. Overall age and gender adjusted incidence rates 
are around 10.4 per 100, 000 person years [5, 6]. The incidence has increased over 
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time likely due to better and increased frequency of imaging and an aging popula-
tion. Median age of diagnosis is in the 69-years. Rupture is the most common cause 
of death. Of all aortic ruptures thoracic aneurysms account for 13.2% and thora-
coabdominal 1.5%. Age specific mortality is 3.1 per million persons for thoracic 
and 0.4 per million for thoracoabdominal aneurysms [7].

 Aneurysm Biology

Aortic wall inflammation and extracellular matrix remodeling are key events that 
occur in development, expansion and rupture of aneurysms [8–10]. Aneurysm for-
mation is a genetic disease and the causal role of inflammation in its development is 
debated [11, 12]. Gene expression is modified by post-translational changes medi-
ated through microRNA networks in aneurysm wall [13–16]. There is a complex 
interaction between genetic predisposition, vascular inflammation and extracellular 
matrix degradation leading to aortic wall expansion, altered wall shear stress and 
hemodynamics in the pathophysiology of aneurysmal disease [17, 18]. In the clini-
cal management algorithm these key genetic, cellular and molecular changes are 
discounted; with decision making often based on aneurysm size, patient symptoms 
and aneurysm expansion rate [19, 20].

It is postulated that symptom onset informs us of biological events occurring in 
the aortic wall. It might signify increased inflammatory activity with leukocyte infil-
tration, degradation of extracellular matrix, vascular smooth muscle cell dysregula-
tion leading to rapid expansion and potential rupture. Elastin breakdown in the 
tunica media caused by proteolysis through the action of matrix metalloproteinases 
[21, 22] other proteolytic enzymes such as cathepsins [23, 24], and increased levels 
of pro-inflammatory cytokines could provide the stimulation for a chronic inflam-
matory response in the aortic wall [25]. Certain patients with small aneurysms will 
develop expansion and rupture whilst others with large aneurysms will remain well. 
However symptomatic patients always go on to develop adverse outcomes.

 Natural History

Successful surgical treatment depends on understanding the risks of surgery bal-
anced against the natural history of the disease. Natural history data come from 
those aneurysm patients who did not have operative treatment. For thoracic aortic 
aneurysms overall, 74% of patients rupture and of these 94% of patients will subse-
quently die from this [26]. Complications such as aortic rupture and dissection are 
determined by aortic diameter and underlying aortic pathology.

The diameter of the aneurysm increases the wall tension (T = PR, Laplace’s law); 
where tension is proportional to pressure x radius. Therefore, increased systemic 
blood pressure and increased aneurysm diameter markedly increase the risk of 

R. Q. Attia et al.



625

rupture. Logistic regression analysis has demonstrated over four fold increased rup-
ture or dissection risk when aneurysm is 6.0–6.9  cm in diameter compared to 
4.0–4.9 cm [27]. Aneurysm size and growth rate are important clinical predictors for 
treatment decisions as they are know to determine aortic outcome. A 5 cm thoracic 
aneurysm expands at an average rate of 0.08–0.12 cm/year; whereas larger aneu-
rysms grow at a greater rate: 8 cm aneurysms grow at around 0.19–0.22 cm/ year 
[28–30]. The growth rate varies depending on the site of aortic aneurysm indepen-
dent of size. Ascending aortic aneurysms grow at 0.1 cm annually compared to 0.29 
for descending thoracic aneurysms. Mean growth rate is approximately 0.42 cm per 
year [31]. This rate is accelerated in patients who smoke. Although hypertension is a 
risk factor for aneurysm development, none of the measures of hypertension are asso-
ciated with thoracic aortic disease [28]. However, there are indications that there is an 
association between diastolic blood pressure and the rate of aortic expansion [32].

Mechanical forces also contribute to aortic remodeling with three distinct influ-
ences on the aortic wall: i) pressure created by the hydrostatic forces ii) circumfer-
ential stretch exerting longitudinal forces and iii) shear stress caused by the blood 
flow [33]. The net resultant force comprises therefore of the pressure along the 
aortic wall, shear stress and the difference in the maximal pressure differences i.e. 
pulse pressure. Perturbation in the flow conditions leads to flow turbulence, contrib-
uting to aneurysm growth. Areas of oscillating flow and extremes in shear stress 
(high and low) correlate to sites of development of aneurysms [33, 34]. Clinical 
studies have shown conflicting data where flow in aortic aneurysms can be smooth 
and laminar or irregular and turbulent with little information on the effects of wall 
shear stress in aneurysms. The accelerated rate of aneurysm growth and deaths from 
rupture in patients with monogenetic causes of aneurysmal disease have provided 
the impetus for earlier aneurysm repair to be undertaken in these patients [35–38].

When lifetime risks of rupture and dissection are analyzed, there emerges a con-
cept of aortic “hinge points”, where there is a sharp increase in risk of complications 
due to an aneurysms size. These hinge points occur at 6 cm in the ascending aorta, 
7 cm in the descending aorta and 6 cm in the abdominal aorta, in those without con-
nective tissue disease [39, 40]. It is also widely recognized that symptomatic aneu-
rysms should be treated regardless of size as symptoms herald rapid aortic expansion, 
potential rupture or dissection [41, 42]. However 5% of patients are symptomatic 
and the first presenting symptom in 95% of cases is death. The overall 5-year sur-
vival for thoracic aortic aneurysms is 60–64% [29, 43, 44]. Survival is lower in 
descending aortic aneurysms (39% at 5 years) with poor outcomes in patients who 
develop aortic dissection [45].

 Symptom Etiology

Symptoms are rare in this disease and occur in only 5% of patents prior to an acute 
aortic event. Sixty percent of thoracic aortic aneurysms involve the aortic root 
(Fig. 1) and/or ascending aorta (Fig. 2), 40% involve the descending aorta (Fig. 3), 
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Fig. 1 Axial and sagittal contrast CT scan showing an isolated aortic root aneurysm

Fig. 2 Axial and sagittal contrast CT scan showing an isolated ascending aortic aneurysm

Fig. 3 Serial axial contrast CT scan demonstrating enlarging ascending and proximal descending 
thoracic aortic aneurysms
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10% involve the arch (Fig. 4) and 10% involve the thoracoabdominal aorta (Fig. 5) 
[46]. Patients often overlapping with affected diseased aortic segments. Symptoms 
can be attributed to the neural activation due to aneurysm expansion leading to pain, 
compression of surrounding structures, disruption to distal flow or embolization and 
disruption of aortic valve function.

Fig. 4 Large ascending and aortic arch aneurysm eroding through the chest wall on axial contrast 
CT scan effacing the pulmonary artery. 3D reconstruction of scan shows a normal aortic root and 
dilated ascending aorta that was measured at 13 cm. The aneurysm involves the aortic arch with 
arch vessels arising from the aneurysmal aorta

Fig. 5 Axial contrast CT scans and 3D reconstructions demonstrating degenerating elongating 
descending thoracic aortic aneurysm which dilates from the proximal descending portion down to 
the diaphragm
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 Pain

In general, ascending aneurysms produce retrosternal pain that is usually non- 
exertional in nature and descending aneurysms produce interscapular pain. The pain 
is usually described as severe, sharp in nature and radiating to the back or epigas-
trium. Patients may also describe a tearing or ripping sensation when there is either 
rapid expansion or dissection. Once present, the pain can be relentless and incom-
pletely relived by analgesia. Such patients are usually hypertensive. It is imperative 
to achieve good blood pressure control with anti-impulse therapy. The recurrence of 
pain is generally ominous. Although the initial symptoms are sternal with progres-
sion to the back, the pain may begin at any location including the jaw, neck, shoul-
ders and abdomen. Symptoms can be attributed to stretch of the aortic wall activating 
the cardiac and aortic plexus of nerves. The plexuses are formed from sympathetic 
postganglionic axons arising from the thoracic chain, parasympathetic pregangli-
onic axons from the vagus, and segmental visceral sensory nerves travelling across 
the intercostal nerve bundles. The nerves in the plexus are close to each other but do 
not interact or synapse together. The superficial part of cardiac plexus lies under the 
aortic arch anterior to the right pulmonary artery. The cardiac plexus is formed by 
superior cardiac branch of left sympathetic trunk and lower superior cervical branch 
of the left vagus. Pain can also be due to compression of adjacent structures such as 
the descending thoracic aneurysm compressing the vertebrae. Large aneurysms 
may erode into the chest wall, vertebral column and lead to neurological symptoms.

 Compression

Patients can present with difficult breathing and cough due to compression of the 
distal trachea by a large arch aneurysm and more commonly the left main bronchus 
from proximal descending thoracic aortic aneurysm. Rarely patients may present 
with signs of superior vena cava (SVC) syndrome with edema of upper limbs and 
face, plethora, distended veins of face, neck and chest wall, shortness of breath, 
cough and headache. Hoarseness may occur due to compression or stretching of the 
left recurrent laryngeal nerve. Distal arch, descending thoracic aortic aneurysms, 
aberrant right subclavian, Kommerell diverticulum, Felson and Palayew type I and 
II right-sided aortic arch lesions may cause dysphagia (dysphagia lusoria) due to 
esophageal compression.

 Rupture

Ascending or root aneurysms can present with signs of heart failure due to rupture 
into the right atrium or SVC or with hemoptysis due to bleeding into the lung. 
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Contained rupture of descending thoracic aortic aneurysms can lead to dyspnea and 
cough due to irritation of the pleural lining and compression of lung parenchyma 
along with hypotension and hemodynamic collapse.

 Disruption to Distal Flow and Embolization

Certain aneurysms, especially in the descending thoracic aorta, can undergo 
atherosclerotic degeneration with embolic debris from plaque, including choles-
terol embolism, platelet aggregates and micro thrombi. This material can embo-
lize to the brain causing transient ischemic attacks and strokes. Emboli can 
cause limb ischemia, renal infarction and mesenteric ischemia. Clinical mani-
festations range from asymptomatic to severe multi-organ failure with high 
mortality rate.

 Heart Failure

Patients with large root aneurysms that splay apart the aortic valve leaflets may 
present with symptoms and signs of aortic regurgitation. This may progress to 
symptoms of left ventricular failure with fatigue, dyspnea and orthopnea and char-
acteristics signs of aortic insufficiency on clinical exam. Rarely, patients may 
develop angina that can be nocturnal or exertional in nature. This is due to decreased 
diastolic aortic pressure and increased left ventricular end-diastolic pressure reduc-
ing coronary artery diastolic flow. On examination, there is a diastolic murmur and 
widened pulse pressure. Additionally, patients should be examined for physical 
signs of Marfan and Loeys Dietz syndromes as part of an effort to identify syn-
dromic etiology.

 Nervous System

There are numerous neurological phenomena described in patients with tho-
racic aortic aneurysms, ranging from paraesthesias, weakness, paraplegia or 
hemiplegia. The etiology of these might be brain or spinal cord embolization. 
Blindness and transient scotomata have been reported as well as Horner’s 
syndrome.

There is additionally an association between cerebral aneurysm and thoracic 
aneurysms which on imaging studies is as high as 20–25% [47, 48]. There is a case 
for extended CT scan to involve intracranial circulation when evaluating patients 
with thoracic aneurysms.
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 Systemic Symptoms

Inflammatory disease or mycotic aneurysms can occasionally lead to fever and con-
stitutional symptoms of tiredness, lethargy and malaise.

 Clinical Evaluation

This includes a detailed history of medical complaints, cardiovascular risk factors, 
family history of arterial disease or sudden death. A focused physical examination 
can be directed by the symptoms and includes auscultation of the heart and lungs, 
palpation and auscultation of the abdomen, flank for bruits and full peripheral vas-
cular and neurological assessment.

 Laboratory Testing

Laboratory blood tests are usually of limited value in diagnosis of the disease, how-
ever, as most patients will require surgical or endovascular treatment. This includes 
evaluation of complete blood count, assessment of renal function, coagulation, 
cross matching and in cases where inflammatory etiology is suspected serum pro-
teins such as high-sensitivity C-reactive protein, D-Dimers and erythrocyte sedi-
mentation rate.

 Imaging

Once aneurysm is suspected, echocardiography, chest x-ray and contrast computer 
tomography is required to visualize the entire aorta [19, 49, 50]. Key decisions 
regarding management of aortic aneurysms depend on size, location, presence of 
co-existing pathologies such as intramural hematoma, penetrating aortic ulcers, 
rupture and branch vessel involvement of aneurysmal disease.

 Computer Tomography

High-resolution ECG-gated protocols allow reduced motion artifact assessment of 
the aorta. Non-enhanced, followed by contrast enhanced angiography is performed 
to delineate aortic dimensions. Measurement of aortic diameter is undertaken at 
reproducible anatomic landmarks perpendicular to axis of blood flow. External 
diameter is measured at the widest point. For each imaging place diameters are 
measured at six levels;
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 1. The aortic annulus,
 2. The sinotubular junction,
 3. Mid ascending aorta, halfway between the sinotubular junction and aortic arch, 

at the level of the right pulmonary artery,
 4. Transverse aortic arch,
 5. Mid descending aorta at the level of the sinotubular junction and
 6. Distal descending aorta at the diaphragmatic hiatus

In case of gated CT scan, cardiac image reconstruction protocols allow assessment of 
coronary anatomy and disease. Patients with atherosclerotic aneurysms of descending 
aorta are at higher risk of coronary artery disease as they share cardiovascular risk fac-
tors. Additionally patients with symptomatic thoracic aortic aneurysms with inflamma-
tory etiology such as Takaysau and giant cell arteritis may have inflammatory coronary 
involvement with coronary stenosis or coronary aneurysms (less than 10%) [51–53]. If 
aortic root, ascending or arch surgery is being considered identification of coronary 
anatomy and underlying coronary artery disease is important for planning surgery.

It is recommended maximum aneurysm diameter is measured perpendicular to 
the centerline of the vessel. Three-dimensional reconstructions should be performed 
where possible. This approach allows accurate reproducible assessment of aortic 
dimension, compared to cross sectional diameters when the aorta might be tortuous 
or kinked and the aortic axis is not parallel to the patients’ cranio-caudal axis. 
Compared to short-axis the maximum diameter measurements perpendicular to the 
centerline have greater reproducibility.

 Echocardiography

This allows assessment of aortic root and ascending aortic dimensions, aortic valve 
morphology and function. Aortic regurgitation can be graded and the mechanism 
evaluated to provide information for aortic valve repair. Associated important find-
ings in symptomatic aortic aneurysms include identification of pericardial effusion; 
exclude myocardial ischemia based on assessment of ventricular function and seg-
mental wall motion anomalies. Transthoracic echocardiography (TTE) has lower 
sensitivity and specificity for proximal aortic imaging compared to transesophgeal 
(TEE) studies. As part of pre-operative patient evaluation TTE usually suffices to 
provide required information for pre-operative planning. TEE is reserved for intra- 
operative open and endovascular repairs when it most useful for procedural guid-
ance and detection of endovascular graft leak detection.

 Coronary Angiography

Invasive coronary angiography is reserved for those cases where there is no ECG 
gated cardiac CT to exclude coronary artery disease or where the cardiac CT demon-
strates flow limiting lesions that must be assessed more precisely for interventional or 
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operative treatment at the time of aneurysm repair. The European and American 
guidelines recommend no delay in treatment of patients with acute aortic syndromes 
for coronary imaging [19, 49]. There is no specific provision for symptomatic tho-
racic aortic aneurysms, but the clinician must balance the risk of waiting for the inves-
tigation against the likelihood of positive result that impacts the treatment algorithm.

 Guidelines

The American, European and Asian guidelines on thoracic aortic aneurysms recom-
mend that patients with symptoms suggestive of expansion of thoracic aneurysm 
should have prompt surgical intervention (Class I) [19, 20, 49, 54]. An exception is 
if comorbidities severely limit patients’ life expectancy and quality of life.

 Ascending Aorta

Separate aortic valve and ascending replacement is recommended when the root is 
normal (Class I). Patients with Marfans, Loeys-Dietz and Ehlers-Danlos syndromes 
and those with aortic root and sinus of Valsalva dilatation should undergo excision 
of sinuses and a modified valve sparing root replacement or valve graft conduit.

 Aortic Arch

Aneurysms involving proximal aortic arch, a hemiarch replacement with ascending 
aorta replacement using subclavian/ axillary inflow and hypothermic circulatory 
arrest is reasonable (Class IIa). Total replacement of the aortic arch is warranted for 
complete arch aneurysms, where the aorta has acute or chronic dissection. For 
involvement of proximal descending thoracic aorta, an elephant trunk procedure is 
recommended (Class IIa).

Asymptomatic patients with aneurysms >5.5 cm should be considered for sur-
gery. For isolated arch aneurysms less than 4 cm the patients should undergo annual 
cross sectional imaging using CT or MRI.  For aneurysms greater than 4  cm, 6 
monthly imaging is mandated (Class IIa).

 Descending Thoracic Aorta

In chronic dissections, specially those in patients with connective tissue disease, 
aortic diameters >5.5 cm are recommended for open repair (Class I). For degenera-
tive or traumatic aneurysms >5.5 cm, saccular aneurysms or post-operative pseu-
doaneurysms, endovascular grafting should be considered.
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For thoracoabdominal aneurysms where endovascular options are limited and 
there is high surgical morbidity, elective surgery is recommended if aortic diameter 
exceeds 6 cm, or if there is a connective tissue disease.

For those with end organ ischaemia or stenosis of branch vessels additional 
revascularization is recommended.

 Connective Tissue Disease

The size criteria cut off for intervention are lower in these patients and more fre-
quent surveillance imaging is of added value when aneurysms are discovered. If 
maximal cross-sectional area in square centimeters of the ascending aorta or root 
divided by the patient’s height in meters exceeds a ratio of 10, surgical repair is 
indicated. This is because shorter patients may have dissection at a smaller aortic 
size. 15% of patients with Marfan syndrome have dissection at a size less than 5.0 cm.

For Loeys-Dietz syndrome or those with mutations in either the transforming 
growth factor receptor Type I or II (TGFBR1 or TGFBR2 genes) surgical interven-
tion is considered at 4.0 cm. Aortic rupture is reported at diameters below 4.5 cm. For 
children, once the aortic diameter exceeds the 99th percentile for age and the aortic 
valve annulus reaches 1.8–2.0 cm, prophylactic root surgery is recommended.

Patients with Type IV Ehlers Danlos syndrome suffer arterial rupture and dissec-
tion. The role of prophylactic surgical replacement is not clear.

There are numerous other genetic mutations (for example, FBN1, TGFBR1, 
TGFBR2, COL3A1, ACTA2, MYH11) associated with risk of thoracic aortic aneurysm. 
When these are identified, first-degree relatives should be screened for aortic disease.

 Bicuspid Aortic Valve

These patients frequently have dilatation of sinuses of Valsalva and/or ascending aortic 
aneurysms that can extend to the arch. Their aneurysms are more common with right 
and non-coronary leaflet fusion than those with the most common form, right and left 
leaflet fusion. Once present, the aortopathy progresses at a mean rate of 0.5 mm per 
year at the sinuses of Valsalva, and sinotubular junction and 0.9 mm per year at proxi-
mal ascending aorta. Operative repair is recommended at a diameter of 5.5 cm for the 
aortic sinuses and ascending aorta. If there is growth of ≥0.5 cm per year or if there are 
other risk factors for dissection, a lower threshold of 5 cm is recommended.

 Management

Symptomatic aneurysms regardless of size should be treated expediently. This 
involves admission to an intensive care setting with measurement of heart rate, 
blood pressure and urine output.
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 Immediate Medical Treatment and Stabilization

Blood pressure and heart rate reduction are critically important. The goal systolic 
blood pressure in most patients is 100–120 mmHg and heart rate below 60 whilst 
maintaining organ perfusion. This is best achieved using beta-blockers and vasodi-
lators, to reduce the force of left ventricular ejection (dP/dt). Commonly used beta- 
blockers include intravenous labetalol, which has benefit of action on the alpha and 
beta-receptors, causing reduced arterial pressure and LV contractility. Alternate 
agents such as esmolol are useful as they have a short half-life, can be titrated and 
tapered as required. Intravenous nitrates or centrally acting agents such as hydrala-
zine can be added as needed. Monotherapy with nitrates should be avoided as it may 
raise the dP/dt. In some cases, the venodilatation causes reflex tachycardia, which 
might worsen the progression of the disease and symptoms. In cases where beta- 
blockers are contraindicated, alternative therapy with calcium channel blockers may 
be effective due to their negative inotropic and vasodilator effects.

 Surgery

Surgical repair entails resection of the aneurysm and replacement with an appropri-
ately sized prosthetic graft.

 Aortic Valve and Aortic Root

Aortic regurgitation due to aortic root dilatation is often treatable by valve sparing 
root replacement with or without valve repair [55, 56] and valve sparing root 
replacement [57, 58]. If there is significant intrinsic valve pathology composite root 
replacement with a mechanical valve conduit (Bentall procedure) or biological 
valve (Bio-Bentall) and human allografts [59, 60]. In patients with connective tissue 
diseases (Marfans and Loeys Dietz syndrome) a more aggressive approach is war-
ranted for the management of aortic root disease [61, 62].

 Ascending Aorta

Extent of resection depends on the length of aneurysmal segment. For most patients 
interposition tube graft replacement is the treatment of choice. Patients may require 
aggressive hemi arch replacement for removal of all aneurysmal disease with an 
open distal anastomosis under deep hypothermic circulatory arrest with or without 
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cerebral perfusion depending on the surgical and unit expertise, patient variables 
and technical factors.

 Aortic Arch

In cases where there is involvement of the aortic arch, the operative strategy would 
dependent on:

 1. Patient factors such as age, co-morbidities and presence of connective tis-
sue disease

 2. Anatomical and technical criteria (such as aortic dimensions, branch vessel 
involvement, distal embolization or malperfusion)

 3. Operative considerations such as site for cannulation, cerebral perfusion strategy 
and extent of replacement of aorta

In case of aortic arch aneurysm total arch replacement is usually advisable. 
However, isolated arch arch aneurysms are rare. There is often involvement of the 
ascending and/or descending thoracic aorta. This mandates an operative strategy to 
tackle all the diseased segments. The arch vessels may be anastomosed using an 
island technique or require separate grafts depending on aneurysm morphology and 
the variables above.

 Descending Thoracic Aorta

Patients with symptomatic aneurysms and those with connective tissue disease 
require a descending thoracic aortic replacement. For patients with traumatic aneu-
rysms, saccular aneurysms and post-operative pseudoaneurysms, TEVAR may be 
considered. Patients with thoracoabdominal aneurysms and with end-organ isch-
emia and malperfusion often additional revascularization procedures.

Patients who undergo descending thoracic aorta replacement have a mortality 
risk of 3–10%, depending on extent of repair. Those undergoing surgery for pain 
and compressive symptoms have higher mortality between 10–20%. These are still 
better results than those who undergo emergent surgery for rupture and malperfu-
sion, where mortality of 80% is reported [19, 49, 63].

Extent of repair is described by Crawford type:

 1. Type I extends from proximal descending aorta above T6 to renal arteries.
 2. Type II extends from proximal descending aorta above T6 to below renal arteries 

(highest risk)
 3. Type III from distal descending aorta below T6 to below diaphragm
 4. Type IV from diaphragm to most abdominal aorta.
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This classification correlates to risk of paraplegia, stroke, renal failure and death 
[64–66].

A key consideration of these operations when combined with aortic arch repair 
is organ protection. This might involve hypothermic circulatory arrest, cerebral and 
visceral perfusion. Additional technical considerations include protection of the left 
lung during thoracotomy to prevent lacerations and bleeding from the parenchyma. 
Identification and protection of the esophagus is important when constructing the 
anastomoses.

 Technical Considerations

Several cannulation and perfusion strategies have been described for aneurysm 
repair. For arch surgery operative outcomes utilizing right axillary artery, femoral 
artery or the ascending aorta for cannulation have been reported, with certain advan-
tages and disadvantages described for each [19, 20, 49, 67]. Femoral vessels can be 
rapidly cannulated, especially in emergency situations using a percutaneous 
approach, allowing CPB to be established prior to sternotomy/thoracotomy. The 
main disadvantage is retrograde flow through a diseased aorta, which can cause 
embolization, alter flow dynamics and worsen organ perfusion in some cases. 
Central aortic cannulation allows rapid institution of bypass and provides systemic 
perfusion in an antegrade fashion. However, this technique requires a suitable site 
for cannulation in a non atheromatous aorta. Right axillary artery cannulation 
requires extra time and an additional incision to expose the artery. The right axillary 
artery can either be cannulated directly or via. a graft anastomosed end to side to the 
artery. The main advantage of using the axillary artery is that it facilitates institution 
of antegrade cerebral perfusion during circulatory arrest. It is also usually free of 
atherosclerotic disease. Alternative cannulation sites like the proximal innominate 
or right subclavian artery have also been described.

Several studies have compared the impact of cannulation site on surgical out-
comes. Similar mortality and stroke rates are reported for each technique [68]. 
Axillary artery cannulation is the predominant cannulation strategy for patients 
undergoing total arch replacement. A recent large study from the STS database 
reported lower risk of postoperative stroke when axillary artery was used for can-
nulation when compared to femoral artery cannulation (OR  =  0.6, P  <  0.001); 
innominate cannulation was not different from axillary cannulation (OR 0.88; 95% 
CI 0.57–1.35; P = 0.5) [69].

Debate also continues regarding the optimal cerebral protection strategy during 
circulatory arrest. While safety of both RCP and ACP has been demonstrated for 
short duration of circulatory arrest (< 30–40 min), most surgeons favor antegrade 
cerebral perfusion for longer durations of circulatory arrest, as may be required for 
total arch replacement [70]. Selective myocardial perfusion during arch repair—
(the “beating heart” concept) has also been described to reduce cardioplegic arrest 
time [71].
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Studies have compared the ‘island’ technique (where the cephalad portion of the 
aortic arch that includes the arch vessels is re-implanted as a patch on the aortic 
graft) versus individual branch reimplantation; most have reported similar results 
[72]. There is some concern that the island patch may degenerate over time and lead 
to aneurysm. The island technique may not be technically feasible if the aneurysm 
extends to the arch vessels. Individual branch reimplantation is generally preferred 
in the setting of aortic arch aneurysms, especially in patients with connective tissue 
disease. Individual reimplantation of the supra aortic vessels has the advantage of 
removing the dissected tissue in the aortic arch. Additionally, individual branch 
reimplantation allows early distal reperfusion after the distal anastomosis is per-
formed as opposed to the island technique where both the distal anastomosis and the 
island reimplantation must be completed before perfusion can be resumed. Several 
“off the shelf” branched grafts are available and can be used according to surgeon 
preference. Proximalization of the distal anastomosis to zone II rather than zone III 
can simplify the distal aortic anastomosis and reduce visceral ischemia time and 
risk of recurrent laryngeal nerve injury [72, 73]. The base of the left subclavian 
artery is ligated, and the distal end of the subclavian artery is anastomosed to a 
branch of the aortic graft. Alternatively, an extra-anatomic bypass can be performed 
from the aortic graft to the axillary artery.

Total aortic arch replacement can be combined with antegrade delivery of a stent 
graft into the descending aorta—the “frozen elephant trunk” [73–75]. Since then 
there have been several new FET devices with various prefabricated grafts, such as 
the E-vita™ [76], Thoraflex™ [77], Cronus [78] and Frozenix -J graft [79]. These 
hybrid devices consist of a conventional surgical graft that is mated to a stented 
endovascular graft, thus eliminating the possibility of a type I endoleak. Presence of 
a sewing cuff facilitates the distal anastomosis. The endograft helps seal the surgical 
suture line and reduces the risk of bleeding from fragile aortic tissues. If a distal 
aortic intervention is required later, shifting the treatment level to the mid thoracic 
aorta with the use of either a classic or frozen elephant trunk facilitates a technically 
easier re-operation that avoids hypothermic circulatory arrest and reduces risk of 
recurrent laryngeal nerve injury. If no pre-mated hybrid FET devices are available, 
the surgeons can use a commercially available TEVAR graft that is deployed into 
the descending aorta during circulatory arrest and can be then incorporated into the 
distal aortic anastomosis [80–82].

Spinal cord ischemia remains a concern with use of FET and in descending aor-
tic replacement. Spinal cord protection strategies might be deployed such as spinal 
drain, maintain high perfusion pressures, monitoring of spinal cord motor and sen-
sory potentials to alert the surgeon to malperfusion, revascularization of major spi-
nal collaterals and minimal coverage of the aorta [83–85]. Other adjunctive 
techniques such as, epidural irrigation with hypothermic solutions, high-dose sys-
temic glucocorticoids, osmotic diuresis with mannitol, intrathecal papaverine, and 
cellular metabolic suppression with anesthetic agents have been described [49].

FET is a useful technique when the aneurysm extends into the descending aorta. 
The stent graft provides a distal landing zone for later endovascular treatment of the 
remaining aneurysmal segment. An alternative and more invasive technique to 

Symptomatic Thoracic Aortic Aneurysms



638

address aneurysm that extends from the arch into the descending thoracic aorta is to 
perform complete excision and replacement. This can be accomplished by extend-
ing the sternotomy transversely into the thirds or fourth interspace, using a bilateral 
thoraco-sternotomy (“clam shell”) incision, or using a left thoracotomy, usually in 
the fourth intercostal space [86]. When performing a bilateral thoracosternotomy 
the right pleura is opened widely and the pericardium is not suspended to allow 
retraction of the heart to the right side. This provides excellent exposure of the 
descending aorta down to the level of the inferior pulmonary veins or in some 
patients to the diaphragm.

 Thoracic Endovascular Aneurysm Repair (TEVAR)

At present there are no FDA approved endografts for ascending and arch aneu-
rysms. However there are reported cases of arch endografting [87, 88]. For patients 
who are not operable candidates this treatment might be considered on compassion-
ate use grounds. Data are limited to selected case series [89, 90]. Endograft safety 
has been demonstrated in other pathological conditions of the aorta including dis-
section, intramural haematoma, penetrating aortic ulcers, pseudoaneurysms and 
acute traumatic transections, these though are still considered ‘off label’ for the 
devices. There are no published randomized studies comparing open to endovascu-
lar treatment. The decision-making is guided by observational retrospective studies 
and comparisons of patient cohorts.

Aneurysm is excluded from the circulation by implantation of an endograft in a 
normal diameter aorta above and below the aneurysm. These constitute the proxi-
mal and distal landing zones that anchor the graft preventing further aortic enlarge-
ment. Pre and post procedure planning is critical for TEVAR. Contrast CT with 
1–3 mm slices of the proximal supra aortic vessels down to the femorals are required. 
Diameter less than 40 mm and length greater than 20 mm of healthy proximal and 
distal landing zones is needed. The relationship to side branches and the iliofemoral 
access route assessment is also important. The stent is oversized by 10–15% at the 
landing zones.

Where there are important aortic side branches (for example the left subclavian), 
TEVAR is preceded by limited surgical bypass of these branches. Another option is 
surgical de-branching or the use of fenestrated and branched endografts or ‘chimney 
technique’. In some cases single branched stent grafts might be deployed.

Retrograde open or percutaneous transfemoral access is usually used with devices 
up to 24Fr carrying the collapsed self-expanding endografts. Contralateral femoral 
or radial/brachial vessels are used to advance a pigtail catheter for angiography. The 
endograft is delivered to the aneurysm site over a stiff wire. When the target site is 
reached, the blood pressure is lowered using rapid right ventricular pacing or using 
drugs (such as nitroprusside or adenosine) to achieve systolic pressures less than 
80 mmHg. The endograft is then deployed and completion angiography performed 
to detect proximal type I endoleak. In cases where there are branch vessels close to 
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the endograft landing zones or where branched, fenestrated graft deployment needs 
to be carried out, additional imaging using intravascular ultrasound and TEE might 
be required. In patients where descending thoracic aorta needs to be treated, spinal 
protection strategies must be utilized to minimize risk of spinal cord ischemia. 
Detailed discussion of thoracic endografting is beyond the scope of this chapter; the 
American and European guidelines are recommended [19, 20, 91].
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 Introduction

Acute aortic syndromes (AAS), including acute aortic dissections (AD), intramural 
haematomas (IMH) and penetrating aortic ulcers (PAU), remain one of the most 
unpredictable cardiovascular events and are associated with significant morbidity 
and mortality. Reports from Europe and Japan analyzing the incidence of aortic 
diseases—including aneurysms and AAS—reveal slowly increasing numbers over 
the last two decades [1–5]. For thoracic aortic disease in general, an increase of 
approximately 28% was noted over the last 20 years [2, 5, 6] with an increase of 
36% specifically for AAS [6]. A more recent cohort analysis from the US shows a 
less pronounced increase in the incidence of AAS from 8.5 to 9.7 cases per 100,000 
inhabitants per year [7].

AAS, in particular AD and IMH, are characterised by their sudden onset. When 
treated conservatively, these pathologies—when originating from the ascending 
aorta or arch—have a dismal outcome, which is why the number of unknown cases 
in the population may likely be higher than previously assumed. Contemporary 
analyses, including data of post-mortem AAS diagnoses, estimate the true incidence 
at approximately 12 cases per 100,000 inhabitants per year [3, 5]. Regardless of the 
absolute incidence and regional differences over the last decade, a relatively con-
stant number of open procedures for most thoracic AAS and a relative shift towards 
endovascular approaches for most descending thoracic, many thoracoabdominal, 
and the majority of isolated abdominal AAS has been observed [2].

The primary treatment goal of open surgery for AD is to ensure the patient’s 
survival and terminate acute end-organ malperfusion, while prevention of future 
adverse events from the structurally injured aortic wall is an important secondary 
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goal. In IMH and PAU, the primary treatment goal is prevention of acute rupture or 
disease progression to AD. In this regard current guidelines recommend expeditious 
surgical treatment for all type A AD, IMH (Class I) and PAU (Class IIa). Complicated 
type B AAS should be managed endovascularly as the first line of treatment (Class 
I) [8, 9], while management of uncomplicated type B AAS remains a matter of 
debate. Currently an initial medical approach for type B AAS is recommended 
(Class I), however, outcome data for endovascularly treated patients (thoracic endo-
vascular aortic repair, TEVAR) suggest a long-term benefit for these patients [10]. 
TEVAR has therefore been given a IIa recommendation for uncomplicated type B 
AAS [8, 10].

 Diagnostic Considerations and Treatment Outcome

Since AAS share common features with regard to their pathophysiology and diag-
nostic challenges, a comprehensive approach for early diagnosis and risk stratifica-
tion is important [2, 11]. Current guidelines for the diagnosis and treatment of AAS 
recommend pre-test assessments for all suspected cases (Class I) including echocar-
diography, computed tomography (CT), and magnetic resonance (MR) imaging 
according to local availability and expertise (Class I) [8, 9]. Developments in CT 
imaging, in particular, have led to strategies that are very helpful in discerning 
between AAS and the most common differential diagnoses, i.e. acute myocardial 
infarction, stroke and pulmonary embolism. The “triple rule-out” strategy using 
multislice CT imaging with ECG-gated protocols provides high sensitivity and 
specificity for an early diagnosis of AAS [12]. Advanced imaging devices and pro-
tocols, especially CT, also enable detection of additional unrelated, yet relevant and 
treatable comorbidities [13, 14].

Devastating outcomes have been reported for untreated AAS, particularly for 
acute type A AD and proximal IMH. Although outcomes of surgical intervention 
are better than AAS natural history studies, there is still room for improvement, 
particularly in AD patients with malperfusion syndromes [15]. Current nationwide 
analyses demonstrate operative mortalities between 17% and 23% [16–19], which 
have remained relatively stable over the last decade. With the exception of series 
reported from Japan and South Korea (operative mortality rates 9% and 13%, 
respectively) [1, 4, 20], registry based outcome data from Europe and the US seem 
comparable [16, 17].

Although a conclusive explanation as to why Japan and Korea have lower 
reported operative mortality rates cannot be given, some major differences between 
these countries and the US and Europe can be highlighted. Japan, for example, has 
a broader availability of CT imaging throughout the country. While the US and 
Germany have 44 and 35 CT scanners per one million inhabitants respectively, 
Japan has over 110 scanners available per one million inhabitants [21] (Fig. 1). The 
widespread availability and high utilization rates may enable more timely diagnosis 
and treatment in case of life-threatening AAS. Whether a direct association between 
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CT availability and treatment outcome exists, however, is questionable given that 
South Korea has less available CTs and favourable operative mortality rates.

It seems likely that multiple factors influence operative outcome for AAS includ-
ing the quantity and quality of reported data, disease awareness in the population, 
and existence of dedicated aortic centres and teams (see The Aortic Team section 
below). In addition, it is clear that better solutions for AD patients presenting with 
organ malperfusion need to be developed in order to improve operative mortal-
ity rates.

 Current Classification Systems, Risk Stratification Tools 
and Algorithms for Acute Aortic Syndromes

Awareness on the part of all medical professions is pivotal for successful diagnosis 
and treatment of AAS, which is why several risk stratification models and classifica-
tion systems were developed.

The American College of Cardiology and the European Society of Cardiology 
(and other professional societies) suggest a specific diagnostic algorithm as an easy 

Fig. 1 International comparison of total availability for computed tomography (CT) scanners, 
shown as CT scanners per one million inhabitants. Top 6 in quantitative order = Japan, Australia, 
Iceland, United States, Denmark and Germany (figure modified order = from https://data.oecd.
org, 2018)
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and rapid clinical risk assessment tool if AAS is suspected [11]. This pre-test prob-
ability assessment has been included as a Class I recommendation for patients with 
suspected AAS [8, 9]. According to the pre-test results, patients are categorized 
according to: (i) predisposing conditions, (ii) pain features, and (iii) clinical exami-
nation (Fig. 2). Sensitivity of this approach has been proven, although data for vali-
dation is not yet available [17, 22].

Comparable tools, eg. the ‘Aortic Dissection Detection Risk Score’ (ADDRS) 
focusing on the clinical features in order to reduce the likelihood of initial mis-
diagnosis, have been shown to significantly reduce the time to adequate treat-
ment [23]. The most distinct clinical features indicative of AAS were lumbar 
pain, paresis or sweating [23]. Once AAS is confirmed, additional risk stratifica-
tion is needed for adequate decision-making with regard to the best-suited type 
of treatment (surgery vs. endovascular vs. hybrid). Another classification sys-
tem recognized by the acronym DISSECT has been introduced to further spec-
ify the overall clinical and anatomical conditions. It encompasses six features: 
(i) duration, (ii) intimal tear, (iii) size of aorta, (iv) segmental extent of involve-
ment, (v) clinical complications, and (vi) thrombosis of the false lumen [24]. 
This system serves as a supplementary to the universally used Stanford and 
DeBakey classifications.

As mentioned earlier, the primary goal for AAS treatment is to ensure immediate 
patient survival. Numerous large-scale single centre and registry analyses have 
shown that malperfusion represents the most potent risk factor for operative mortal-
ity in the setting of AAS, particularly for acute type A AD [16, 17, 19]. To address 
this correlation, the PENN classification system was developed as an easy-to-use 
clinical assessment tool to predict hospital mortality (Fig. 3) [25, 26].

The established Stanford classification for AD remains the basis for all other 
classification systems. However, in about 10% of acute aortic pathologies, the 
binary differentiation between A and B is not appropriate [27]. Therefore a sub- 
classification has been introduced and adopted into clinical practice, categorizing 
patients with the entry in the descending aorta or arch with proximal extension 
limited to the arch without involvement of the ascending aorta as ‘non-A non-B dis-
sections’ [28, 29]. In order to integrate this patient collective, the TEM classification 
for AAS has been recently developed [27]. According to TEM—which is based on 
the extended Stanford classification while also incorporating important clinical 

Clinical data useful to assess the a priori probability of acute aortic syndrome

High-risk conditions

•    Marfan Syndrome/CTD •   Chest, back or abdominal
    pain described as any of the
    following:

•  Evidence of perfusion deficit:

•  Aortic diastolic murmur (new)
•  Hypotension or shock

- abrupt onset
- severe intensity
- ripping or tearing

- pulse deficit
- systolic blood pressure difference
- focal neurological deficit

•    Family history of aortic disease
•    Known aortic valve disease

•    Previous aortic manipulation

CTD = connective tissue disease

•    Known thoracic aortic
     aneurysm

High-risk pain features High-risk examination features

Fig. 2 Pre-test risk assessment for acute aortic syndrome [8]
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aspects similar to the PENN system—patients are categorized with regard to the: (i) 
type, (ii) entry/pathology location, and (iii) malperfusion syndrome (Fig. 4). To date 
only retrospective analyses using the TEM system are available and larger studies 
are needed for validation.

All the herein described tools (including pre-test assessment and pathology clas-
sification systems) have been developed in order to facilitate an unambiguous 
nomenclature that ensures expeditious diagnosis and treatment. The multidisci-
plinary character of modern AAS treatment makes a comprehensive team approach 
to these challenging patients mandatory. The new classification systems will enable 
stratification of operative and long-term outcomes by crucial clinical risk factors, 

PENN Classification in acute (Stanford) type A aortic dissection

Class Aa no ischemia

localized ischemia

generalized ischemia

combined ischemia

branch vessel malpersustion (e.g. stroke, renal failure,
extremity or mesenteric ishemia)

circulatory collapse with or without cardiac involvement

localized and generalized ischemia together

Class Ab

Class Ac

Class Ab&c

Fig. 3 PENN classification for acute type A aortic dissection [26]

TEM Aortic Dissection Classification

A
type

entry
E0 E1

M0 – no malperfusion
M1 – coronary
M2 – supraaortic
M3 – spinal, visceral, iliac

(-) no clinical symptoms
(+) clinical symptoms

E2 E3 E0 E3 E0 E2 E3

B non-A non-B

T

E

malperfusion

M

Fig. 4 TEM Aortic dissection classification system (created from [27])
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and enable objective comparisons of outcomes between reported series. Analyses of 
this data will contribute to future best practice guidelines and improve patient care 
for this challenging disease.

 The Aortic Team: An Interdisciplinary Approach to Acute 
Aortic Syndromes

AAS patient survival depends on many factors encompassing various specialties 
within the medical sector. These factors include: (1) expeditious diagnosis, mainly 
by means of CT (radiology) or echocardiography (cardiology/ intensive care), (2) 
optimal medical care prior to and during transportation, and (3) a state-of-the-art 
repair strategy either by open surgery (cardiac/ vascular surgery), endovascular 
(interventional angiology/ radiology/cardiology), or hybrid procedures [2]. AAS by 
nature oftentimes involve several aortic segments and traditional borders between 
medical disciplines are crossed regularly. Treatment should therefore be the subject 
of joint discussions within an interdisciplinary Aortic Team. Such a multidisci-
plinary team of experienced cardiac and vascular surgeons, angiologists, cardiolo-
gists, radiologists, anaesthesiologists and intensive care physicians, as well as 
experts specializing in congenital and connective tissue diseases, form the backbone 
of a modern integrative “aortic centre”. A simplified working sequence (Fig.  5) 

Fig. 5 Working sequence for AAS according to the aortic team principle (created from [2])

Patient with suspected acute aortic syndrome (AAS)

Diagnostics

Evaluation by the Aortic-Team

call aortic emergency number

decision on treatment strategy

•   Clinical symptoms

•   Rule out acute coronary syndrome (enzymes, ECG)
•   Echocardiography (dissection membrane, valve regurgitation, tamponade)

•   Computed tomography (+contrast, ECG-gated, “triple-rule-out”)
•   Angiography (in case of indication for additional coronary catheterization)

Cardiac- and vascular surgeons - angiologists - cardiologists - radiologists

Transfer to nearest aortic centre
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incorporating all necessary logistics facilitates smooth and timely patient allocation 
and treatment as well as subsequent follow-up.

According to recent observational data, implementation of integrative aortic cen-
tres and teams is increasing in Europe. In the United States, many specialized and 
experienced high-volume centres already incorporate infrastructures similar to the 
herein suggested key elements with great success. However, given the large overall 
population and differences within regional medical sectors (Fig. 6), a general aware-
ness and optimization of existing structures seems warranted, both in the US and 
Europe [2].

Initial benefits from an integrative Aortic Team approach may be the decreasing 
time period from AAS symptom onset to diagnosis and subsequent treatment, which 
is significantly lower in Europe than in the US (Europe median 6 h, IQR: 3–24 h vs. 
US median: 15.3 h, IQR: 4.4–48 h; p < 0.001) [30].

 New Treatment Developments

Open surgical aortic repair remains the mainstay for acute pathologies of the proxi-
mal aorta, including the ascending aorta and root as well as the proximal and trans-
verse aortic arch [2, 8, 9]. Acute pathologies of aortic segments distal to the left 

Fig. 6 Number of acute care hospital beds per 1000 inhabitants—international comparison. 
Highlighted countries: Japan, Germany and United States [21]
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subclavian artery are increasingly managed endovascularly (TEVAR/ EVAR) or in 
combination with open surgical procedures (hybrid repair) [8, 31]. The shift in treat-
ment modalities for type B AAS towards stent procedures is also demonstrated in 
recent registry reports [17, 32].

 Endovascular Ascending Aortic Procedures

Traditionally, AAS of the ascending aorta (type A) is treated by means of conven-
tional open surgery and cardiopulmonary bypass, with the majority also necessitat-
ing circulatory arrest and some degree of systemic hypothermia [33]. Due to 
progressively increasing patient age and comorbidities, as well as the fact that more 
than 25% of patients are considered unfit for open repair [33], the desire for endo-
vascular or hybrid solutions emerged. Since the advent of endovascular aortic repair, 
advances in imaging, new device technologies and advancing experience with mini-
mally invasive procedures in general have led to a rapid expansion for stent-based 
treatment indications for aortic pathologies, pushing the boundaries of traditional, 
anatomical borders between surgeons and interventionists.

To date, few case reports and clinical series regarding endovascular treatment 
of the ascending aorta for highly selected high-risk AAS patients have been pub-
lished, with encouraging early results and a technical success rate over 95% [33, 
34]. However, patient selection and outcome criteria for proximal aortic TEVAR 
procedures are controversial [34, 35]. Available data on endovascular ascending 
aortic repair includes about 60% AAS patients, with the remainder being treated 
due to aneurysms or pseudoaneurysms [33]. Endovascular repair of the ascending 
aorta is challenging because of its proximity to the aortic arch and supra-aortic 
vessels, its curvilinear form, and challenges related to the proximal fixation close 
to the aortic valve and coronary ostia. Moreover, the ascending aorta is subject to 
considerable hemodynamic movement and stress during the cardiac cycle and 
respiration, which further complicates the procedure [33, 34]. In case of acute 
type A AD, the complexity of the false and true lumen arrangement and potential 
valve complications oftentimes preclude endovascular repair also in high risk 
patients unfit for surgery. Challenges with the aortic valve are particularly relevant 
since the entry tear is frequently located relatively close to the sinotubular 
junction.

Although a number of different custom-made stent types have been used for 
endovascular ascending aortic repair, almost all commercially available devices are 
specifically designed for the descending thoracoabdominal aorta [33], with the 
exception being the Zenith Ascend TAA Endovascular Graft (Cook Medical, 
Bloomington, IN; Fig. 7).

The usual device delivery approach—similar to transcatheter aortic valve 
replacement (TAVR) procedures—is transfemoral (~67%) or transapical (~13%). 
Alternative approaches are through the left or right carotid or axillary artery (~20%) 
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[33]. In order to facilitate steady stent placement, rapid ventricular pacing is most 
commonly used during implantation. Transesophageal echocardiography for ade-
quate procedural guidance has been utilized in the majority of cases.

Perioperative and short-term outcomes for patients treated by TEVAR for the 
ascending aorta seems encouraging, with a low early conversion rate of less than 
1%. Although operative mortality rates have been reported to be approximately 
2–4%, early branch vessel occlusion after ascending aortic TEVAR and endoleak 
(mainly type Ia and Ib) were common in about 12% and 16% of high-risk patients, 
respectively [33].

To date a major drawback of the procedure remains its applicability, which is 
limited to highly selected patients with the pathology within a narrow anatomic 
margin of the ascending aorta. In the case of AD, the intimal tear has to be more than 
10 mm above the sinotubular junction and less than 5 mm proximal to the innomi-
nate artery. As a result, current experience consists of grafts shorter than 10 cm [33, 
34]. Although feasibility for this procedure has been reported in highly selected 
patients, a multidisciplinary team approach seems mandatory in order to provide 
adequate patient selection and good procedural outcomes.

In addition to the endovascular treatment of the ascending aorta, few reports and 
feasibility studies have been conducted using modular, multi-stent approaches for 
complex treatment of the ascending aorta and arch in AAS [37]. The combination of 
ascending prostheses with custom made arch prosthesis and side-branches after pre-
liminary carotid-subclavian bypass represents a manageable alternative for high 
risk patients deemed unfit for emergency surgery [37]. In our opinion, patient selec-
tion should be limited strictly to ‘high-risk/unfit for surgery’ candidates, and per-
formed by an experienced cardiac surgeon within the confines of a multidisciplinary 
aortic team.

Currently, neither long-term data nor standardized protocols are available for 
these procedures, warranting larger studies and longer follow up for patients eligi-
ble to these novel therapeutic options. Open repair remains the benchmark for these 
devices.

a b

Fig. 7 Zenith Ascend TAA endovascular graft (Cook Medical, Bloomington, IN) (a) Stent graft, 
(b) Deployment sequence [36]

Future Considerations for Acute Aortic Syndromes



652

 Endovascular Procedures for the Aortic Root

In general, dissecting AAS most frequently affects the ascending aorta (about 60% 
of cases) or the descending portion (30% of cases) [38], whereas IMH and PAU 
most often affect the descending thoracic and abdominal segments [38]. In case of 
type A AAS, the aortic root is affected in the majority of cases resulting in aortic 
regurgitation in up to 75% and pericardial tamponade or myocardial ischemia in 
about 10–20% of cases [8]. Once intimal integrity is compromised, the total diam-
eter of the affected aortic portion increases by about 30% for the sinotubular junc-
tion and mid-ascending aorta [39, 40]. In order to treat the highly complex geometry 
of an acutely injured aortic root—including an altered and frequently regurgitant 
valve—transcatheter aortic valve procedures in combination with custom-made 
ascending aortic prostheses have been proposed [41, 42]. However, commercially 
available self-expandable prostheses are currently only applicable for patients with 
proximal aortic dimensions smaller than 45 mm [42]. Furthermore, the conundrum 
of the aortic sinus and the origin of the coronary arteries remain a major obstacle 
with regard to a fully endovascular treatment of the aortic root.

Initial design and strategy studies have been conducted and delineated several 
key elements required for a potential complete endovascular solution [42]. 
Dimensions of both device components need to be defined according to individ-
ual imaging studies and the connection between the prosthetic aortic valve and 
the tubular graft should be coupled in the operating room using clips or single 
sutures prior to implantation. With regard to achieving unobstructed coronary 
blood flow, the tubular graft in the proximal portion needs to be uncovered. The 
endovascular composite valved graft should be implantable from a central or 
peripheral location (transapical or transfemoral route) in a single-stage proce-
dure, as would be necessary in the setting of AAS [42]. This concept—originally 
developed for patients with severe aortic stenosis and concomitant ascending 
aortic aneurysm who are otherwise unfit for open surgery—has been termed the 
“endo-Bentall”, due to its analogy to the surgical root replacement technique 
[41–43] (Fig. 8).

Conceptualization of the ‘endo-Bentall’ implies three landing zone regions in 
order to provide adequate sealing between the covered graft portion and the aortic 
wall. The first and second landing zone regions are the aortic valve annulus and the 
sinotubular junction, respectively. The third landing zone region is the distal ascend-
ing aorta or proximal aortic arch [41–43]. A recent exploratory study examining the 
anatomical requirements for an endovascular valve–carrying conduit in the setting 
of acute type A AD demonstrates that, in theory, up to 68% of all patients could 
benefit from this novel strategy. However, most patients would require tapered 
stent-grafts to adequately match aortic root and ascending anatomy [43]. These esti-
mations, however, exclusively focus on the anatomic conditions, not taking into 
consideration the clinical circumstances and the central issue in AAS, namely the 
urgency and dynamic nature of the pathology. Without sufficient time to individu-
ally design and fabricate an appropriate prosthesis (custom-made), many problems 
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Covered stent graft portion

Uncovered stent graft portion

Transcatheter aortic valve

Fig. 8 ‘Endo-Bentall’ con-
ceptualization schematic for 
aortic root procedures (cre-
ated from [43]

inherent to this highly variable pathology may not be adequately addressed. 
Nonetheless—although still in early development—the ‘endo-Bentall’ may become 
a promising alternative for otherwise inoperable patients suffering from type A AAS.

 Novel Hybrid Approaches to the Aortic Arch

With the introduction of endovascular aortic procedures into the armamentarium of 
comprehensive aortic repair strategies, hybrid procedures have become a reasonable 
alternative for various, complex pathologies. Preparatory surgical procedures such 
as carotid-subclavian bypass or complete debranching have facilitated endovascular 
aortic repair beyond traditional anatomic borders. Surgical techniques for aortic 
arch repair using a ‘Frozen Elephant Trunk’ technique have further simplified sub-
sequent endovascular procedures.

Optimal therapy for acute type A AD ensures patient survival and limits the 
necessity of secondary procedures. Key elements include resection of the primary 
entry, elimination of malperfusion, and reinstitution of true lumen perfusion with 
subsequent positive aortic remodelling/ false lumen thrombosis. Since patency of 
the false lumen after hemiarch repair of acute DeBakey type I aortic dissection is 
reported to be up to 70%, patients with untreated false lumen patency develop unfa-
vourable remodelling during the course of follow up [44, 45]. In addition, approxi-
mately 50–70% of patients develop distal anastomotic new entry (DANE) sites after 
hemiarch repair, which are associated with worse downstream aortic remodelling 
and worse long-term survival [46, 47].
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To address this problem, a novel composite prosthesis has been designed and 
recently trialled with regard to its clinical feasibility. The Ascyrus Medical 
Dissection Stent (AMDS; Ascyrus Medical, Boca Raton, FL) is a partially 
uncovered aortic arch hybrid graft implanted antegradely during open aortic 
repair to reduce false lumen perfusion and promote true lumen expansion [44, 
45] (Fig. 9).

The device consists of a proximal sewing cuff for the distal aortic anastomosis 
and an asymmetric helical stent frame for true lumen expansion within the aortic 
arch and proximal descending aorta [44, 45]. Low outward force of the stent intends 
to limit iatrogenic damage to the injured and friable aorta (Fig. 10). In addition, the 
felt sewing ring combined with the radial force of the attached stent results in a 
strong seal between the dissected aortic layers at the distal suture line, and therefore 
lower chance of DANE formation.

Initial results in about 50 patients for this new device are promising. Since the 
AMDS device is primarily intended for type A AD patients presenting with malper-
fusion syndrome, this cohort seems to benefit most from the stent-based intimal 
stabilization avoiding complex arch repair and supra-aortic vessel re-implantation. 
Vessel malperfusion was corrected in over 95% of patients in a small clinical trial, 

a b c

Fig. 10 Ascyrus stent-graft implantation sequence during surgical aortic arch repair [45]. (a) dis-
sected aorta (white star indicates the true lumen), (b) antegrade insertion of the Ascyrus stent-graft 
and (c) fully deployed Ascyrus stent-graft with the proximal felt sewing cuff visible

Fig. 9 Ascyrus composite graft. (left) Deployment system and (right) composite prosthesis 
[44, 45]
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[45] with an operative mortality of 7.7% in this high-risk malperfusion cohort. 
Furthermore, all patients with neurologic deficits at presentation recovered com-
pletely, while about 8% developed new neurologic deficits postoperatively [44, 45]. 
-Future studies on larger cohorts, including long-term follow-up and sequential 
imaging, are required to evaluate device benefits and its clinical significance in 
comparison to established surgical alternatives.

 Summary

Since the first post-mortem description of AAS by Morgagni in 1761, this pathology 
has challenged the medical and scientific community across many specialties 
regarding appropriate diagnostic and management strategies [48]. The true inci-
dence of AAS is still uncertain due to the likely substantial number of undiagnosed 
cases. Recent epidemiologic analyses from Europe have estimated the true inci-
dence for AAS at approximately 12 cases per 100,000 inhabitants per year.

Registry-based, multicentre data reveal an operative mortality of approximately 
20% for the surgical treatment of type A AAS, and has remained relatively stable 
over the last decade. Data from Japan and South Korea, however, have consistently 
demonstrated lower operative mortalities for this pathology. The reason for these 
observed differences is likely multifactorial, but a generally heightened awareness 
for AAS, the implementation of dedicated aortic centres and teams, and the wide-
spread availability of computed tomography likely play a role. Various risk stratifi-
cation tools and the “triple rule out” strategy may lead to further reductions in 
mortality in patients with AAS.

With the advent of stent-based aortic repair, a tremendous shift towards endovas-
cular approaches for descending and abdominal AAS has occurred.

As age and comorbidities of patients with AAS are steadily increasing, catheter- 
based treatment modalities of ascending aorta and arch pathologies have been 
increasingly developed. A novel device for hybrid stenting of the aortic arch and 
descending aorta during type A AD repair appears particularly promising. In addi-
tion, novel therapeutic options for the treatment of AAS involving the aortic root are 
being actively investigated. Although several anatomic and technical challenges 
remain for these procedures, good initial success rates have been reported in highly 
selected patients. Much more data with longer-term follow will be required, how-
ever, before such devices become a standard approach in the management of AAS 
of the ascending aorta and arch.
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