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Preface

Some 15 years ago, as the authors were all working at a high-volume vascular
surgical center of the Beth Israel Deaconess Medical Center in Boston, there
was a realization that patients undergoing vascular surgery present the anes-
thesiologist with a unique set of challenges. These patients are usually elderly
with a host of cardiac, cerebrovascular, renal, and metabolic comorbidities,
which are usually expected to get worse either transiently or permanently
with the insult of the major vascular surgery. Meeting the challenges is not
only a lofty goal for the anesthesiologists involved, but also is a requirement
predicated on the covenant relationship that the anesthesiologists have with
the patients. And doing so requires comprehensive understanding of the
pathophysiology and anatomy of the disease processes, the surgical tech-
niques used to address the ailments, and the spectrum of anesthetic medica-
tions and monitoring modalities.

This book represents our best attempt to bring together these components
that need to be understood in order to properly meet the challenges of caring
for a complex vascular patient with a disease of the aorta and its major
branches. We have brought together the expertise and experience of some of
the best surgical, medical, and anesthetic minds on the subject. This book is
intended for cardiac anesthesiologists, cardiovascular surgeons, intensivists,
nurse anesthetists, residents, and fellows of these respective specialties who
are involved in the care of aortic surgical patients. Recent developments in
aortic surgery such as endovascular surgery make the older textbooks on this
subject obsolete.

Chapters include anatomical description of aorta, pathogenesis of acute
aortic syndrome, preoperative evaluation, detailed description of aortic sur-
gery and anesthesia for specific aortic procedures (ascending aorta, arch,
descending aorta, endovascular surgery, trauma, and surgery for congenital
aortic pathologies). Intraoperative echocardiography and cerebral monitoring
have gained importance in cardiac surgery in recent years and separate chap-
ters describe these monitoring techniques. Two chapters are devoted to spe-
cific organ protection (spinal cord and renal protection) since organ
dysfunction is a major cause of mortality and morbidity after aortic surgery.
The book ends with a concise description of postoperative care. Overall, this
is a complete textbook on aortic anesthesia, which will serve as a reference
for those involved in the care of aortic surgical patients.
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Preface

This book would not have been possible without the support of the editors
of Springer publishers, Brian Belval, Shelley Reinhardt, and Catherine
Paduani, for which we are most grateful. We are also indebted to Joanna
Perey, editorial assistant, and to Rebecca McArdle, our coach and develop-
ment editor at Springer, for their undying support. We are thankful to all the
authors for their significant contributions. We are thankful to Christopher
Edwards and Shaw Kristin for their help with the artwork.

We hope that this book will help you to offer better care for aortic surgical
patients.

Kathirvel Subramaniam
Kyung W. Park
Balachundhar Subramaniam



Contents

10

Applied Anatomy of the Aorta
Jagan Devarajan and Balachundhar Subramaniam........................ 1

Acute Aortic Syndrome
Cynthia M. Wells and Kathirvel Subramaniam ..........c..cccccecceunenne. 17

Preoperative Cardiac Evaluation Before Aortic Surgery
Kyung W. Park .......coooiiniiiiiiiiictcececeeeeeee e 37

Role of Echocardiography in Aortic Surgery
Kathirvel Subramaniam and Balachundhar Subramaniam............ 47

Operative Techniques in Surgery of the Proximal
Thoracic Aorta and Aortic Arch
Enrique Gongora and Thomas G. Gleason ...........cccccceeeeerenuenenn 99

Anesthesia for Surgery of the Ascending Aorta
and Aortic Arch
Andrew W. Murray and Kathirvel Subramaniam ..........c..c.cce.cu..... 123

Deep Hypothermic Circulatory Arrest
Tomas Drabek and Joseph J. Quinlan ...........cc.ccccoociiiniininnnnnne 145

Cerebral Monitoring During Aortic Surgery

Parthasarathy D. Thirumala, John M. Murkin,

Donald J. Crammond, Miguel Habeych, Jeffery Balzer,

and Kathirvel Subramaniam ..........ccccocevervieniniiniiniineeniineeee 171

Understanding Open Repair of the Descending Thoracic

and Thoracoabdominal Aorta

Jay K. Bhama, Scott A. LeMaire, John R. Cooper,

and Joseph S. COSelli «...co.eeuereeriiniiniiiinierieeeeeeeeeeeee e 195

Anesthesia for Descending Aortic Surgery
Kathirvel Subramaniam and John C. Caldwell..............cccceeveeuneenn. 211



X Contents
11 Spinal Cord Protection Strategies

John G.T. AUZOUSHIAES ...c..eeueeeieieiiiieniteie e 239
12 Understanding Endovascular Aortic Surgery:

Endovascular Repair of Aortic Aneurysmal Disease

Richard C. Hsu and Marc Schermerhorn..........c.cccceeevverieecieennnnns 257
13  Anesthesia for Endovascular Aortic Surgery

Adam B. Lerner .......cccoveviiiriiiieeiie et 281
14 Anesthesia for Open Abdominal Aortic Aneurysm Repair

Theresa A. Gelzinis and Kathirvel Subramaniam.......................... 301
15 Renal Protection Strategies

Mark Stafford-Smith, Chad Hughes,

Andrew D. Shaw, and Madhav Swaminathan................cccccc.c........ 329
16 Comprehensive Management of Patients

with Traumatic Aortic Injury

Charles E. Smith and Donn Marciniak ..........cccccoeveeeviieenienneennenns 349
17 Anesthesia for Adult Congenital Aortic Surgery

Barry D. Kussman and James A. DINardo .........ccccceeeveevieenieennns 379
18 Atherosclerosis of the Aorta and Prevention

of Neurological Dysfunction After Cardiac Surgery

Fellery de Lange, G. Burkhard Mackensen,

and Madhav Swaminathan .........cc.ccocceeeiiiiinienineneceeee, 395
19 Postoperative Care After Aortic Surgery

Elnazeer O. Ahmed and Davy C. Cheng .........ccccceoveiieieneeniennenne. 417
INAEX ... 427



Contributors

Elnazeer O. Ahmed, MBBS, MD, FRCSI
Department of Cardiac Surgery, London Health Sciences Centre,
London, ON, Canada

John G.T. Augoustides, MD, FASE, FAHA
Department of Anesthesiology and Critical Care, University of
Pennsylvania Medical Center, Philadelphia, PA, USA

Jeffrey Balzer, PhD
Neurological Surgery, University of Pittsburgh Medical Center,
Pittsburgh PA, USA

Jay K. Bhama, MD
Division of Cardiac Surgery, Department of Cardiothoracic Surgery,
University of Pittsburgh Medical Center, Pittsburgh, PA, USA

John C. Caldwell, MD
Division of Cardiovascular Anesthesia, University of Pittsburgh Medical
Center — Presbyterian University Hospital, Pittsburgh, PA, USA

Davy C. Cheng, MD
Department of Anesthesia & Perioperative Medicine, London, ON, Canada

John R. Cooper, Jr, MD

Division of Cardiovascular Anesthesiology, Department of Surgery,
Baylor College of Medicine, and The Texas Heart Institute at St. Luke’s
Episcopal Hospital, Houston, TX, USA

Joseph S. Coselli, MD

Division of Cardiothoracic Surgery, Michael E. DeBakey
Department of Surgery, Baylor College of Medicine,

and The Texas Heart Institute at St. Luke’s Episcopal Hospital,
Houston, TX, USA

Donald J. Crammond, PhD
Department of Neurological Surgery,
University of Pittsburgh Medical Center, Pittsburgh, PA, USA

Xi



Xii

Contributors

Jagan Devarajan, MD, FRCA
Clinical fellow in Anesthesiology, Department of Anesthesiology,
Cleveland Clinic, Cleveland, OH, USA

Fellery de Lange, MD, PhD

Department of Anesthesiology, Division of Cardiothoracic
Anesthesiology and Critical Care Medicine,

Duke University Medical Center, Durham, NC, USA

James A. DiNardo, MD
Department of Cardiac Anesthesia, Harvard Medical School,
Children’s Hospital Boston, Boston, MA, USA

Tomas Drabek, MD
Department of Anesthesiology, University of Pittsburgh Medical Center,
Presbyterian Hospital, Pittsburgh, PA, USA

Theresa A. Gelzinis, MD
Department of Anesthesiology, University of Pittsburgh,
1 200 Lothrop Street, 15213, Pittsburgh, PA, USA

Thomas G. Gleason, M.D.

Department of Cardiothoracic Surgery,

Center for Thoracic Aortic Disease, University of Pittsburgh
Medical Center, Pittsburgh, PA, USA

Enrique Gongora, MD

Division of Cardiac Surgery, Department of Surgery,

Thoracic Transplantation and Mechanical Circulatory Support,
Heart Transplantation Program, Texas A&M Helath Science
Center College of Medicine, Scott & White Hospital and Clinics,
Temple, TX, USA

Miguel Habeych, MD, MPH

Department of Neurosurgical Surgery, University of Pittsburgh
Medical Center — Presbyterian University Hospital,

Pittsburgh, PA, USA

Richard C. Hsu, MD, PhD
Department of Vascular Surgery, Beth Israel Deaconess Medical Center,
110 Francis St Suite 5B, Boston 02215, MA, USA

Chad Hughes, MD

Division of Thoracic and Cardiovascular Surgery, Department of Surgery,
Aortic Surgery Program, Duke Heart Center, Duke University Medical
Center, Durham, NC, USA

Barry D. Kussman, MBBCh

Department of Anesthesiology, Perioperative and Pain Medicine,
Children’s Hospital Boston and Harvard Medical School,

300 Longwood Avenue, Boston, MA, USA



Contributors xiii

Scott A. LeMaire, MD

Division of Cardiothoracic Surgery, Michael E. DeBakey

Department of Surgery, Baylor College of Medicine, and The Texas Heart
Institute at St. Luke’s Episcopal Hospital, Houston, TX, USA

Adam B. Lerner, MD

Department of Anesthesia, Critical Care, and Pain Medicine,

Beth Israel Deaconess Medical Center, 330 Brookline Avenue,

Boston, MA 02215, USA; Department of Anesthesia, Harvard Medical
School, Boston, MA, USA

Donn Marciniak, MD
Department of Cardiothoracic Anesthesia, Cleveland Clinic Foundation,
Cleveland, OH, USA

G. Burkhard Mackensen, MD, PhD
Department of Anesthesiology, Duke University Medical Center,
Durham, NC, USA

John M. Murkin, MD, FRCPC
Department of Anesthesiology and Perioperative Medicine, University
Hospital — London Health Sciences Center, London, ON, Canada

Andrew W. Murray, MB. ChB
Department of Anesthesiology, University of Pittsburgh Medical
Center — Presbyterian and VA Hospital, Pittsburgh, PA, USA

Kyung W. Park, MD, MBA

Departments of Anesthesia and of Surgery, The Ohio State University
Medical Center, Doan Hall 168, 450 W. 10th Avenue,

Columbus, OH, USA

Joseph J. Quinlan, MD
University of Pittsburgh Medical Center — Presbyterian Hospital,
Pittsburgh, PA, USA

Marc Schermerhorn, MD
Department of Vascular Surgery, Beth Israel Deaconess Medical Center,
110 Francis St Suite 5B, Boston 02215, MA, USA

Andrew D. Shaw, MB, FRCA, FCCM
Department of Anesthesiology, Duke University, Medical Center,
Durham, NC, USA

Charles E. Smith, MD, FRCPC

Department of Anesthesia, MetroHealth Medical Center,
Case Western Reserve University, 2500 MetroHealth Drive,
Cleveland, OH 44109, USA

Mark Stafford-Smith, MD, CM, FRCPC, FASE
Department of Anesthesiology, Duke University Medical Center, Durham,
NC 27710, USA



Xiv Contributors

Balachundhar Subramaniam, MBBS, MD

Assistant Professor in Anesthesia, Harvard Medical School,
Director of Cardiovascular Anesthesiology Research,

Beth Israel Deaconess Medical Center, Boston, MA, USA

Kathirvel Subramaniam, MD
Department of Anesthesiology, University of Pittsburgh Medical
Center — Presbyterian Hospital, Pittsburgh, PA, USA

Madhav Swaminathan, MD
Department of Anesthesiology, Duke University Medical Center,
Durham, NC, USA

Parthasarathy D. Thirumala, MD
Department of Neurosurgery, University of Pittsburgh Medical Center,
Pittsburgh, PA, USA

Cynthia M. Wells, MD

Department of Anesthesiology,

University of Pittsburgh Medical Center — Presbyterian Hospital,
Pittsburgh, PA, USA






Applied Anatomy of the Aorta 1

Jagan Devarajan and Balachundhar Subramaniam

A clear understanding of the functional anatomy
of the aorta allows the anesthesiologist to provide
optimal perioperative care to patients who
undergo surgical procedures involving the aorta.
This chapter describes the anatomy of the aorta
with relevance to preoperative preparation, intra-
operative surgical, anesthetic, and hemodynamic
management, and maintenance of organ perfu-
sion in the perioperative period.

Anatomy

The aorta is the major blood vessel that carries
oxygen and metabolic nutrients to the entire body
through its series of branches. The aorta originates
from the base of the left ventricle and ascends for
a short distance as the ascending aorta, which
then arches toward the left forming the arch of
aorta (Fig. 1.1). The arch of aorta then continues
as the descending thoracic aorta, which runs in a
relatively straight course anterior to the vertebral
column (Fig. 1.2). The descending thoracic aorta
becomes the abdominal aorta at the level of the
aortic hiatus of the diaphragm anterior to the 12th
vertebral body (T ,). The abdominal aorta termi-
nates opposite the lower border of L, by dividing
into the right and left common iliac arteries.'

J. Devarajan (D<)

Clinical fellow in Anesthesiology, Department of
Anesthesiology, Cleveland Clinic, Cleveland, OH, USA
e-mail: drdjagan2000 @yahoo.com

The ascending aorta is about 3.2 cm in diameter
and narrows slightly to 2.72-2.84 cm at the arch of
aorta. It measures 2.51-2.55 cm in diameter at the
level of the descending thoracic aorta and narrows
down progressively as it gives rise to several
branches and measures 1.75 cm in diameter at its
terminal branching level. The aforementioned val-
ues are for males and are greater than corresponding
values for females by 0.25-0.30 cm at all levels.”
These diameters are important, as aneurysms are
defined in relation to the normal size at correspond-
ing levels.* An aortic aneurysm is a permanent aor-
tic dilatation of at least 1.5 times the diameter of the
expected normal value. Sixty-five percent of aneu-
rysms affect the abdominal aorta, with the remain-
ing 35% in the thoracic aorta.’ In fact, abdominal
aortic aneurysms are present in more than one in 20
men who are above 65 years of age when screened
by ultrasound.* Ten percent of aortic aneurysms are
present in both the thoracic and abdominal aorta.’

Ascending Aorta

The ascending aorta commences at the upper part
of the base of left ventricle at the level of third
costal cartilage and is about 5 cm in length. It
courses upward, anteriorly and to the right, to con-
tinue as the arch of aorta and runs parallel to the
axis of the heart. It has three small dilatations
called the aortic sinuses or sinuses of Valsalva,
which are situated opposite to the cusps of aortic
valve (Fig. 1.3).

K. Subramaniam et al. (eds.), Anesthesia and Perioperative Care for Aortic Surgery, 1
DOI 10.1007/978-0-387-85922-4_1, © Springer Science+Business Media, LLC 2011
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Fig. 1.1 Ascending and arch of aorta (Permission from reference 56)

The proximal half of the ascending aorta is
situated within the pericardium along with the
pulmonary artery (Fig. 1.1). The two coronary
arteries arise from this part of aorta. The right
coronary artery arises from the right anterior aor-
tic sinus and the left coronary artery, which is
larger than the right, from the left anterior aortic
sinus and divides into the anterior descending and
the circumflex branch. They both originate at the
commencement of the aorta immediately above
the attached margins of the semilunar valves.

The incidence of coronary artery anomalies
varies from 0.46% to 5.64% in adults undergoing
coronary angiography.® There are variations in the
number, shape, and location of the ostia or origins

of the coronary arteries. Some of these anomalies
are benign variants while others could lead to
myocardial ischemia/infarction, cardiac arrhyth-
mias, and sudden death.” When they are identified
during childhood in conditions such as the tetral-
ogy of Fallot or transposition of great vessels,
they may dictate varying surgical approaches.
The left coronary artery can originate from the
right coronary artery in children with tetralogy of
Fallot. If the left coronary artery or the left ante-
rior descending artery arises from the right sinus
of Valsalva, its subsequent course between the
aorta and pulmonary artery makes it more prone
to compression causing myocardial ischemia or
even sudden death in young individuals (Fig. 1.4).
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Left internal
thoracic a.

Pericardial
reflection limit

Fibrous
pericardium

Left phrenic
n. s

Left pulmonary veins

aerionum

Left recurrent n.

Esophagus covered

by paietal pleura

Fig. 1.2 Course of descending aorta in the mediastinum (Permission from reference 57)

They may originate higher in the sinus and, dur-
ing root replacements, this could lead to potential
obstruction or impedance. High takeoffs could
lead to acute angles, ostial ridges, and an intramu-
ral course resulting in myocardial ischemia. The
presence of a single coronary ostium poses addi-
tional challenges with the arterial switch repair.
Arterial switch mortality has historically been
increased in the presence of a single coronary
ostium, possibly attributed to kinking, stretching,
or thrombosis of the reimplanted artery.

Many of the clinical manifestations of aortic
dissection can be explained by anatomy of the
ascending aorta. If aortic dissection progresses in
a retrograde manner and involves the aortic valve,
it presents with acute aortic regurgitation,® and
acute myocardial ischemia or infarction may result
due to coronary occlusion.” The right coronary

artery is most commonly involved, which can
subsequently lead to complete heart block."”
Because the initial part of the ascending aorta
is surrounded by the pericardium (Fig. 1.1),
complications such as hemopericardium'!, cardiac
tamponade, and sudden death'? can occur owing
to rupture of the dissecting aorta or aneurysm into
the pericardial space. If the pericardial sac is filled
with blood, it can compress the right atrium, the
pulmonary artery, and the adjoining part of the
right ventricle."

Arch of Aorta

The arch of aorta begins at the level of the second
sternocostal joint on the right side as a continua-
tion of the ascending aorta, and arches toward the
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Fig. 1.3 Aortic root and components. Aortic sinuses of Valsalva seen from outside (a). Aortic sinuses seen from inside
of the aorta (b). Aortic valve cusps in short axis orientation (c)

left in front of the trachea forming the descending
thoracic aorta at the level of the body of the fourth
thoracic vertebra. Its upper border is usually
about 2.5 cm below the superior border of the
manubrium sternum. There is narrowing of the
lumen of aorta between the origin of the left sub-
clavian artery and the attachment of ligamentum
arteriosum known as aortic isthmus, which is fol-
lowed by a dilatation known as aortic spindle.
There are three branches given off by the arch of
aorta: the innominate, the left common carotid,
and the left subclavian artery (Fig. 1.1).

The incidence of aortic arch anomalies is
approximately 1-3% of congenital cardiac defects,
among which the double aortic arch and the
right-sided aortic arch constitute 40% and 30%,
respectively.'* Usually the aorta arches toward the
left side, but sometimes it passes over the root of
the right lung and passes down on the right side of
the vertebral column, a condition known as a
right-sided aortic arch (Fig. 1.5)." In such cases,
all the thoracic and abdominal viscera are trans-
posed.'® Occasionally, the aorta in patients with a
right-sided aortic arch may cross over to the left
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R L

Pulmonary
valve

CX

Aortic valve

Fig. 1.4 Image of anomalous origin of the left coronary
artery from the right coronary sinus. The artery courses
between aorta and pulmonary artery, which can lead to
compression and myocardial ischemia. RCA — Right
coronary artery; LAD — Left anterior descending artery;
CX - Circumflex artery (Redrawn with permission from
www.radiologyassistant.nl, Date accessed 05/15/2010)

side in front of the vertebral column and descend
on the left side; it is then known as a circumflex
aortic arch. A right-sided aortic arch with mirror
imaging of branches alone does not produce
symptoms; however, a right-sided aortic arch is
associated with a 98% incidence of congenital
cardiac abnormalities, which dictate symptoms."”
Rarely, a right-sided aortic arch may be associated
with Kommerell diverticulum, which may cause
compression of esophagus or trachea.'

Occasionally, there may be two aortic arches,
one on each side, which may form a complete
ring and encircle trachea and esophagus and can
cause respiratory and/or feeding difficulties.
There may be lack of luminal continuity between
the ascending and descending thoracic aorta, and
this condition is known as an interrupted aortic
arch.” This discontinuity may be complete or it
may be spanned by an atretic fibrous band* and
is present in 1% of critically ill neonates with
congenital heart disease.

Right Sided Aortic Arch with Anomalous Left Subclavian A.

Fig. 1.5 Right-sided aortic arch

< Left Subclavian Artery

Left Common Carotid A.

>
L

igamentum Arteriosum

Pulmonary Arteries
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Coarctation of the aorta is a congenital abnor-
mality that is characterized by marked stenosis or
complete obliteration of the lumen of the aorta at or
just below the attachment of ligamentum arteriosum.
It is important to know?' the site of the coarctation
in order to decide the site of invasive arterial blood
pressure monitoring because the preductal and
postductal arterial pressures can be very different.

Clinical manifestations of the above rare
congenital anomalies vary from an asymptomatic
incidental finding in adolescents and adults to
respiratory stridor in neonates.'>** Less severe
manifestations include recurrent nonspecific
respiratory tract infections, wheezing, recurrent
cough, or pneumonia. Esophageal symptoms
such as dysphagia or vomiting are usually elic-
ited rather than being reported.?

The arch of aorta is a common site for
aneurysmal dilatation and knowledge of the
anatomical relations of the arch helps to explain
different clinical manifestations that may ensue.
The sternum and rib cartilages can become
eroded by the impingement of the aortic arch
aneurysm as it projects forward. It can present as
a pulsating mass on the front of the chest, above
the manubrium. Aneurysms of arch of aorta can
compress the adjacent trachea and bronchi, which
may result in tracheal tugging, stridorous breath-
ing, dyspnea, and platypnea.’** Compression of
the bronchus and lung may also result in atelecta-
sis or compressive pneumonia. Very rarely the
aneurysm can burst into the lung, trachea, and/or
bronchi, causing hemoptysis.”® Preoperative
imaging should be reviewed in patients with
symptoms for the safety of airway management.
Involvement of the esophagus, producing dys-
phagia, is not uncommon and has frequently
been mistaken for an esophageal stricture; or
rarely the aneurysm may burst into the esopha-
gus, resultingin afatal hemetemesis. Compression
of the superior vena cava or the innominate vein
is possible, causing venous engorgement of the
face, right arm, and anterior chest wall.
Congestion of the brain can manifest as head-
ache, vomiting, or vertigo. An aneurysm can per-
forate into the superior vena cava, resulting in an
arteriovenous aneurysm. This condition mani-
fests as sudden onset of dyspnea, intense conges-
tion of the face and upper part of the body, and is

accompanied by a palpable thrill and a continu-
ous humming murmur over the sternum, loudest
during systole. Similar symptoms may be seen
when an aortic aneurysm erodes into the pulmo-
nary artery.”’

Several nerves can be injured during aortic
surgical procedures or compressed by the patho-
logic diseases of aorta. While right recurrent
laryngeal nerve is well away from the aorta lying
close to right subclavian artery, the left recurrent
laryngeal nerve winds closely around the arch
(Fig. 1.1) and, when compressed” or injured, can
give rise to hoarseness of voice.” Postoperative
vocal card paralysis has been reported in 21-32%
of patients after thoracic aortic surgery.’’*
Other nerves that are likely to be at risk for injury
during aortic surgery include phrenic nerve
(diaphragmatic paralysis) and vagus nerve. The
arch of aorta is also closely related to the supe-
rior cervical sympathetic ganglion, and Horner’s
syndrome may result from either dissection or
aneurysmal dilatation compressing the nerves.*

Sometimes many of the physical signs of an
aortic aneurysm may be simulated by a simple
benign condition causing a hyperdynamic circu-
lation due to the nature of highly distensible elas-
tic aorta, without any true aneurysmal dilatation.
This presentation is called a dynamic dilatation
of the aorta and may be benign. Young people
with aortic regurgitation and athletes with hyper-
trophied hearts, patients with Graves’ disease or
with marked anemia may have a throbbing pulsa-
tion above the suprasternal notch mimicking an
aneurysm of the aortic arch.

The innominate artery is the largest branch of
the arch of the aorta, and is 4-5 cm in length. It
divides into the right common carotid and right
subclavian arteries at the level of the right sterno-
clavicular joint. The subclavian arteries continue
as the axillary arteries and supply the upper limbs.
The close anatomical relationship between bra-
chial plexus and axillary artery is important
because this artery is increasingly used for arte-
rial cannulation in aortic surgery. The common
carotid arteries divide into the external and inter-
nal carotid arteries at the level of the upper border
of the thyroid cartilage. The external carotid
arteries supply the exterior of the head, the face,
and the greater part of the neck, whereas the
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internal carotid system supplies the majority of
structures within the cranial and orbital cavities.
Though the branches of subclavian and carotid
vessels are not encountered directly during aortic
surgery, internal mammary artery should be pre-
served for current or future coronary bypass
procedure.

It is also important to understand the blood
supply of the brain, which comes from two
sources: anterior circulation from internal
carotid artery of both sides and posterior circu-
lation (vertebrobasillar system) originating from

Ant. communicating a.

Optic n.

Basilar a.

Vertebral a.

subclavian artery on each side. They form a rich
network of anastomoses called circle of Willis
inside the cranium and supply the brain
(Fig. 1.6). Circle of Willis may be incomplete in
significant number of patients. During repair of
aortic arch with hypothermic circulatory arrest,
perfusion through both carotid arteries is advis-
able in such patients. In patients with dominant
left vertebral artery, incomplete intracranial
communications or occlusion of right vertebral
artery, perfusion through left subclavian artery
is also required.

Ant. cerebral a.

Int. carotid a.

Middle cerebral a.

: Post. communicating a.

Post. cerebral a.

Fig. 1.6 Circle of Willis at the base of the brain (Permission from reference 57)
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Endovascular aortic stents are commonly uti-
lized in the treatment of aortic pathology involv-
ing proximal descending thoracic aorta. Left
subclavian artery may be occluded by proximal
end of endograft since it allows gain of proximal
landing zone up to 2 cm. Left subclavian artery
supply the left upper limb, contributes to the
posterior circulation of the brain and circle of
Willis, and also contributes to the spinal cord
blood supply. Because of rich collateral circula-
tion, occlusion of left subclavian artery may be
well tolerated. However, in patients with domi-
nant left vertebral artery, separate origin of verte-
bral artery from arch, left internal mammary
artery pedicle graft, left upper limb dialysis
access and in patients with documented post-
endograft ischemia, subclavian—carotid artery
bypass should be performed. Preoperative com-
puterized tomographic angiographic scan or
intraoperative angiography can be utilized to
define the anatomy of arch vessels and branches.

Cervical esophagus

Arch of the aorta
Ascending aorta

Right main bronchus

Left main bronchus

Thoracic esophagus

Diaphragm

Esophageal hiatus

Abdominal esophagus

Descendi
aorta o

Descending Aorta

The descending thoracic aorta is contained within
the posterior mediastinum (Fig. 1.2). It begins at the
lower border of the fourth thoracic vertebra where
it is continuous with the arch of aorta. The junction
of the relatively mobile aortic arch and relatively
fixed descending aorta is the common site for trau-
matic rupture of aorta. Descending aorta starts on
the left side of the vertebral column and becomes
anterior to the vertebral column at its termination.
The esophagus lies on the right side of the aorta in
the upper part; but in the lower thorax, it is in front
of the aorta and moves to the left side of the aorta
closer to the diaphragm (Fig. 1.7). This anatomical
relationship is important to understand, as this will
dictate the imaging of the descending thoracic aorta
with transesophageal echocardiography.

Branches from the descending aorta are
mainly divided into parietal and visceral. Visceral
branches are distributed to the pericardium, the

b

Left common carotid a.

Right common carotid a.
Subclavian a.

Subclavian a.

Tracheal cartilage

Aortic arch

Left main bronchus

Post. intercostal
arteries.

Thoracic
esophagus

Esophageal hiatus

Fig. 1.7 Relationship of esophagus to thoracic aorta. Anterior view (a). Posterior view (b) (Permission from reference 58)
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bronchi, the esophagus, and the mediastinum. The
parietal branches are the intercostal, subcostal, and
superior phrenic arteries. The intercostal arteries
play a role in the reinforcement of blood supply to
the spinal cord, which is considered in detail below.

There are usually nine pairs of intercostal arter-
ies, which originate from the posterior aspect of the
descending aorta corresponding to the lower nine
intercostal spaces. A branch from the costocervical
trunk of the subclavian artery supplies the first two
spaces. Because the right intercostal arteries origi-
nate from left side of the thorax, they take a longer
course and pass across the vertebral body posterior
to the esophagus, the thoracic duct, and the vena
azygos, and are covered by the right lung and
pleura. The left intercostal arteries run backward
on the sides of the vertebra and are covered by the
left lung and pleura. The remainder of the course of
the intercostal arteries is similar for both sides.

Each artery divides into an anterior and a
posterior ramus. The anterior ramus gives rise to
cutaneous, muscular, and mammary branches.
The anterior ramus crosses the intercostal space
medial to the angle of the rib. For this reason,
when performing pleurocentesis, the procedure
should never be performed near the midline poste-
rior to the angle of rib. The posterior midscapular
line is a common site for pleural aspiration. The
intercostal artery along with the vein and nerve are
located in the upper part of the intercostal space in
the intercostal groove from axilla forward onto
anterior chest wall (Fig. 1.2). Hence, the puncture
site for an intercostal drain should be just above
the upper border of rib to avoid injury to the neu-
rovascular bundle. Intercostal nerve blocks are
performed at the angle of the rib due to many
advantages at this position. It avoids dural punc-
ture and palpation of rib as the landmark is easier.
Moreover, the subcostal groove at this location is
wider thereby minimizing the chances for pleural
injury. The lateral branch of the intercostal nerve
will be effectively blocked at this point. The pos-
terior ramus gives off a spinal branch, which enters
the spinal cord through the intervertebral foramen
and is distributed to the medulla spinalis and its
membranes and the vertebra.

Complex symptoms may arise from aneurys-
mal dilatation of the descending thoracic aorta due

to its inherent location and relation to different
structures. Aneurysms generally enlarge backward
toward the left side of the vertebral column, causing
resorption of vertebral bodies and chronic back
pain.**¥ It can cause compression of the intercostal
nerves causing pain, in the corresponding
dermatomes. It can also compress or displace the
heart causing arrhythmias. This part of the aorta
also affects the esophagus and can cause dysphagia
or hematemesis due to rupture or communication
with the esophagus.®*® Aneurysms can burst into
the pleural cavity causing hemothorax®** or into
the posterior mediastinum causing hemomediasti-
num resulting in exsanguinations and/or compres-
sion of mediastinal structures.** Aneurysms from
the descending aorta can potentially compress the
left main bronchi, which would result in coughing
and/or bronchiectasis.*’ This should be kept in
mind at the time of insertion of double lumen
endotracheal tubes. Reviewing the preoperative
imaging (e.g., computerized tomographic angiog-
raphy) would be helpful in choosing the correct
side of double lumen tube placement. Symptoms
of asthma have been reported due to compression
of left pulmonary plexus.

Abdominal Aorta

The abdominal aorta begins at the aortic hiatus of
the diaphragm, in front of the lower border of the
T12 vertebra, and ends at L4, dividing into the
two common iliac arteries. It diminishes rapidly
in size, due to many large branches coming off
before termination, as mentioned above. Apart
from the terminal branches, it gives rise to both
parietal and visceral branches (Fig. 1.8). Visceral
branches are unpaired and paired. The unpaired
ones are the celiac, the superior mesenteric, and the
inferior mesenteric arteries and the paired
branches are the renal, the middle suprarenal, and
the gonadal arteries. Parietal branches are the
inferior phrenic, the lumbar, and the middle sacral
arteries. It is important to know the territory and
site of origin of these lateral lumbar branches
during reimplantation in aortic surgery.

The celiac artery is a short thick trunk, about
1.25 cm in length, which arises from the front of
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Celiac trunk

Sup. mesenteric a.

Right renal a.

Gonadal a.

Psoas major

Right common iliac a.

Left inf. phrenic a.

Middle suprarenal a.

1st lumbar a.

Inf. mesenteric a.

2nd lumbar a.

3rd lumbar a.

4th lumbar a.

Median sacral a.

Fig. 1.8 Branches of abdominal aorta. Adapted with permission from®’

the aorta, just below the aortic hiatus of the dia-
phragm, and divides into three large branches, the
left gastric, the hepatic, and the splenic, which
supply the stomach, the liver, and the spleen,
respectively. Celiac axis coverage may be necessary
with endografts and is well tolerated if the celiac
artery is small and superior mesenteric artery is
large enough to provide collaterals to the celiac
system. Just below the celiac branch, the supe-
rior mesenteric artery arises that supplies the
whole length of the small intestine, except the

superior part of the duodenum; it also supplies
the cecum and the ascending part of the colon and
about one-half of the transverse colon. The rest of
the intestines and rectum are supplied by the infe-
rior mesenteric artery, which is smaller than the
superior mesenteric artery and is originating 3—4
cm above the terminal division of the aorta into
the common iliac arteries. The above anatomical
points help us to understand the risk of periop-
erative intestinal ischemia during aortic surger-
ies. The middle suprarenal arteries are lateral
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branches, which arise at L1 and supply suprare-
nal glands where they also anastomose with the
renal and the inferior phrenic arteries. The renal
arteries are also lateral branches, which arise at
L1 and supply each kidney. The right renal artery
is longer than the left, due to the left-sided posi-
tion of the aorta, and the left renal artery is some-
what higher than the right. A pair of gonadal
arteries arises from the aorta just below the renal
arteries and supply testes or ovaries.

The abdominal aorta divides at the level of body
of the fourth lumbar vertebra, into the two terminal
common iliac arteries. Each is about 5 cm in length,
passes downward and laterally, and divides oppo-
site the intervertebral space between the L5 and S1
into two branches, the external iliac and hypogas-
tric arteries, the former continuing as femoral
artery nourishing the lower extremity and the latter
supplying the viscera and parietes of the pelvis.

The abdominal aorta is closely related to the
celiac plexus, splanchnic nerves, and lumbar nerves,
which explains the different kinds of pain***
experienced by patients with abdominal aortic
aneurysm (AAA). It causes two types of pain:

1. Fixed constant back pain due to pressure or dis-
placement of the celiac and splanchnic nerves
2. Sharp lancing, radicular pain in the loins, tes-
tes, lumbar areas, and lower limbs due to com-
pression of the lumbar plexus
The aneurysm causing the latter type of pain stands
more at risk of rupture into or behind the peritoneal
cavity. Aneurysms of the abdominal aorta usually
arise either at its upper part close to or involving the
celiac arteries or at its lower part near the aortic
bifurcation. When an aneurysm arises from the
anterior aspect of the aorta near the celiac trunk, it
forms a pulsating tumor in the left hypochondrium
or epigastric regions, sometimes causing nonspe-
cific symptoms of dyspepsia or constipation. It can
compress the common bile duct causing jaundice.*
Aortic aneurysm has been reported to rupture into
the esophagus or stomach causing aortoesophageal
or aortogastric fistula,”* into the vena cava caus-
ing aortocaval fistula®® and into the left renal vein
causing aortorenal fistula.*” The importance of
knowing the extent of the aneurysm, involvement
of the renal arteries, and the relation of the neck of
the aneurysm cannot be overemphasized in planning
for endovascular repair of aortic aneurysms.

Anatomy of the Blood Supply
to the Spinal Cord

A thorough understanding of the anatomy of the
blood supply to the spinal cord® is essential in
order to be aware of and assess the risks of spi-
nal cord ischemia and decide the ways to pre-
vent potential neurological damage after aortic
surgery.’’ The spinal cord is very finely bal-
anced between its blood supply and metabolic
demand. Any disturbance can lead to ischemia.
The blood supply of the spinal cord is derived
from three longitudinal arteries: one anterior
and two posterolateral arising from verte-
brobasillar system and reinforced by various
segmental arteries at every level of spinal cord
(Fig. 1.9).

Right vertebral a. Left vertebral a.

Segmental arteries

Right subclavian a. Ascending cervical a.

7
5 | ‘./ Segmental medullary a.
Ant. spinal a. .
Left subclavian a.

Aorta

Segmental medullary a. . i
|- Posterior intercostal arteries
(9 pairs)

Great radicular artery
of Adamkiewicz

Anastomatic loop to
post. spinal a.

Segmental
medullary a.

Lumbar arteries
(4 )

Lumbar a. pairs

lleclumbar a.

Internal iliac a.

Fig. 1.9 Segmental blood supply of the spinal cord
(Modified and reprinted with permission from reference 59)
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Longitudinal Arteries

After giving rise to the anterior spinal branches,
both vertebral arteries unite to form the basilar
artery at the base of the medulla oblongata.
The single anterior spinal artery formed by the
union of two anterior spinal branches runs in the
anterior median sulcus. The site of formation of
the anterior spinal artery varies and is anywhere
between C1 and C6. The posterior spinal arteries
originate from the posterior inferior cerebellar
artery and are duplicated through the entire spinal
cord. There is usually a rich network of arborizing
smaller arteries and arterioles interlinking these
arteries across the midline along the posterior
aspect of the spinal cord. Though there is an exten-
sive linking between the two posterolateral spinal
arteries, there is scarce communication between
the posterior and the anterior spinal arteries.
However, there is a constant cruciate anastomosis
at the conus medullaris between the anterior and
the posterior systems. The longitudinal arteries
are the main source of blood supply for the upper
cervical cord. Anterior spinal artery supplies ante-
rior two-third and posterior spinal arteries supplies
posterior one-third of the spinal cord. Beginning
with lower cervical level, the above longitudinal
spinal arterial system needs reinforcement by a
varying number of segmental medullary and
radicular arteries to supply the cord.

Segmental Arteries

Segmental arteries supplying the spinal cord orig-
inate from the subclavian or vertebral arteries (in
the cervical region), intercostal and lumbar arter-
ies (thoracolumbar region), and from the branches
of hypogastric artery (internal iliac artery) in the
sacral region. The intercostal and lumbar arteries
arise in pairs from the posterolateral aspect of
the aorta. Dorsal spinal branch of these paired
arteries gives origin to radicular and medullary arter-
ies, which supply the nerve roots, ganglion, and
the spinal cord (Fig. 1.10). The human neonate
has the greatest abundance of blood vessels.
However, as a child grows and matures, many

a Posterior spinal arteries

Anterior segmental
medullary a.

Ant. and post.
radicular

Fig.1.10 Spinal cord blood supply. Spinal branch of pos-
terior intercostal artery originates in pairs on the back of
aorta, supplies the nerve roots, ganglion, and the spinal cord
(a). Anterior segmental medullary artery is the main source
of blood supply for anterior spinal cord at thoracolumbar
spinal cord (b). Adapted with permission from®

paired radicular arteries at each vertebral level
involute, and the adult is left with only a few
radicular arteries that reinforce the blood supply
to spinal cord. Between C8 and T9, there are very
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few intercostal arteries providing anterior seg-
mental blood supply; therefore, this part of spinal
cord is vulnerable to ischemic injury. Unlike ante-
rior medullary branches, posterior segmental
medullary branches that reinforce the posterior
spinal arteries are small, numerous, and evenly
distributed. The largest anterior segmental med-
ullary branch of posterior intercostal artery
(known as arteria radicularis magna (ARM) and
the artery of Adamkiewicz) is the main source of
blood supply for the lower two-thirds of the spi-
nal cord and lumbar enlargement. It has a charac-
teristic hairpin bend. The most common site of
the origin of ARM is T10, usually on the left. In
15% of patients, it originates between TS and T8,
75% between T9 and T12, and 10% between L1
and L2. Knowledge of the level of origin of the
ARM and the other large radicular arteries is crit-
ical to help in the determination of perioperative
strategies for the prevention of paraplegia™ after
open and endovascular aortic surgery. Advanced
imaging techniques such as magnetic resonance
angiography (MRA) can help in the visualization
of collateral blood supply to the spinal cord pre-
operatively. Presence of collaterals is associated
with stable spinal cord function intraoperatively
and absence of collaterals increases the chances
of neurologic dysfunction postoperatively.’

Pelvic Circulation

Pelvic blood supply to the distal spinal cord is
derived from the lumbar, iliolumbar, and lateral
sacral arteries, which anastomose with anterior
spinal and other segmental vessels such as artery
of Adamkiewicz. Iliolumbar and lateral sacral
arteries are branches of posterior division of inter-
nal iliac artery (Fig. 1.9). Distal source of spinal
cord is critical when the artery of Adamkiewickz
is compromised by the disease or surgical proce-
dure or if it arises high in the spinal cord.>** Pelvic
circulation is the main source of distal spinal cord
blood supply intraoperatively with aortic cross
clamping and distal aortic perfusion. Augmentation
of blood pressure perioperatively preserves blood
flow through these collaterals and prevents the
development of neurological deficits.

Key Notes

1. Understanding the anatomical basis of the
disease process of aorta is the primary step
and essential for the anesthesiologists involved
in the care of aortic surgical patients.

2. Aorta is anatomically divided into aortic
root, ascending aorta, arch of aorta, descend-
ing thoracic, and abdominal aorta.

3. Congenital anomalies of coronary arteries
and aortic arch may be detected as an acci-
dental finding in the adults or can present in
children as an associated anomaly with other
congenital heart diseases.

4. Anatomical relationship of aorta with other
intrathoracic contents dictates symptoms of
the diseases of aorta such as aneurysms.

5. Brain is supplied by both internal carotid and
vertebrobasillar circulation, which form a rich
network of anastomosis inside the cranium
(circle of Willis).

6. Proximal ascending aorta is contained in the
pericardium. Bleeding originating from this
portion may cause cardiac tamponade.
Bleeding from arch of aorta and descending
aorta may present as mediastinal hematoma
or left pleural effusion.

7. The junction of arch and descending aorta
is the site for many disease process: patent
ductus arteriosus, coarctation of aorta, and
traumatic rupture of aorta.

8. Anesthesiologists should be aware of the rela-
tionship of descending thoracic aorta and esoph-
agus to accurately interpret the images obtained
with transesophageal echocardiography.

9. Preoperative imaging and intraoperative
angiography should be done to evaluate
carotid, vertebral, left subclavian, major inter-
costal arteries and branches of abdominal aorta
before endovascular stenting procedures.

10. Spinal cord blood supply is derived from lon-
gitudinal network (vertebrobasillar system)
and segmental arteries (branches of subcla-
vian, vertebral, intercostal, lumbar, and sacral
arteries). Interruption by stenting, cross
clamping, or embolization may result in
paraplegia.



J. Devarajan and B. Subramaniam

References

1.

10.

14.

15.

16.

17.

18.

Gatzoulis MA. Heart and great vessels. In: Standring S,
ed. Gray’s Anatomy: The Anatomical Basis of Clinical
Practice. 40th ed. New York: Churchill Livingstone;
2008:959-988.

. Hager A, Kaemmerer H, Rapp-Bernhardt U, et al.

Diameters of the thoracic aorta throughout life as
measured with helical computed tomography.
J Thorac Cardiovasc Surg. 2002;123:1060-1066.

. Isselbacher EM. Thoracic and abdominal aortic aneu-

rysms. Circulation. 2005;111:816-828.

. Ernst CB. Abdominal aortic aneurysm. N Engl J Med.

1993;328:1167-1172.

. Dobrin PB. Pathophysiology and pathogenesis of

aortic aneurysms. Current concepts. Surg Clin North
Am. 1989;69:687-703.

. Angelini P. Coronary artery anomalies: an entity in

search of an identity. Circulation. 2007;115:1296-1305.

. Pasquali SK, Hasselblad V, Li JS, Kong DF, Sanders

SP. Coronary artery pattern and outcome of arterial
switch operation for transposition of the great arteries:
a meta-analysis. Circulation. 2002;106:2575-2580.

. Patel HJ, Deeb GM. Ascending and arch aorta: pathol-

ogy, natural history, and treatment. Circulation.
2008;118:188-195.

. Nienaber CA, Eagle KA. Aortic dissection: new fron-

tiers in diagnosis and management: Part I: from etiol-
ogy to diagnostic strategies. Circulation. 2003;108:
628-635.

Davis GG, ed. Applied anatomy: the construction of
the human body considered in relation to its functions,
diseases and injuries. 2nd ed. New York: JB Lippincott
Company; 1913:208-210.

. Bains SR, Kedia A, Roldan CA. Pericarditis as initial

manifestation of proximal aortic dissection in young
patients. Am J Emerg Med. 2008;26:379.e3-379.e5.

. Spitzer S, Blanco G, Adam A, Spyrou PG, Mason D.

Superior vena cava obstruction and dissecting aortic
aneurysm. JAMA. 1975;233:164-165.

. Schofield PM, Bray CL, Brooks N. Dissecting aneu-

rysm of the thoracic aorta presenting as right atrial
obstruction. Br Heart J. 1986;55:302-304.

Maddali MM, Valliattu J, al Delamie T, Zacharias S.
Selection of monitoring site and outcome after neona-
tal coarctation repair. Asian Cardiovasc Thorac Ann.
2008;16:236-239.

McElhinney DB, Tworetzky W, Hanley FL, Rudolph
AM. Congenital obstructive lesions of the right aortic
arch. Ann Thorac Surg. 1999;67:1194-1202.
Brickner ME, Hillis LD, Lange RA. Congenital heart
disease in adults. First of two parts. N Engl J Med.
2000;342:256-263.

Brickner ME, Hillis LD, Lange RA. Congenital heart
disease in adults. Second of two parts. N Engl J Med.
2000;342:334-342.

Patiniotis TC, Mohajeri M, Hill DG. Right aortic arch
with aberrant left subclavian artery: aneurysmal dila-
tation causing symptomatic compression of the right

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

main bronchus in an adult. Aust NZ J Surg. 1995;65:
690-692.

McLaughlin RB Jr, Wetmore RF, Tavill MA, Gaynor
JW, Spray TL. Vascular anomalies causing symptom-
atic tracheobronchial compression. Laryngoscope.
1999;109:312-319.

McLaren CA, Elliott MJ, Roebuck DJ. Vascular
compression of the airway in children. Paediatr Respir
Rev. 2008;9:85-94.

Friese KK, Dulce MC, Higgins CB. Airway obstruc-
tion by right aortic arch with right-sided patent ductus
arteriosus: demonstration by MRI. J Comput Assist
Tomogr. 1992;16:888-892.

Kumeda H, Tomita Y, Morita S, Yasui H. Compression
of trachea and left main bronchus by arch aneurysm.
Ann Thorac Surg. 2005;79:1038-1040.

Kussman BD, Geva T, McGowan FX. Cardiovascular
causes of airway compression. Paediatr Anaesth.
2004;14:60-74.

Amirghofran AA, Mollazadeh R, Kojuri J. Hemoptysis
due to aortic aneurysm at the site of coarctation repair.
Asian Cardiovasc Thorac Ann. 2008;16:88-89.
Filston HC, Ferguson TB Jr, Oldham HN. Airway
obstruction by vascular anomalies. Importance of tele-
scopic bronchoscopy. Ann Surg. 1987;205:541-549.
Gulel O, Elmali M, Demir S, Tascanov B. Ortner’s
syndrome associated with aortic arch aneurysm. Clin
Res Cardiol. 2007;96:49-50.

Lee SI, Pyun SB, Jang DH. Dysphagia and hoarseness
associated with painless aortic dissection: a rare case of
cardiovocal syndrome. Dysphagia. 2006;21:129-132.
Delabrousse E, Kastler B, Bernard Y, Couvreur M,
Clair C. MR diagnosis of a congenital abnormality of
the thoracic aorta with an aneurysm of the right sub-
clavian artery presenting as a Horner’s syndrome in an
adult. Eur Radiol. 2000;10:650-652.

Dillman JR, Yarram SG, D’Amico AR, Hernandez
RIJ. Interrupted aortic arch: spectrum of MRI findings.
Am J Roentgenol. 2008;190:1467-1474.

Ishimoto S, Ito K, Toyama M, et al. Vocal cord paraly-
sis after surgery for thoracic aortic aneurysm. Chest.
2002;121:1911-1915.

Ohta N, Kuratani T, Hagihira S, Kazumi K, Kaneko
M, Mori T. Vocal cord paralysis after aortic arch sur-
gery: predictors and clinical outcome. J Vasc Surg.
2006;43:721-728.

Ohta N, Mori T. Vocal cord paralysis after surgery to
the descending thoracic aorta via left posterolateral
thoracotomy. Ann Vasc Surg. 2007;21:761-766.
Casati V, Barbato L, Spagnolo P, et al. Unexpected
diagnosis and management of a type of interrupted
aortic arch in an adult male scheduled for mitral valve
surgery. J Cardiothorac Vasc Anesth. 2008;22:
263-266.

Cokluk C, Aydin K. Segmental artery pseudoaneu-
rysm associated with thoracic spinal fracture. Turk
Neurosurg. 2007;17:142-146.

Takahashi Y, Sasaki Y, Shibata T, Suehiro S.
Descending thoracic aortic aneurysm complicated



Applied Anatomy of the Aorta

15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

with severe vertebral erosion. Eur J Cardiothorac
Surg. 2007;31:941-943.

Amin S, Luketich J, Wald A. Aortoesophageal fistula:
case report and review of the literature. Dig Dis Sci.
1998;43:1665-1671.

Lin YY, Hsu CW, Chu SJ, Tsai SH. Acute rupture of
thoracic aorta aneurysm complicated with hemoptysis
after EGD. Gastrointest Endosc. 2008;67:156—-157.
Rahman HA, Sakurai A, Dong K, Setsu T, Umetani T,
Yamadori T. The retroesophageal subclavian artery —
a case report and review. Kaibogaku Zasshi.
1993;68:281-287.

Sengupta P, Mitra B, Saha K, Maitra S, Pal J, Sarkar
N. Descending thoracic aortic aneurysm presenting as
left sided hemorrhagic pleural effusion. J Assoc
Physicians India. 2007;55:297-300.

Spiropoulos K, Petsas T, Lymberopoulos D, Solomou
A, Spiliopoulou M, Haralambopoulou A. Orthopnea
due to an aneurysm of the thoracic aorta. Respiration.
1995;62:174-176.

Penner C, Maycher B, Light RB. Compression of the
left main bronchus between a descending thoracic
aortic aneurysm and an enlarged right pulmonary
artery. Chest. 1994;106:959-961.

Diekerhof CH, Reedt Dortland RW, Oner FC, Verbout
AlJ. Severe erosion of lumbar vertebral body because
of abdominal aortic false aneurysm: report of two
cases. Spine. 2002;27:E382-E384.

Galessiere PF, Downs AR, Greenberg HM. Chronic,
contained rupture of aortic aneurysms associated with
vertebral erosion. Can J Surg. 1994;37:23-28.
Dorrucci V, Dusi R, Rombola G, Cordiano C.
Contained rupture of an abdominal aortic aneurysm
presenting as obstructive jaundice: report of a case.
Surg Today. 2001;31:331-332.

Katyal D, Jewell LD, Yakimets WW. Aorto-esophageal
fistula secondary to benign Barrett’s ulcer: a rare
cause of massive gastrointestinal hemorrhage. Can
J Surg. 1993;36:480—482.

Lau OJ. Acute aortogastric fistula following gastro-
esophageal anastomosis. Br J Surg. 1983;70:504.
Lemos DW, Raffetto JD, Moore TC, Menzoian JO.
Primary aortoduodenal fistula: a case report and review
of the literature. J Vasc Surg. 2003;37:686-689.

48.

49

50.

51.

52.

53

54.

55.

56.

57.

58.

59.

60.

Alexander JJ, Imbembo AL. Aorta-vena cava fistula.
Surgery. 1989;105:1-12.

. Thompson RW, Yee LF, Natuzzi ES, Stoney RJ.

Aorta-left renal vein fistula syndrome caused by rup-
ture of a juxtarenal abdominal aortic aneurysm: novel
pathologic mechanism for a unique clinical entity.
J Vasc Surg. 1993;18:310-315.

Wyss P, Stirnemann P, Mattle HP. Spinal lesions in
surgery of the aorta. Schweiz Rundsch Med Prax.
1992;81:1105-1110.

Amabile P, Grisoli D, Giorgi R, Bartoli JM, Piquet P.
Incidence and determinants of spinal cord ischaemia
in stent-graft repair of the thoracic aorta. Eur J Vasc
Endovasc Surg. 2008;35:455-461.

Acher CW, Wynn MM, Mell MW, Tefera G, Hoch JR.
A quantitative assessment of the impact of intercostal
artery reimplantation on paralysis risk in thoracoab-
dominal aortic aneurysm repair. Ann Surg. 2008;248:
529-540.

. Backes WH, Nijenhuis RJ, Mess WH, Wilmink MJ,

Schurink GWH, Jacobs MJ. Magnetic resonance
angiography of collateral blood supply to spinal cord
in thoracic and thoracoabdominal aortic aneurysm
patients. J Vasc Surg. 2008;48:261-271.

Rosenthal D. Risk factors for spinal cord ischemia
after abdominal aortic operations. J Vasc Surg. 1999;
30:391-399.

Connolly JE, Ingegno M, Wilson SE. Preservation of
the pelvic circulation during infrarenal aortic surgery.
Cardiovasc Surg. 1996;4:65-70.

Henry G. Anatomy of the Human Body. 20th edn.
Lewis, WH, re-ed. Philadelphia: Lea & Febiger;
1918.

Standring S ed. Gray’s Anatomy. The Anatomical
Basis of Clinical Practice. 40th edn. Philadelphia:
Churchill Livingstone; 2008.

PutzR, PabstR. Sobotta—Atlas of Human Anatomy. 14th
edn. New York: Churchill Livingstone; 2008, Oct.
Yoshioka K, Niinuma H, Ohira A, et al. MR
angiography and CT angiography of the artery of
Adamkiewicz: noninvasive preoperative assessment
of thoracoabdominal aortic aneurysm. Radiographics.
2003;23:15-25.

Saunders WB. Netter’s Atlas of Human Anatomy. 4th
edn. Philadelphia: Saunders; 2008 June.






Acute Aortic Syndrome

Cynthia M. Wells and Kathirvel Subramaniam

Acute aortic syndrome is a modern term that
describes the acute presentation of patients with
characteristic “aortic” pain caused by one of the
life-threatening thoracic aortic conditions includ-
ing aortic dissection, intramural hematoma, and
penetrating atherosclerotic ulcer (Fig. 2.1). This
entity involves acute lesions of the aorta involving
the tunica media and can be distinguished by their
etiopathogenesis and characteristic appearance
using various diagnostic imaging modalities.
Recent advances in imaging techniques and ther-
apeutic interventions have increased awareness of
these pathological conditions and emphasized the
importance of early diagnosis and treatment.

Definition and Epidemiology

Acute aortic syndrome includes five classes of
aortic disease (Table 2.1).! While being distinct
pathological processes, there is the possibility of
progression from one entity to another (Fig. 2.2).
Each of these processes also shares the Stanford
classification that defines the location and extent of
aortic involvement. Stanford type A begins in the
ascending aorta, while type B originates distal to
the left subclavian artery to involve the descending
thoracic aorta (Fig. 2.3). This classification system

C.M. Wells ()

Department of Anesthesiology, University of Pittsburgh
Medical Center — Presbyterian Hospital,
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e-mail: wellsc2@upmc.edu

is popular since it directs different management
strategies and correlates with patient prognosis.
Aortic dissections can also be classified as acute or
chronic, depending on whether the dissection is
less or greater than 2 weeks old.

Aortic Dissection

Classic aortic dissections (class I) are the most
common cause of acute aortic syndromes (70%).
Aortic dissection is the most common aortic
catastrophe occurring two to three times more fre-
quently than abdominal aortic rupture. The exact
incidence is unknown but studies quote it to be
2.6-3.5 per 100,000 person-years.> Information
gathered from the International Registry of Acute
Aortic Dissection (IRAD) shows that two thirds
of patients are male with a mean age of 63.
Women are affected less often and present at a
mean age of 67. Patients with dissections involv-
ing the ascending aorta tend to present at a
younger age (50-55 years) than those with dis-
sections of the descending aorta (60-70 years).

Table 2.2 outlines multiple risk factors for the
development of aortic dissection with hyperten-
sion being the most common predisposing factor
(72%). Following this is a history of atherosclero-
sis (31%), cardiac surgery (18%), and Marfan’s
syndrome (5%). Younger patients (<40 years of
age) who present with aortic dissection most often
have associated Marfan’s syndrome, a bicuspid
aortic valve or a history of aortic surgery.’

K. Subramaniam et al. (eds.), Anesthesia and Perioperative Care for Aortic Surgery, 17
DOI 10.1007/978-0-387-85922-4_2, © Springer Science+Business Media, LLC 2011
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Class 1; Classic
aortic dissection

Class 4;
Penetrating
aortic ulcer

hematoma

Class 2;
Intramural

Fig. 2.1 Classification of acute aortic syndromes (Reprinted with permission from Berger F et al.*)

Table 2.1 Classification of acute aortic syndrome

Class I — Classic aortic dissection
Class II — Intramural hematoma

Class IIT — Localized dissection, intimal tear without
extensive intimal flap formation, localized bulge in the
aortic wall

Class IV — Penetrating aortic ulcers
Class V — Iatrogenic or post-traumatic dissection

Pathologically, classic aortic dissections
(class I) are characterized by an intimal tear with
separation of the aortic media into two layers, the
inner two thirds and outer one third. This separa-
tion extends for a variable distance in both
circumferential and longitudinal fashion. The
vast majority of dissections originate from inti-
mal tears in the ascending aorta within several
centimeters of the sinuses of Valsalva where tor-
sional movement of the aortic annulus provokes

Classic Dissection

Acute Aortic Syndrome

da
Intramural ) Aortic Ulcer

Hematoma

Fig.2.2 Progression of one type of acute aortic syndrome
to another type

additional downward traction in the aortic root
and increases longitudinal stress in that segment
of aorta. The other common site for an intimal
tear to originate is in the descending aorta just
distal to the origin of the subclavian artery at the
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Fig.2.3 Types of acute
aortic syndromes based on
the site of aortic involve-
ment (Reprinted with

De Bakey

Type Il Type Il

permission from
Springer?)

Stanford

Table 2.2 Risk factors for aortic dissection

Long-standing hypertension

Male

Advanced age

Prior cardiac surgery

Known aortic aneurysm or prior dissection

Cardiac catheterization/surgery

Connective tissue disorders
Marfan’s syndrome
Ehlers—Danlos syndrome
Bicuspid aortic valve
Coarctation of the aorta
Hereditary thoracic aortic disease

Vascular inflammation
Deceleration injury
Cocaine

Peripartum

site of the ligamentum arteriosum. Tears occur in
the isthmus area because of increased tension at
the union of the relatively mobile aortic arch with
the fixed descending thoracic aorta. From this
point, blood under pressure extends the dissec-
tion in an antegrade direction although retrograde
extension is also possible, thus forming a false
lumen and double channel aorta. A further reen-
trance tear allows blood to circulate in the false

lumen and communicate with the true lumen.
Reentry tears are often located in the abdominal
aorta, iliac arteries, or other aortic branches.
These small communications, normally less than
2 mm in diameter, represent intercostal and
lumbar arteries severed by the dissection pro-
cess.? The true lumen is most often the smaller of
the two and is surrounded by calcifications if
present. The false lumen is located along the
outer curve of the aortic arch and from the aortic
isthmus, a dissection adopts a spiral route involv-
ing the left border of the descending thoracic
aorta and the left posterior region of the infradia-
phragmatic and infrarenal aorta (Fig. 2.4). From
there, a dissection may involve any branches of
aorta including the arch vessels, the left intercos-
tal, renal, and iliac vessels, most often, it is the
left renal and iliac artery which are involved.
The celiac, superior mesenteric, and right renal
arteries usually communicate with the true lumen.
Dissections rarely extend to the common femoral
arteries.

Class III dissections are characterized by the
presence of an intimal tear without a flap or
hematoma formation. Patients often present with
the classic symptoms of dissection and may have
associated aneurysms, aortic regurgitation, or
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Pressure of blood
flow causes
dissection of aortic
wall

Disruption in
aorta wall

Blood in true lumen Blood in false lumen

Fig.2.4 CT reconstruction of a type A dissection follow-
ing graft placement in the ascending aorta. The dissection
that extends into the descending aorta demonstrates how
the defects spiral around the aorta

pericardial effusion. Imaging techniques such as
CT, MRI, or TEE may fail to detect this type of
dissection since each of these modalities depends
on the presence and identification of an intimal
flap or true and false lumen for diagnosis.
Aortography may show an eccentric bulge in the
aorta, which should raise the suspicion of this
class of dissection. Treatment is similar to that
for classic aortic dissection.!

Class V aortic dissections are caused by
traumatic or iatrogenic injury. Traumatic dissec-
tions are described in detail in another chapter.
latrogenic aortic dissections may result from

cardiac surgery, percutaneous coronary interven-
tions, or endovascular procedures. Dissections
resulting from cardiac surgical procedures may
occur during the procedure, early in the postop-
erative period, or their presentation may be
delayed for years.>° The incidence varies between
0.12% and 0.35% of cardiac surgeries, but the
mortality is high unless recognized early. Injury
to the aorta can occur at the site of cross-clamp
placement, cannulation and decannulation, aorto-
tomy, cardioplegic cannulation, or aortocoronary
anastomosis. Preexisting atherosclerotic or con-
nective tissue disease, increased aortic diameter,
previous heart surgery, a history of hypertension
and elevated CPB pressures are all risk factors.
There is a growing concern of an increased inci-
dence of aortic dissection following off-pump
coronary artery bypass grafting compared to on-
pump CABG related to the application of a side-
biting clamp under higher blood pressure and
pulsatility.” Intraoperative TEE and epiaortic
ultrasound may help in the prevention and
early diagnosis of this potentially lethal compli-
cation. Type A dissections have been reported
after diagnostic coronary angiography (0.01%)
and other percutaneous interventions (0.03%).%?
Isolated coronary artery dissections and localized
aortic dissections (less than 40 mm of ascending
aortic involvement) can be treated with intracoro-
nary or aortic stenting. However, a failed stenting
procedure or progression of a dissection must be
surgically treated. Retrograde type A dissections
after endograft placement for type B dissections
have been reported with an incidence of 10-27%.'°
The presentation may be acute or delayed for sev-
eral months. Various etiological factors include
wire and sheath manipulation in the arch, repeated
balloon dilatations, oversizing of grafts, injury to
a diseased aorta at the margin of inflexible grafts,
and progression of disease unrelated to stent
grafting. Surgical replacement with tube grafts is
recommended in these patients and mortality is
high (27%). Other procedures associated with an
increased risk of aortic dissection include the
insertion of intra-aortic balloon pumps, percuta-
neous angioplasty, and stenting for coarctation of
the aorta."
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Intramural Hematoma

Aortic intramural hematomas (IMH) account for
up to 20% of all cases of AAS and represent a
variant of dissection characterized by the absence
of an intimal flap, reentrant tear, or double
channel with false lumen flow. IMH often occur
in patients with severe atherosclerotic disease in
which penetrating aortic ulcers or atherosclerotic
plaques rupture causing intimal injury with blood
entering the media. In patients with mild or no
atherosclerosis, spontaneous rupture of the vasa
vasorum may initiate aortic wall degeneration,
which leads to hematoma formation in the aortic
wall, splitting of the medial layer, and dissection
formation without an intimal tear (Class II)."?
Patients in the first group tend to be older and
have coexisting coronary and peripheral vascular
disease. Absence of intimal tears is not manda-
tory in the diagnosis of IMH since small com-
munications may be seen indicating rupture as a
decompressing mechanism.”* The presence of
large intimal erosions or deep ulcer-like lesions
in the intima is associated with a progressive dis-
ease course and poor outcome.'*

Remodelation

Progression

Fig.2.5 Evolution of
intramural hematoma
(Reprinted with permis-

sion from Springer*) Partial Resolution

IMH evolution is difficult to predict (Fig. 2.5).
In some cases, the hematoma does not change in
size. Resolution occurs in fewer than 10% of
cases, but is more likely with less hematoma and
aortic wall thickness.? When an IMH resolves, a
localized aneurysm may develop because of a
weakened media and remodeling, requiring close
surveillance. Progression of IMH may lead to
weakening and disruption of the intimal layer
causing a classic dissection. Progression to dis-
section has been shown to occur in 16-47% of
patients with IMH.'> A few patients may demon-
strate IMH and dissection in different segments of
aorta, known as a hybrid case. Increasing aortic
diameter (>50 mm) causing aneurysm formation
is a poor prognostic factor associated with IMH.'®
In addition, increased permeability of the aortic
wall may lead to pericardial or pleural effusions
or a mediastinal hemorrhage. Most effusions will
resolve. However, large and progressive fluid
accumulations are an ominous signs. Weakening
of the adventitial layer may lead to aortic rupture,
while a contained rupture from disintegration of
the outer medial layers with intact adventitia is
not uncommon.'’ Similar to aortic dissections, the

Dissection

Rupture

s e

Total Resolution ~ No Change
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most common underlying condition associated
with IMH is hypertension.

Penetrating Aortic Ulcer

The term penetrating atherosclerotic ulcer (PAU)
describes a condition in which ulceration of an
atherosclerotic lesion penetrates the intima and
extends into the media, eroding the inner elastic
layer of the aortic wall. The reason why most ath-
erosclerotic ulcers do not penetrate the internal
elastic lamina and few penetrate the media and
adventitia is not clear. PAUs are focal lesions
most often located in the descending thoracic
aorta, which correlates with a greater disease bur-
den in that region. These patients tend to be older
with severe systemic atherosclerosis but without
connective tissue diseases. Multiple PAUs are
often found in a single patient. Imaging of PAU
most often reveals extensive atherosclerosis with
severe intimal calcification and plaque. A crater
or extravasation of contrast is often visualized.'®
Occasionally, PAU may progress (Fig. 2.6).
This may precipitate a localized, intramural hem-
orrhage following progressive erosion and rupture
of the vasa vasorum.' Further penetration to the
adventitia may lead to the formation of a saccular
aneurysm or pseudoaneurysm.”’ Symptomatic
ulcers with signs of deep erosion are more prone to
aortic rupture.”’ In rare cases, PAU may lead to
aortic dissection, but those dissections arising from

Fig. 2.6 Evolution of
penetrating aortic ulcers
(Reprinted with permis-
sion from Springer?)

Pseudo Aneurysm

Intramural Hematoma

a PAU tend to be less extensive and demonstrate a
thick, calcified static flap in a location atypical for
entrance tears. Longitudinal spread of aortic dis-
sections arising from PAU is limited by medial
fibrosis and calcification.”

Acute Expanding Aneurysms

Also included in many discussions of acute aortic
pathology are symptomatic aortic aneurysms
which may represent impending rupture. The
acute expansion of an aortic aneurysm accounts
for a significant number of patients who present
with the sudden onset of chest pain. As aneu-
rysms increase in size, the dilatation results in
greater wall tension and a more rapid rate of
expansion. In addition, aneurysms may be associ-
ated with progressive dissections, IMH, or PAU,
all of which cause weakening of the aortic wall.

Etiopathogenesis

The physiopathological mechanism that precipi-
tates the appearance of each of these entities var-
ies somewhat; however, both acquired and genetic
conditions share an underlying pathology that
involves breakdown of the intimal layer and
weakening of the aortic media, both of which
lead to higher wall stress. In addition, it is
common for there to be progression from one

Penetrating Aortic
Ulcer (PAU)

Dissection

Rupture
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type of lesion to another and some patients may
concurrently manifest multiple types of lesions.

Hypertension and Mechanical Forces

The most common risk factor for aortic dissec-
tion is hypertension. Chronic exposure of the
aorta to high pressures leads to intimal thicken-
ing, fibrosis, calcification, and extracellular fatty
acid deposition. The extracellular matrix also
undergoes accelerated degradation, apoptosis,
and elastolysis. Both mechanisms lead to intimal
weakening and medial degeneration.” At any site
where there is tissue thickening and fibrosis, there
is compromise of nutrient and oxygen supply to
the arterial wall. Eventually, there is necrosis of
smooth muscle cells and fibrosis of elastic tissue
in the vessel wall. The resulting stiffness increases
the risk of aortic pathology when exposed to the
chronic trauma of arterial hypertension.

Genetic Predisposition

Marfan’s syndrome, Ehlers—Danlos syndrome,
familial forms of aortic aneurysm and dissection,
as well as bicuspid aortic valve are genetic condi-
tions that predispose patients to develop an acute
aortic syndrome and correlate with earlier
presentations. Among these, Marfan’s syndrome
is the most prevalent connective tissue disorder
with an incidence of one in 7,000. The underly-
ing defect is a mutation on the fibrillin-1 gene,
which results in defective fibrillin in the extracel-
lular matrix.*

Ehlers—Danlos syndrome is another inherited
connective tissue disorder characterized by tissue
fragility. The familial form of aortic disease has
been localized to mutations on the fibrillin-1
gene, similarto Marfan’s syndrome. Characteristic
to each of the different genetic disorders is a sim-
ilar pathophysiology that includes a dedifferenti-
ation of vascular smooth muscle cells and
enhanced elastolysis of aortic wall components.
In addition, increased expression of metallopro-
teinases promotes fragmentation of elastic tissue
in the medial layer.*

Matrix Metalloproteins

The matrix metalloproteins are a group of proteins
whose primary function is to degrade extracellu-
lar matrix. Patients with thoracic aortic disease
have been shown to have increased levels of these
enzymes, which favor proteolysis within the aor-
tic wall. There are still many unanswered ques-
tions related to the role these enzymes play in
AAS; however, they may serve as a marker for
aortic pathology or their inhibition may slow the
progression of disease.”

Clinical Presentation

AAS is characterized clinically by “aortic pain,”
most often in a patient with a coexisting history
of hypertension. The early recognition of pain
associated with progressive aortic lesions is of
paramount importance. Table 2.3 lists various
presenting symptoms and signs of AAS and
Table 2.4 lists the most common associated con-
ditions. The characteristic findings listed may

Table 2.3 Presenting features of acute aortic syndrome

Chest pain — abrupt, severe, tearing, radiating

Anterior pain or radiation to neck — associated with
ascending aorta

Radiation to back or abdomen — associated with
descending aorta

Syncope or cerebrovascular accident
Hypertension — SBP > 150 mmHg
Shock or tamponade

Diastolic murmur

Pressure differential in upper extremities
Pulse deficits

End-organ ischemia

Table 2.4 Comorbid conditions associated with acute
aortic syndrome

History of hypertension

Smoking

Known coronary artery disease

Thoracic or abdominal aortic aneurysm

Peripheral arterial disease

Prior stroke

Chronic renal insufficiency
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Fig.2.7 Types of visceral
organ malperfusion with
aortic dissections
(Reprinted with permis-
sion from Springer?)

Static

Dynamic

Both

vary or be absent, emphasizing the necessity of a
high level of suspicion in order to avoid diagnos-
tic delays and poor outcomes.

The pain caused by PAU and IMH is similar to
classic aortic dissection. The various types of
AAS cannot be reliably differentiated on clinical
grounds alone. Aortic pain is described as
severely intense, acute, tearing, throbbing, and
radiating.* In contrast to the increasing intensity
of dull cardiac pain, AAS is described as being
more abrupt and at maximal intensity from the
onset. In addition, 4.5% of patients deny having
any pain on presentation.” Pain located in the
anterior chest and neck is related to involvement
of the ascending aorta and may be easily con-
founded with that of ischemic syndromes. Back
and abdominal pain may indicate that there is
involvement of the descending aorta. Syncope
may be the presenting symptom in up to 20% of
cases and is associated with a proximal dissec-
tion. The onset of syncope or central neurologi-
cal deficits indicates probable complications such
as obstruction of cerebral vessels, cardiac tam-
ponade, or activation of cerebral baroreceptors.

Other presenting features of AAS may include
end-organ ischemia or pulse deficits.’ Two types
of distal visceral organ malperfusion are described
(Fig. 2.7). In static obstruction, the dissection
flap enters the origin of the branch and encroaches
on the lumen. If there is no reentry, then the true
lumen will be narrowed to cause ischemia. In
dynamic obstruction, the flap prolapses and
obstructs the origin of the vessel without entering
the vessel. Static and dynamic obstruction may
be combined to contribute to branch obstruction.

Diagnostic Evaluation

As diagnostic modalities have improved over the
past 2 decades, the awareness of AAS has
increased significantly. PAU and IMH were virtu-
ally unknown in the prior era of aortic imaging by
aortography. These disorders were not classified
as being distinct entities until the mid-1980s.
In the current era of three-dimensional, high-
resolution imaging by computerized tomography
(CT), magnetic resonance (MR) imaging, and
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transesophageal echocardiography (TEE), these
two disorders have become increasingly recog-
nized. The sensitivity and specificity of different
imaging techniques and their comparison are
given in Table 2.5.° The goals of diagnostic
imaging in patients with suspected AAS are con-
firmation of the diagnosis, classification and type
of aortic pathology, tear localization, and identifi-
cation of signs indicating the need for emergent
intervention (pericardial, mediastinal, or pleural
hemorrhage).” Additional information includes
arch and branch vessel involvement. Each imag-
ing modality has distinct advantages (Table 2.6)
and most patients require multiple imaging stud-
ies to diagnose and characterize the underlying
aortic pathology.”’

Electrocardiogram

An ECG is an important first diagnostic test
performed for all patients presenting with acute
chest pain, whether typical or atypical for an
acute aortic syndrome. The differentiation of
AAS from acute coronary syndrome (ACS) is
important; however, it must be remembered the
ACS may occur as a result of AAS.

Chest Radiography

While rapid imaging plays a crucial role in the
diagnosis of AAS, the role of chest radiography
has become limited, especially for conditions

Table 2.5 Results of meta-analysis —diagnostic accuracy of different imaging modalities for suspected aortic dissection
(Reprinted with permission from American Medical Association'®)

Imaging Number Positive Negative
technique of studies Sensitivity Specificity likelihood ratio likelihood ratio
TEE 10 98 (95-99) 95 (92-97) 14.1 (6.0-33.2) 0.04 (0.02-0.08)
Helical CT 3 100 (96-100) 98 (87-99) 13.9 (4.2-46.0) 0.02 (0.01-0.11)
MRI 7 98 (95-99) 98 (95-100) 25.3(11.1-57.1) 0.05 (0.03-0.10)

Data reported with 95% confidence intervals. Likelihood ratios greater than 10 and less than 0.1 are considered strong
evidence to confirm or ruling out the diagnosis of aortic dissection

Table 2.6 Comparison of imaging modalities (Reproduced with permission from Oxford University press and the

primary author Professor Raimund Erbel*?)

TTE/TEE CT
Sensitivity ++ ++
Specificity +++ ++
Classification +++ ++
Tear localization +++ -
Aortic regurgitation -+ —
Pericardial effusion +++ NS
Mediastinal hematoma ++ e
Side branch + e
involvement
Coronary artery ++ =
involvement
X-ray exposure - o
Patient comfort + ++
Follow-up studies ++ ++
Intraoperative ++ _
availability

MRI Angiography IVUS
+++ ++ +++
+++ ++ +++
++ + ++
++ + +
++ ++ -
++ - -
+++ - +
++ +++ +++
+ +++ ++
- +++ =

+ + +
+++ - -

- “) o)

TTE/TEE - transthoracic/transoesophageal echocardiography; CT — computed tomography; MRI — magnetic resonance

imaging; IVUS — intravascular ultrasound
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Fig. 2.8 PA (a) and lateral Chest X-Rays (b) demonstrating a dilated thoracic aorta and widened mediastinum

confined to the ascending aorta. In a study of 216
patients over a 6-year period, the sensitivity for
aortic disease was 64%, with a specificity of 86%.
The sensitivity for lesions of the ascending aorta
was 47%, while that for disease involving distal
aortic segments was 77%.”® A chest X-ray may
show widening of the aortic contour, displaced
calcification, aortic kinking, or opacification of
the aortopulmonary window (Fig. 2.8a and b).

Computerized Tomography (CT)

When AAS is suspected based on clinical presen-
tation and an acute coronary syndrome has been
excluded, cardiac-gated, contrast-enhanced mul-
tidetector CT angiography is nearly 100% sensi-
tive and specific in the diagnosis, differentiation
and staging of AAS.” Modern CT machines have
up to 64 rows of detectors, and this enables them
to generate multiple simultaneous images with a
slice thickness of less than 1 mm. Multidetector
CT is also extremely fast with spiral imaging
of the entire thorax can be done in a single

breath-hold, which eliminates respiratory motion
artifact. Cardiac gating is done to avoid artifacts
produced because of the imaging being obtained
during different phases of cardiac cycle. CT
allows for a complete diagnostic evaluation of the
thoracic aorta, including the lumen, aortic wall,
and periaortic region. Both unenhanced and
enhanced images are valuable. Unenhanced scans
depict intramural hematoma (crescent shaped or
circumferential wall thickening) and thrombosis
of the false lumen. Contrast-enhanced imaging
allows demonstration of an intimal flap, which is
the most reliable finding in the diagnosis of dis-
section (Fig. 2.9a and b). Contrast differences
between arterial and venous phase can help
differentiate true and false lumens. Interestingly,
it can be difficult to differentiate an aneurysm
with thrombus from a dissection with a throm-
bosed false lumen. Intimal calcifications are
displaced by a false lumen in the latter case.*
The diagnosis of IMH and PAU are also highly
accurate with CT.*'*?> The diagnosis of PAU is
made by the demonstration of an outpouching
of the aortic wall with rough edges (Fig. 2.10).
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Fig. 2.9 Contrast-enhanced chest CT clearly depicting a type A dissection. The intimal flap is seen in the ascending

and descending aorta (a) as well as the aortic arch (b)

Fig. 2.10 CT reconstructions demonstrating PAU of the
arch and descending aorta as indicated by arrows

The ulcer is usually surrounded by extensive ath-
erosclerotic plaques. CT imaging of the aorta
should include the iliac arteries for possible endo-
vascular intervention and aortic arch branches to
evaluate the extent of dissection and possible
neurological complications. Other benefits of CT
are its availability and noninvasiveness. The
major drawbacks of CT are the exposure to large
doses of ionizing radiation and contrast agents.”
In addition, CT does not offer the capability to
assess for aortic insufficiency or involvement of
the coronary arteries.

Magnetic Resonance Imaging (MRI)

MRI is a valuable diagnostic tool for the diagno-
sis of acute aortic syndrome. MRI can be highly
accurate even without the use of contrast.
Although MRI has the highest sensitivity and
specificity for the detection of all forms of aortic
pathology and provides superior anatomic detail
when compared to other imaging modalities, it is
limited by availability, expense, and patient
restrictions such as pacemakers, aneurysm clips,
or other metal devices. Prolonged scanning time
and limited access to unstable patients are other
limitations. For these reasons, MRI is not a
widely used tool (<5% of patients in IRAD)?
(Fig. 2.11).
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Fig. 2.11 MRI of the chest showing a descending aortic
dissection

Echocardiography

Transthoracic echocardiography (TTE) can be
used as screening tool for the diagnosis of AAS
of the proximal aorta. TTE is useful in the rapid
evaluation of aortic insufficiency, pericardial
tamponade, arch vessel involvement, and left
ventricular systolic function. Hemodynamically
unstable patients in whom TTE has shown peri-
cardial effusion to be present should be taken to
the operating room for airway stabilization and
further TEE evaluation. Thus, cardiac surgeons
rely on echocardiography more than other
imaging modalities including CTA in emer-
gency situations.”> A TEE can be done while
the surgeon simultaneously prepares to open
the chest.

Transesophageal echocardiography (TEE) is
highly sensitive and specific in diagnosing tho-
racic aortic pathologies. The only limitation is in
the distal ascending aorta and proximal arch
which are not clearly visualized by TEE in

most patients. Evaluation of the aortic valve and
suitability for repair can be done with TEE.
The diagnosis of an IMH is characterized by
crescentric aortic wall thickening, the absence of
an intimal flap and a lack of false lumen color
flow typical of dissection. The primary limiting
factor in the use of TEE is the requirement for a
skilled echocardiographer to be immediately
available to perform and interpret results in emer-
gency situations.”” A further detailed description
of TEE examinations for aortic pathology is
described elsewhere in this textbook.

Aortography

Since the development of newer, noninvasive
imaging modalities, there has been a shift away
from invasive techniques for imaging the aorta.
Traditionally, aortography had been the gold
standard for the diagnosis of aortic dissection. Its
primary limitations include its invasive nature
and further risk of intimal damage, the use of
contrast agents, as well as limited visualization of
thrombosed dissections, IMH, and occluded
branch vessels. The specificity for diagnosing
aortic dissection is >95%, but the sensitivity only
averages 90%.” Intravascular ultrasound (IVUS)
with high-frequency transducers (8—10 MHz) has
been used to complement conventional angiogra-
phy in the diagnosis of acute dissection. IVUS
probes are advanced through guidewire and guid-
ing catheters under fluoroscopy to evaluate the
aorta from inside and provide useful information
about the vessel wall and pathology.

Management

Once there is a suspicion of AAS, patients should
be rapidly stabilized and transported to a tertiary
care center with adequate aortic surgical and
endovascular surgical expertise. It is there that
further imaging and management should take
place. Figure 2.12 provides an algorithm for the
rapid evaluation and treatment of patients
presenting with a suspected AAS.>3
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Although the treatment of AAS remains a ther-
apeutic challenge, diverse surgical and percutane-
ous strategies continue to evolve. There are many
factors that affect management decision as listed
in Table 2.7. One third of the mortality associated
with AAS is the result of end-organ failure, which
emphasizes the importance of early intervention.
The goal of treatment is to prevent the progres-
sion of the disease and its lethal complications.

The initial management of all patients with
AAS involves pain relief and aggressive blood
pressure control. In normalizing the blood pres-
sure, the goal is to reduce the force of left ven-
tricular ejection (dP/dt), which is the primary
cause of dissection extension and aortic rupture.
Beta-blockers are the preferred agents because
they not only reduce systemic pressure but also

Table 2.7 Patient
decisions

factors affecting management
Disease location — type A or B

Retrograde extension into the arch and/or ascending
aorta

Rupture or impending rupture

Site of entry and reentry

Involvement of side branches

Branch origin from true or false lumen
Risk of end-organ damage

Complications — rupture, coronary occlusion, aortic
insufficiency, neurological

Diameters of the true and false lumens
Areas of normal vessel for stent-graft placement

Acute

g

Complications

lower heart rate. For most patients, the goal is a
systolic pressure between 100 and 120 mmHg
and heart rate <60 bpm or the lowest tolerable
levels that provide adequate cerebral, coronary,
and renal perfusion. Less is known about the role
of calcium channel blockers for patients who are
B-blocker intolerant, but they should reduce
blood pressure without causing reflex tachycar-
dia. If neither of the above agents is adequate to
control the blood pressure, vasodilators may be
added. However, they should never be used as an
initial form of therapy before starting -blockers
because of the reflex tachycardia and increase in
the force of left ventricular ejection leading to
increased aortic wall stress.

Type A Aortic Dissection

Acute ascending aortic pathology (acute dissec-
tion, IMH, and PAU) should be treated as a surgi-
cal emergency because of the possible risk of
life-threatening complications including aortic
rupture, pericardial tamponade, and high early
mortality (Fig. 2.13). Surgery is also aimed
to relieve aortic regurgitation and reestablish
coronary and branch vessel perfusion. Acute type
A dissection has a mortality rate of 1-2% per
hour during the first hours of symptom onset and
without surgical treatment, the mortality rate is
20% by 24 h, 30% by 48 h, 40% at 1 week, and
50% at 1 month.* Even with surgical treatment,

Aortic Dissection

No
Complications

N

Malperfusion Rupture Cardiac Preventative Treatment
/ \A Aneurysm / \A
dynamic static Type A Type B
mechanism mechanism dissection  dissection
[Fenestration| [Stenting] [Stent-graft Medical therapy
. or +/- Stent-graft
Fig.2.13 Management of If type A :
.. . preventative treatment
acute aortic dissection v
(Reprinted with permis- »’ Open surgery + Medical therapy ‘

sion from Springer?)
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the mortality rate is as high as 10% by 24 h and
20% at 1 month.**’

Aortic arch and descending thoracic intimal
tears are seen in 20-30% of patients with type A
dissection and if left untreated predisposes to
later distal reoperation.’®** Patients who require
partial or total arch replacement with reconnec-
tion of supraaortic vessels to the graft must often
undergo deep hypothermic circularoty arrest with
antegrade or retrograde cerebral perfusion. If a
dissection extends into the descending thoracic
aorta, an elephant trunk extension of the arch
graft is an option.”’ In a later procedure, the ele-
phant trunk portion of the graft may be connected
to the distal descending aorta, a tubular graft or
endovascular graft. There are reports of endovas-
cular repair of the ascending aorta in highly
selected patients, but this has most often been for
the purpose of temporizing symptoms and pre-
venting disease progression before a more defini-
tive open repair could be performed. It is most
often not possible due to the anatomic restrictions
of securing the graft in the ascending aorta. The
placement of stent grafts has been applied to treat
aortic branch occlusions in both type A and B
acute aortic dissections. In type A dissections
with visceral malperfusion, treatment of the leak-
ing aorta and aortic valve take precedence over
visceral malperfusion. However, patients with
prolonged limb or bowel ischemia may be
unsuitable for proximal aortic surgery, and endo-
vascular treatment to restore perfusion to critical
organs is recommended.

Type B Aortic Dissection

Uncomplicated Type B Dissection

Medical management (analgesics and antihyper-
tensive therapy) still remains the main stay of
therapy for patients with uncomplicated type B
disease. It is safe to treat these patients medically
with close follow-up for ischemic complications,
disease progression, or aneurysmal enlargement.
In a group of 384 patients with type B dissec-
tions, 73% were treated medically with a 10%
in-hospital mortality. Long-term survival is
60-80% at 5 years.® Surgical repair has not been

shown to improve outcomes in this group of
patients. Recently, a completed randomized study
(Investigation of stent grafts in patients with type
B aortic dissection-INSTEAD) examined the use
of endografts versus medical therapy in uncom-
plicated dissections. The results did not show any
survival benefit at 2 years.*'

Complicated Type B Dissections

Complicated type B aortic disease is differentiated
by the presence of a distal malperfusion syndrome
or rapid disease progression. Indications for inter-
vention are similar to those for type A diseases;
the prevention of life-threatening complications
such as organ or limb ischemia, aneurysm expan-
sion and risk of rupture, periaortic blood collec-
tion, intractable pain, aneurysm expansion or
uncontrolled hypertension. The mortality rate for
open surgical repair (graft replacement, fenestra-
tion, or bypass procedures) is 30-35% and even
higher with the presence of visceral malperfu-
sion.*** Aortic endovascular grafting may be par-
ticularly beneficial in this group and has shown
improved mortality rates (16%). The goals of
endograft treatment include reconstruction of the
aortic segment containing the entry tear, induction
of thrombosis in the false lumen, and the
reestablishment of flow in the true lumen and
branches.** In one series, false lumen thrombosis
was achieved in 85-100% of patients.

An additional benefit of stent grafts is the abil-
ity to relieve dynamic and combined static and
dynamic obstructions successfully in compli-
cated acute type B dissections.***® Static obstruc-
tions are relieved by placing the graft in the
branch vessel and dynamic obstructions may
benefit from stents in the true lumen. Endografts
have also been used in patients with retrograde
type A dissection with intimal tear in the descend-
ing aorta to induce false lumen thrombosis.*’
Surgical treatment may be the only option in
patients with failed endografts or patients unsuit-
able for this less-invasive technique.

With either surgical, endograft, or medical
management, the risk of further dissection is
never eliminated. Therefore, close, regular moni-
toring, most likely with CT imaging, is necessary
to assess for progression or complications.
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Intramural Hematoma

Type A Disease

The recommended treatment for patients with
Type A IMH is prompt surgical intervention.
Proximal IMH are independently associated with
potential progression to dissection, aneurysm,
and rupture as well as poor clinical outcomes."”
The risk of a nonsurgical approach to type A IMH
demonstrates an early mortality of 55% compared
with 8% following surgical repair.'” However, for
patients with significant comorbidities and
uncomplicated type A IMH (no dissection or inti-
mal tear, thickness less than 11 mm, aortic diam-
eter less than 50 mm), medical treatment with
follow-up imaging and timed surgical interven-
tion has been recommended.

Type B Disease

The management of IMH involving the descend-
ing aorta is similar to that recommended for type
B dissections. The current literature supports
medical management. However, if complications
arise (ulceration, expansion, and dilatation),
endograft placement may be considered although
limited data exists. Endografts may cause erosion
of the intima during the acute phase. IMH of the
descending aorta have been associated with an
in-hospital mortality rate of 10%, similar to that
of type B aortic dissection, further emphasizing
the importance of correct diagnosis and proper
treatment.

Penetrating Aortic Ulcers

There are multiple important factors to identify
when diagnosing PAU. One must determine the
number (single or multiple), location (type A or
B), and associated complications (IMH, dissec-
tion, pseudoaneurysm, and rupture). Type A PAU
should be treated surgically. Medical therapy is
indicated in stable patients with type B PAU.*
Very few centers advocate any surgical interven-
tion in uncomplicated type B patients because
there is a high risk of organ failure and poor

prognosis due to the high likelihood of extensive
atherosclerotic disease. For patients with symp-
tomatic or progressive disease, focal PAU in the
descending aorta are ideal targets for endograft
placement. In a meta-analysis of 58 patients from
13 studies, complete sealing of the ulcer was pos-
sible in 94% of patients. Neurologic complica-
tions were present in 6% and the in-hospital
mortality rate was 5%.* Long-term results are
not known at this time.

Natural History and Prognosis

The outcomes of patients treated for AAS have
improved significantly, although there still
remains a high mortality rate in the acute phase.
Table 2.8 lists predictors of in-hospital death.®
Early clinical suspicion and greater surgical
expertise appear to be the most important factors
in reducing mortality.

Type A aortic dissections are highly lethal.
Overall, mortality at 1 month is 20% with and
50% without surgical treatment for type A dis-
sections. The risk of death is higher if there are
complications of pericardial tamponade, involve-
ment of the coronary arteries causing acute myo-
cardial ischemia, or a malperfusion syndrome.
Age greater than 70 has been identified as an
independent risk factor for hospital death for
acute type A dissection. Shock, hypotension, and
tamponade are other risk factors for increased
mortality.”’

For type B dissections, the overall mortality
rate is 10% with medical treatment. Circulatory
shock and visceral ischemia predispose to a
higher mortality in type B dissection.”’

Table 2.8 Predictors of in-hospital death

Age >70

Abrupt onset of pain
Hypotension/cardiac tamponade/shock
Abnormal EKG

Kidney failure

Pulse deficits

Iatrogenic cause
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Following the acute-phase, mid- to long-term
survival depends not only on the underlying
aortic disease but also other comorbidities. In
patients with surgically corrected type A dissec-
tions, survival differences were based on the
presence or absence of distal false lumen flow. In
one study, the absence of a false lumen was
achieved in 53% of patients compared to 10-20%
in most series. In patients with absent false lumen
flow, the survival was 85% at 6 years compared
to 62% in patients with persistent false lumen
flow.>” At 10 years, the survival rate was 44% for
corrected type A dissections compared to 32% in
medically treated type B dissections.” The pri-
mary reasons for higher, long-term mortality in
type B dissections were aneurysmal expansion
and rupture. Dilatation in the descending aorta
was greater in medically treated type B dissec-
tions compared to operated type A dissections.
Dilatation occurs at a faster rate in patients with
false lumen flow when compared to absent false
lumen flow in type B dissections.’” Junoven et al.
described rupture in 18% and rapid expansion
requiring surgery in 20% of patients with type B
dissection at 3 years.>® The impact of early endo-
vascular treatment on the long-term survival of
type B dissections is yet to be determined.

In patients with type A IMH, Kaji et al.**
reported that surgery was required in 43% of
patients during the acute phase and, among those
discharged without surgery (57%), complete res-
olution occurred in 40% of patients. Type B IMH
has a better long-term prognosis than type B dis-
sections with 5-year survival reported between
43% and 90%."">> Close follow-up with imaging
techniques is recommended in patients undergo-
ing medical treatment to look for complications
(dilatation, pseudoaneurysm formation, and
dissection).

Prevention and Follow-Up

At a time when there is an increasing elderly
population, the awareness of such conditions as
AAS is likely to continue to rise. This is due to
improvements in diagnostic modalities, longer

life expectancy, and longer exposure to elevated
blood pressure. In order to best treat these
patients, continued improvements in diagnostic
imaging and therapeutic strategies are necessary,
and a focus on surveillance and prevention will
further reduce the morbidity and mortality asso-
ciated with aortic pathology.

One possibility for the surveillance of patients
at risk for the development or progression of
AAS is the development of biomarkers, which
would enable serum diagnosis. In addition, this
would provide a fast and economic means of dif-
ferentiating patients who present to the emer-
gency room with chest pain. Possible markers
currently include an assay for circulating smooth
muscle myosin heavy chain protein, soluble elas-
tin fragments and acute-phase reactants such as
C-reactive protein, fibrinogen, and D-dimer.

All patients with a known aortic disease
require close surveillance following discharge.
Lifelong treatment of hypertension is required
and regular assessments of the aorta should be
performed at 1, 3, 6, 9, and 12 months as well as
every 6—12 months thereafter, depending on the
aortic size. The most important findings on imag-
ing are aortic diameter, signs of aneurysm forma-
tion, and hemorrhage at surgical anastamosis or
stent-graft sites. The close follow-up emphasizes
the fact that aortic disease progression is not easy
to predict. Repeated surgery is required in
12-30% of patients due to extension or recur-
rence of dissection, aneurysm formation, graft
dehiscence, aortic insufficiency, or infection.*

Conclusion

Significant advances have been made in the diag-
nosis and management of acute aortic dissections
over the past 2 decades. These advancements
have led to a better understanding of aortic pathol-
ogy and led to the discovery of variants that are
collectively termed acute aortic syndrome.
Despite a persistent level of uncertainty in the
diagnosis and management of this lethal disorder,
advances are being made and patient outcomes
are improving.
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13. Medical therapy with [-blockers and
Key Notes antihypertensive agents is the recommended
. . . . therapy for patients with uncomplicated type

1. The clinical progress of patients with AAS is

10.

11.

12.

unpredictable. A high level of suspicion is
required for early diagnosis and crucial for
patient survival.

. The most common risk factor for AAS is

hypertension, with men being affected more
often.

. Any mechanism that causes intimal damage

and leads to weakening of the medial layers
of the aortic wall can result in dissection,
IMH, or PAU.

. Acute aortic dissection, the most common

etiology of AAS, is characterized by an inti-
mal tear which is often preceded by medial
wall degeneration or cystic medial necrosis.

. IMH, a variant of aortic dissection, originates

from a disruption of the vasa vasorum within
the media. They are treated similar to dissec-
tions and have a similar prognosis.

. PAU is associated with atherosclerotic dis-

ease and can lead to dissection or perfora-
tion. Both IMH and PAU are found most
often in the descending aorta.

. AAS may present in many ways. Most often

there is the sudden onset of severe, sharp
chest pain or back pain.

. Type A aortic dissections are associated with

high mortality rates and without surgery,
30-day mortality exceeds 50%.

. Uncomplicated type B dissections have a

30-day mortality of 10% and may be man-
aged medically. Complications require surgi-
cal intervention or endovascular stenting.
CT, MRI, and TEE are all accurate in the
diagnosis of AAS.

The initial treatment of all patients with AAS
is blood pressure control in order to decrease
the force of left ventricular contraction and
lower the risk of dissection extension or rup-
ture. Beta-blockers are the preferred first-line
agent to achieve a systolic pressure <120
mmHg and heart rate <60 bpm.

Surgery is the definitive treatment of type A
acute aortic pathology. The goal is to prevent
life-threatening complications such as aortic
rupture or pericardial tamponade.

14.

B aortic dissection, IMH, or PAU.

The advent and incorporation of less-invasive
endovascular treatments has opened up new
perspectives in the treatment of acute aortic
disease and continued advances will result in
improved patient outcomes.
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Preoperative Cardiac Evaluation
Before Aortic Surgery

Kyung W. Park

Each year in the USA, nearly 30 million patients
are estimated to undergo noncardiac surgery, and
about one third of these patients have coronary
artery disease (CAD) or risk factors for CAD.'
About one million of those patients have perioper-
ative cardiac complications that result in more than
$20 billion in health-care expenditures.' The cur-
rent standards for preoperative cardiac evaluation
of these patients are the guidelines published by
the American College of Cardiology (ACC) and
the American Heart Association (AHA), initially
in 1996” and updated in 2002° and again in 2007.*
These guidelines were developed based on a review
of the then-available literature and the opinions of
experts from the disciplines of anesthesiology, car-
diology, electrophysiology, vascular medicine,
vascular surgery, and noninvasive cardiac testing.
The latest guidelines provide a five-step
algorithm for stratifying patients’ risks and triag-
ing patients to surgery or cardiac evaluation. For
aortic surgery, Step 3 of the algorithm, which
asks whether the proposed surgery is a low-risk
surgery, is irrelevant, so that the guidelines may
be reduced to four steps. Aortic surgeries and
other major vascular surgeries are classified as
high risk for the purpose of the guidelines, mean-
ing that these surgeries are generally associated
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with 5% or greater risk of adverse cardiac events
in the perioperative period.* The remaining four
steps consider (1) whether the operation is emer-
gent, (2) whether the patient has any acute car-
diac conditions, (3) whether the patient has good
functional capacity without symptoms, and (4)
what clinical risk factors or comorbidities the
patient brings to surgery. Consideration of how
recently the patient has had a favorable cardiac
evaluation or therapeutic cardiac intervention
such as coronary revascularization is no longer
deemed necessary in the latest guidelines.>*

Step 1 of the guidelines is to consider if the
surgery is emergent. If the proposed surgery is
emergent, the patient should be taken to the opera-
ting room (OR) without any delay for preopera-
tive cardiac evaluation. Any necessary cardiac
evaluation may be performed either intraopera-
tively with, for instance, the use of transesopha-
geal echocardiography or postoperatively, after
the patient survives the emergent operation.

If the proposed surgery is not emergent, then in
Step 2, one considers whether the patient has any
acute cardiac conditions. These used to be called
major clinical predictors in the earlier versions of
the guidelines. Examples of acute cardiac condi-
tions include unstable coronary syndromes, acute
(<1 week) or recent (<1 month) myocardial infarc-
tion (MI), decompensated congestive heart failure
(CHF), significant arrhythmias, and severe valvu-
lar diseases. Significant arrhythmias include a
high-grade AV block, a newly recognized ven-
tricular tachycardia, or atrial fibrillation with a
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rapid ventricular response. Severe valvular
diseases are exemplified by severe aortic stenosis
with a gradient >40 mmHg or aortic valve area
<1.0 cm? or severe mitral stenosis symptomatic of
progressive dyspnea on exertion, exertional pre-
syncope or syncope or heart failure. If the patient
has acute cardiac condition(s), then it is advised
that they are managed or addressed before the
patient is taken to the OR.

Step 4 of the guidelines considers whether the
patient has good functional capacity without car-
diac symptoms. A patient has poor functional
capacity if he or she is unable to perform activities
of greater than four metabolic equivalents (METSs)
without becoming symptomatic of chest pain or
shortness of breath. One MET is the resting meta-
bolic rate or the amount of oxygen consumed
while sitting at rest, which is 3.5 mL/kg/min.
Examples of activities that require less than four
METs include driving (2 METs), cooking (2.5
METs), bowling (2—4 METs), walking for exer-
cise at 5 km/h or less (<3.3 METs), raking leaves
(3—4 METs), and golfing while riding a cart (2-3
METs).” Example of activities that require more
than four METs include walking at 7 km/h (5.3
METs), walking up stairs (4.7 METs), snow shov-
eling (5.1 METs), and washing windows (4.9
METs).’ If the patient does not have a poor func-
tional capacity, then no further cardiac workup is
recommended before taking the patient to the OR.

Step 5 considers the presence of clinical risk
factors, which used to be called the intermediate
clinical risk factors in earlier guidelines. These
factors are stable angina, history of MI more than
1 month ago or Q waves on EKG, compensated
CHEF, diabetes mellitus, chronic renal insuffi-
ciency with serum creatinine greater than 2 mg/
dL, and history of cerebrovascular disease. All
other risk factors such as advanced age and
hypertension do not figure into the triage deci-
sion. If the patient has none of the clinical risk
factors, no further cardiac evaluation is indicated.
If the patient has three or more clinical risk fac-
tors, noninvasive cardiac testing may be per-
formed, if it will change management. When the
patient has one or two clinical risk factors, it is
up to the clinician to decide for or against any
additional workup, if it will change management.

For aortic surgery, the entire guidelines on
preoperative cardiac evaluation may be summa-
rized as follows:

o If the operation is emergent, go to the OR.

e If the patient has an acute cardiac condition,
manage it before going to the OR.

e If the patient has good functional capacity or
has no clinical risk factors, go to the OR with-
out further workup.

e If the patient has clinical risk factors, addi-
tional cardiac workup may be considered, but
only if it will change management.

The key phrase in considering preoperative car-
diac workup before aortic surgery is “if it will
change management.” The ACC/AHA guidelines
do not specify how to change management. Rather
the task is left up to the clinician to weigh the ben-
efits and risks based on available literature and
make clinical decisions. In the remaining chapter,
we examine what value noninvasive cardiac test-
ing may bring, what, if any, the role of prophylac-
tic revascularization may be, and what changes in
management may be considered perioperatively.

Noninvasive Cardiac Testing

Noninvasive cardiac tests assess myocardial
function or perfusion. Tests of myocardial systolic
function include transthoracic echocardiography
and radionuclide scanning, in which the left ven-
tricular ejection fraction (LVEF) is often reported
as if it were the sine qua non of myocardial func-
tion. While a few small studies®’” have reported a
correlation between preoperative LVEF and peri-
operative cardiac events, larger series have gener-
ally found that echocardiographic measurement of
a low LVEF might be specific of cardiac complica-
tions, and thus, have a high negative predictive
value (i.e., when the EF is not low, cardiac compli-
cations are unlikely), but is not a sensitive indicator,
so it has a low positive predictive value (i.e., even
when the EF is low, cardiac complications are still
infrequent).® In a position paper, the American
College of Physicians recommends against nonin-
vasive assessment of resting LVEF by radionuclide
angiography or transthoracic echocardiography to
predict perioperative cardiac risk.’
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Many patients who have a clinical diagnosis of
CHF and normal systolic function might have dia-
stolic dysfunction.'” A detailed assessment of dia-
stolic functioncanbe provided by echocardiography,
and a scoring system has been proposed.'' But so
far no studies have demonstrated the prognostic
value of preoperative diastolic dysfunction in non-
cardiac surgical patients. Information obtained
from preoperative echocardiography may change
management in cases of (a) a murmur detected on
preoperative physical examination that might indi-
cate significant aortic or mitral stenosis, (b) a previ-
ously unrecognized pathologic murmur that might
necessitate antibiotic prophylaxis, and (c) physical
examination suggestive of previously unrecognized
significant left ventricular dysfunction.'

Noninvasive tests of myocardial perfusion
might be classified by the type of stress applied to
elicit transient and reversible ischemia or by the
mode of detecting the ischemic area.” Stress can
be applied by exercise (e.g., treadmill, sitting or
supine bicycle, or handgrip), by a pharmacologic
agent that increases chronotropy and inotropy
(e.g., dobutamine, atropine), or by a pharmaco-
logic agent that can cause malredistribution of
coronary blood flow (e.g., dipyridamole, adenos-
ine). A significant fraction of the high-risk popu-
lation cannot exercise to an adequate level and
will require pharmacological stress testing. An
ischemic event might be suggested or detected by
the patient’s reporting of symptoms, appropriate
ECG changes (horizontal or downsloping ST seg-
ment depression of >0.1 mV or ST elevation of
>0.15 mV in two contiguous leads'), reversible
wall motion abnormalities on echocardiography,
or reversible perfusion defects on radionuclide
imaging with thallium or technetium.

Dobutamine stress echocardiography (DSE)
and dipyridamole thallium imaging (DTI) have
high negative predictive values that approach 100%
but have low positive predictive values that are gen-
erally less than 20%." The likelihood ratio of a
positive test, which indicates how much the odds of
a cardiac event increase when the test is positive, is
computed as (1 — sensitivity) / specificity, whereas
the likelihood ratio of a negative test, which
indicates how much the odds of a cardiac event
decrease when the test is negative, is computed

as (1-sensitivity)/specificity. For a test to be
considered to be useful in risk stratification, the
likelihood ratio of a positive or negative test should
be greater than 10 or less than 0.2, respectively,
because these numbers indicate a substantial change
in risk from the pretest level.'> While the likelihood
ratios of negative DSE and DTI are often good, the
likelihood ratios of positive tests are usually much
less than 10, so these tests might not yield any use-
ful information for risk stratification.'

Furthermore, in a review of 85 patients,'® even
when DSE was obtained in accordance with the
ACC/AHA guidelines, the test was positive in
only 4.7% of the patients. Thus, even when the
guidelines are followed, not only is it unlikely
that the stress test will be positive, but even when
the test is positive, the likelihood of an adverse
event is too low for the test to be considered to be
discriminating in most circumstances.

Rather, the study by Lee et al."” suggests that
simple consideration of clinical risk factors might
be sufficient in risk stratification. Lee et al. first
identified six clinical factors that predicted major
cardiac complications in a derivation cohort of
2,893 patients undergoing elective noncardiac
surgery. These factors were (1) high-risk surgery, (2)
history of CAD, (3) history of cerebrovascular dis-
ease, (4) history of CHF, (5) preoperative use of
insulin, and (6) preoperative serum creatinine
greater than 2 mg/dL. The authors then validated
the six factors in a validation cohort of 1,422
patients, in whom the cardiac event rates with 0, 1,
2, or >3 of the six risk factors were 0.4%, 0.9%, 7%,
and 11%, respectively. Therefore, patients who have
two or more risk factors can be considered to be at
high risk. The key point is that these risk factors can
usually be ascertained without subjecting the patient
to any noninvasive or invasive cardiac testing.

Risk Modification by Perioperative
Medical Therapy

Patients who have suspected or known CAD can
undergo major noncardiac surgery with reduced
cardiovascular complications when they are
given B-adrenergic blockade perioperatively.'®2
Poldermans et al.”’ studied 112 high-risk patients
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undergoing elective abdominal aortic or infrain-
guinal vascular surgeries who had new reversible
wall motion abnormalities during preoperative
DSE. The patients received bisoprolol or placebo
perioperatively, starting at least a week before sur-
gery. Bisoprolol was continued for 30 days, as
long as the heart rate remained above 50 beats per
minute and the systolic blood pressure was above
100 mmHg; additional doses of intravenous meto-
prolol was titrated perioperatively if the heart rate
exceeded 80 beats per minute. Bisoprolol reduced
30-day mortality from 17% to 3.4% and nonfatal
MI from 17% to 0%. The benefit of perioperative
bisoprolol lasted until at least 2 years after sur-
gery.”’ The beneficial effect of perioperative
[-adrenergic blockade has been demonstrated not
only with bisoprolol,*?! but also with atenolol,'®!
esmolol,”” labetalol,”® oxprenolol,” and meto-
prolol,* so it might be a class effect rather than
particular to a specific B-adrenergic blocking
agent. More important than which agent is used
might be how it is used. Raby et al.”> advocated
using a B-adrenergic blocking agent to keep the
heart rate 20% below each patient’s ischemic
threshold (i.e., the lowest heart rate at which the
patient has been demonstrated to experience myo-
cardial ischemia). Such a regimen was shown to
be beneficial in a small cohort (n = 26) of patients
undergoing vascular surgery. Tailoring the dose of
the B-adrenergic blocker to each patient might be
logical, but no rationale for choosing a target rate
20% below the ischemic threshold has been pre-
sented. Furthermore, in many patients the isch-
emic threshold is not known. A reasonable rule of
thumb might be that the anesthesiologist should
use a P-adrenergic blocker perioperatively to
achieve a heart rate that is lower than the known
or suspected ischemic threshold without causing
inadequate levels of coronary or cerebral perfu-
sion pressure.

The importance of maintaining end-organ per-
fusion pressures during perioperative 3-adrenergic
blockade and titrating the dose to effect was
highlighted during the recent POISE trial.>® The
POISE trial was a large international multicenter
study that randomized 8,531 patients to receive
extended-release metoprolol or a placebo, start-
ing 2—4 h before a major noncardiac surgery and

continued for 30 days. As might have been
expected, the cardiovascular outcome was better
in the study group, with reductions in the com-
posite of cardiovascular death, MI, or cardiac
arrest (5.8% vs. 6.9%, P =0.0399) and MI (4.2%
vs. 5.7%, P = 0.0017). However, all-cause mor-
tality was increased in the metoprolol group
(3.1% vs. 2.3%, P = 0.0317), as was the inci-
dence of stroke (1.0% vs. 0.5%, P = 0.0053).
Many of the strokes were ischemic and believed
to be due to hypotension. In view of the POISE
trial, recommendations regarding perioperative
B-blockade may need to be revised.”® Certainly,
patients who have been on a [-blocker previ-
ously should be continued on the medication
perioperatively, since the risk of withdrawal may
be significant.”” For patients with known CAD or
at high risk for it, B-blockade may be indicated
for long-term myocardial protection regardless
of the surgery. However, in patients in whom
CAD or its risk is recognized shortly before sur-
gery, the POISE trial certainly brings to question
the advisability of starting a B-blocker de novo
immediately preoperatively. If a -blocker is to
be started, it needs to be started as much prior to
surgery as possible, so that the clinician can
titrate the dose up to the desired endpoint with-
out adverse effects.

Reduction of perioperative cardiac complica-
tions with B-adrenergic blockade means that the
positive predictive value and the likelihood ratio
of a positive result for any preoperative cardiac
test are also reduced. Boersma et al.”® reanalyzed
the patient population (n = 1,351) screened for
Poldermans et al’s study.® Important clinical
predictors of adverse cardiac outcome in this
population were age >70 years, current or prior
angina pectoris, history of MI, history of CHF, or
history of cerebrovascular accident. Among
patients who had less than three clinical risk fac-
tors, B-adrenergic blockade lowered the periop-
erative cardiac complication rate from 2.3% to
0.8%; the results of DSE had no significant addi-
tional prognostic value. Among patients who had
three or more clinical risk factors and perioperative
B-adrenergic blockade, cardiac event rates dif-
fered significantly depending on the result of
DSE (2% for a negative result vs. 10.6% for a
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positive result). This difference was mostly
accounted for by those who had evidence of
extensive ischemia (i.e., five or more ischemic
segments), in whom the cardiac complication
rate was 36%, whereas patients who had fewer
ischemic segments (one to four) had a 2.8% com-
plication rate, which is not significantly different
from that of patients who had a negative test.
Thus, with anticipated use of perioperative
B-adrenergic blockade, a stress test such as DSE
might be indicated if the patient has three or more
clinical risk factors such as those identified by
Boersma et al.”® or Lee et al.,'” but even then a
positive result might have prognostic value only
if it shows evidence of diffuse CAD.

Stain use has been shown to be beneficial in
primary and secondary prevention of cardiovas-
cular events in nonsurgical settings.” In addition,
several retrospective and prospective studies
demonstrated the beneficial effect of statins in
reducing perioperative cardiovascular complica-
tions.**** In a retrospective review of pharmacy
records of 780,591 patients undergoing major
noncardiac surgery and surviving at least into the
second postoperative day, those who received a
lipid-lowering agent had a lower postoperative
mortality than the control group after propensity
matching (2.18% vs. 3.15%, P < 0.001).*° The
number needed to treat with a statin to prevent
one postoperative death ranged from only 30 for
those with four or more of the clinical risk factors
of Lee et al."” to 186 for those with none of the
factors. Similar benefits of statins have been
noted in retrospective reviews of vascular or
aortic surgical patients.*’~** In a prospective ran-
domized trial of 100 vascular patients, of whom
56 were aortic surgical patients, the patients were
randomized to receive either atorvastatin or a pla-
cebo for 45 days, regardless of their serum cho-
lesterol levels.* They underwent the surgery an
average of 30 days after randomization and were
followed for 6 months for primary endpoints of
cardiac death, MI, unstable angina, or stroke. The
event rate was much lower in the statin group
(8.0% vs. 26.0%, P = 0.031).

In addition to B-blockers and statins, there may
be other classes of medications that may potentially
lower perioperative cardiovascular complications.

Medications being investigated include those that
act on the rennin—angiotensin— aldosterone (RAA)
axis,” Na'—K* exchange inhibitors,’® or caspase
inhibitors,”” but definitive evidence of benefits
from these is currently lacking. In a small study of
22 patients undergoing infrarenal aortic surgery,
Licker et al. randomized them to receive either
enalapril or a placebo immediately before aortic
cross-clamping.®® The treatment group experi-
enced a smaller reduction in cardiac output and
glomerular filtration rate with aortic cross-clamp-
ing and a significantly higher creatinine clearance
on the first postoperative day. Such a study is sug-
gestive of benefits of modulating the RAA axis,
but larger studies are needed.

“Prophylactic” Coronary
Revascularization?

The value of a positive preoperative stress test
might lie in the identification of (a) prohibitively
high-risk patients, leading to cancellation of the
proposed noncardiac surgery; or (b) patients
amenable to therapeutic maneuvers with
reduction in risk of the noncardiac surgery.
Revascularization by percutaneous transluminal
coronary angioplasty (PTCA) with or without
stenting or by coronary artery bypass graft sur-
gery (CABG) might confer a long-term, symp-
tom-free survival benefit in a subset of patients
who have CAD¥—; however, the pathophysiol-
ogy of perioperative MI differs somewhat from
that of an MI in a nonoperative setting in that ath-
erosclerotic plaque rupture and subsequent
thrombus formation is not as important, and the
significance of an imbalance in the myocardial
oxygen supply:demand ratio (such as occurs with
tachycardia) is greater in the perioperative
period." To triage the patient for coronary revas-
cularization prior to noncardiac surgery to reduce
the perioperative cardiac risk of the latter surgery,
three conditions should be satisfied: (1) the com-
bined risk of coronary angiography and coronary
revascularization should not exceed the risk of
the proposed noncardiac surgery performed with-
out revascularization; (2) coronary revasculariza-
tion should significantly lower the cardiac risk of
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the subsequently performed noncardiac surgery,
with the magnitude of risk reduction preferably
greater than the risk of coronary angiography
and revascularization; and (3) the recovery time
from coronary revascularization should be short
enough that the proposed noncardiac surgery,
especially if it is urgent, is not unduly delayed.
When these conditions are not met, any indicated
revascularization can be performed after the non-
cardiac surgery.

Regarding the first two conditions, Mason
et al.¥ performed a decision analysis study in
1995 using the then-available literature data to
compare the strategy of proceeding directly to
major vascular surgery without any workup (strat-
egy A) to that of coronary angiography followed
by selective coronary revascularization before
vascular surgery (strategy B). If CAD is found to
be inoperable, cancellation of vascular surgery
(strategy B-1) or proceeding with vascular sur-
gery nonetheless (strategy B-2) were the options.
They found that the overall mortality of strategy
A (3.5%) would be lower than that of strategy B-2
(3.8%) and comparable to that of strategy B-1
(3.4%), and that the nonfatal MI or stroke rate as
well as the cost of care would be lower with strat-
egy A (5.0%) than with strategy B-1 (6.7%) or
B-2 (7.0%).

Comparing more recent data, the national aver-
age mortality rate from CABG in the USA was
about 2.5% in 2001.* The mortality rate was
higher if the surgery was accompanied by valve
replacement, emergent, non-primary surgeries
(i.e., redo surgeries), in women, or in the elderly.
Survivors of CABG who then underwent noncar-
diac surgery were reported to have a mortality of
1.7%.% These numbers can be compared with the
data of Poldermans et al.,”* which showed that
patients who have positive preoperative DSE who
undergo high-risk surgery could have a relatively
low 30-day mortality rate of 3.4% and a nonfatal
MI rate of 0% with the perioperative use of a
B-adrenergic blocker in the absence of revascular-
ization. These numbers would compare favorably
to the sequential mortality of CABG and then
noncardiac surgery in survivors of CABG. Thus,
except possibly in patients who have three or more
clinical risk factors and DSE (or a similar test)

showing extensive CAD, the strategy of proceeding
with vascular surgery with optimal medical ther-
apy might be favored over that of prophylactic
coronary revascularization, unless there is some
other reason for getting revascularization.

A direct comparison of different strategies was
accomplished by McFalls et al.,”* who randomized
510 vascular surgical patients with an angiogram-
proven CAD and at an increased risk for cardiac
complications to either prophylactic revasculariza-
tion by angioplasty or coronary artery bypass sur-
gery or medical therapy only. There was no
significant difference in 30-day perioperative mor-
tality or morbidity or in long-term mortality after a
median follow-up of 2.7 years between the study
groups. The main difference between the groups
was that those who were revascularized had a
delay from randomization to vascular surgery. At
least for patients with stable cardiac symptoms, it
appears that a strategy of revascularization is not
supported prior to vascular surgery.

A third prerequisite for prophylactic coronary
revascularization is that its benefit should be real-
ized in such a time frame that the proposed non-
cardiac surgery is not unduly delayed. Posner
et al.*’ reported that the risk of adverse cardiac
outcomes after noncardiac surgery might be
reduced by prior PTCA, but only if the interval
between PTCA and the noncardiac surgery was
more than 90 days. Furthermore, Kaluza et al.*
noted that if noncardiac surgery is performed
within 40 days of PTCA with a stent, the risk of
stent thrombosis and death in the perioperative
period might be prohibitively high (eight deaths
[six from MI and two from major bleeding com-
plications] in 40 patients, or 20% mortality in
their report). Typically, ticlopidine and aspirin are
started 3-5 days before PTCA with stenting and
continued for 14-30 days depending on the risk of
stent thrombosis. The risk of stent occlusion drops
off sharply after the initial 30 days. Major surgery
might be associated with activation of the proco-
agulant system, and the risk of stent occlusion
might be increased by surgical stresses. What
might have been adequate antiplatelet therapy in
the nonsurgical period might not prove to be ade-
quate during the perioperative period. Thus,
undergoing a major noncardiac surgery during the
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early post-stenting period poses a significant
dilemma in that discontinuation of the antiplatelet
therapy increases the risk of stent thrombosis and
MI, whereas its continuation (with or without an
additional anticoagulant regimen such as heparin)
increases the risk of major bleeding complica-
tions. If the patient gets a drug-eluting stent or
intracoronary brachytherapy, the risk period for
in-stent thrombosis may extend as long as a year
or longer.* Thus, the available data suggest that if
the proposed aortic surgery cannot be delayed for
3040 days after PTCA with a bare metal stent or
up to a year after a drug-eluting stent or intracoro-
nary brachytherapy, prophylactic revasculariza-
tion by PTCA might not be recommended to
reduce the cardiac risk.

Regarding the early post-CABG period, Reul
et al.”” reported a 2.7% cardiac death rate (overall
mortality 3.9%) in 255 patients who had simulta-
neous CABG and peripheral vascular surgery, a
2.2% cardiac death rate (overall mortality 3.6%)
in 279 patients who had a CABG then peripheral
vascular surgery 5 days to 3 weeks after CABG
within the same hospitalization, and a 0% cardiac
death rate (0.2% overall mortality) in 559 patients
who had a CABG then a peripheral vascular sur-
gery during a subsequent hospitalization 1 month
to 10 years after CABG. In Breen et al.’s review,
patients undergoing aortic or peripheral vascular
bypass surgeries within 1 month of CABG
(n = 36) had a much higher 30-day mortality rate
that case-matched controls (20.6% vs. 3.9%,
P <0.005).>! These data suggest that if the patient
requires noncardiac surgery that cannot be
delayed 30 days or longer and also has indica-
tions for coronary revascularization, performing
coronary revascularization by PTCA or CABG
might not result in improved short-term survival.

Patients with Valvular Stenosis

In the ACC/AHA guidelines,* a severe valvular
stenosis is considered to be an acute cardiac con-
dition and should lead to consideration of delay
or cancellation of the proposed noncardiac sur-
gery, so that the acute cardiac condition can be
managed. One may consider echocardiography,

cardiac catheterization, or possible valve surgery.
As in the case of patients who have CAD, the
decision analysis for patients who have a signifi-
cant valvular stenosis should consider the relative
risks and benefits of the strategy of proceeding
directly to noncardiac surgery versus the strategy
of diagnostic workup and therapeutic interven-
tions for the valvular abnormality followed by the
noncardiac surgery. The initial diagnostic workup
of transthoracic echocardiography carries negli-
gible risks and might provide valuable infor-
mation regarding the aortic valve and, to a lesser
extent, the mitral valve. Better delineation of the
mitral valve might require transesophageal
echocardiography. Any additional intervention
with angiography and valve surgery carries
significant mortality and morbidity risks (mortality
of about 6% for mitral valve replacement and
3.5% for aortic valve replacement in 2001*).

In the management of patients who have a sig-
nificant valve disease who present for major vas-
cular surgery, it is important that the clinician be
aware of the pathophysiologic implications of the
disease and manage the patient accordingly rather
than necessarily subjecting the patient to correc-
tive intervention before the vascular surgery.
O’Keefe et al. reported on their experience with
48 patients who had severe aortic stenosis (AS;
mean valve area 0.6 cm?) who were not candi-
dates for (or refused) aortic valve replacement
and who needed noncardiac surgery.’> There was
only one cardiac event with no deaths for a com-
plication rate of about 2%, which compares
favorably with the 3.5% average mortality rate
for aortic valve replacement reported for 2001 by
the Society of Thoracic Surgeons.* More recently,
Raymer and Yang compared 55 patients who had
significant AS (mean valve area 0.9 cm?) with
case-matched controls who had similar preopera-
tive risk profiles other than AS who were under-
going similar surgeries.”> Cardiac complication
rates were not significantly different between the
groups. Thus, patients who have severe AS can
undergo indicated noncardiac surgery safely pro-
vided that the presence of severe AS is recog-
nized and they receive intensive intraoperative
and perioperative care with full knowledge of the
implications of AS.
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Data are lacking regarding patients who have
severe mitral stenosis or severe valvular regurgi-
tation who undergo noncardiac surgery without
prior valve surgery. In case reviews of patients
who had severe idiopathic hypertrophic subaortic
stenosis, there was a relatively high incidence of
postoperative CHF (10-17%), but not MI or car-
diac death.>*

Key Notes

1. The American College of Cardiology (ACC)
and the American Heart Association (AHA)
have published guidelines for preoperative
evaluation. As applied to aortic surgeries, the
guideline effectively consists of four steps to
consider the urgency of the operation, the pres-
ence of an acute cardiac condition, the patient’s
functional capacity, and comorbidities.

2. For emergent surgeries or for patients with
good functional capacity or no clinical risk
factors, no additional cardiac workup is needed
preoperatively. If the patient has an acute car-
diac condition, it should be managed preoper-
atively. With clinical risk factors and poor
functional capacity, additional cardiac workup
may be considered if it will change periopera-
tive management.

3. Noninvasive cardiac tests assess myocardial
function or perfusion. Both measurement of
the systolic function (such as the left ventricu-
lar ejection fraction) and assessment of perfu-
sion by stress testing have generally shown a
high negative predictive value, but a low posi-
tive predictive value. While a negative test is
highly predictive of a nonevent, a positive test
does not necessarily imply a positive cardiac
event with surgery. Simple consideration of
clinical risk factors may identify patients at
risk, without these tests. Rather than in simple
risk stratification, certain noninvasive tests
may have value in identification and quantifi-
cation of stenotic valvular diseases and in iden-
tification of patients with prohibitive risks.

4. Perioperative cardiac risks may be modified
by using B-adrenergic blockade and/or statins.
[-adrenergic blockade must be titrated so that

perfusion pressures of end organs such as the
brain are not compromised.

. In patients with nonacute cardiac conditions,
“prophylactic” revascularization by either
bypass surgery or angioplasty with or without
stenting does not appear to reduce the cardiac
risk of a subsequent noncardiac vascular sur-
gery, compared to maximal medical therapy
alone.

. Patients undergoing major vascular surgery
after a recent coronary stenting may be at high
risk for in-stent thrombosis or major hemor-
rhage, depending on how the antiplatelet ther-
apy is managed perioperatively. This risk
period may be 3040 days after a bare metal
stent and a year or longer after a drug-eluting
stent or coronary brachytherapy. Similarly, the
first month after coronary bypass surgery may
represent a high-risk period.

. Although severe aortic stenosis is considered
an acute cardiac condition warranting preop-
erative management according to the ACC/
AHA guidelines, retrospective data suggest
that patients with severe aortic stenosis can
undergo noncardiac surgery with comparable
risks to those without it.
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Role of Echocardiography in Aortic

Surgery
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Introduction

An ideal imaging technique should be able to
confirm the diagnosis of aortic disease, classify the
nature of aortic pathology [classic dissection ver-
sus intramural hematoma (IMH)], define the
extent of aortic involvement (ascending, arch, and
descending), and evaluate for associated compli-
cations. The diagnostic test should be sensitive,
specific, and highly accurate. Diagnostic testing
should be readily available to be done as quickly
as possible considering the early high mortality of
acute aortic disease (1% per hour in the first 48 h).
It should also be able to provide additional infor-
mation, which impacts the patient’s immediate
management and long-term outcome such as
myocardial ischemia, aortic valve (AV) regurgita-
tion, cardiac tamponade, reentry tears, and aortic
branch vessel involvement.

Echocardiography is readily available, accu-
rate, and provides additional useful information
about aortic valve, coronary artery, and branch
vessel involvement. The aorta can be imaged using
four different ultrasound approaches, namely, tran-
sthoracic echocardiography (TTE), transesopha-
geal echocardiography (TEE), epiaortic ultrasound
(EUS), and intravascular ultrasound (IVUS). Each
has its utility in the perioperative period.
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TTE

TTE is performed with a handheld transducer held
against the surface of the chest. TTE images the
aortic root and ascending aorta in the parasternal
long-axis imaging plane from the intercostal
spaces on the left and right side of the sternum
(Figs. 4.1 and 4.2). The ascending aorta and arch
are imaged in the suprasternal long axis by placing
the transducer above the sternal notch or clavicle
(Fig. 4.3). Apical views and subcostal windows
are used to image aortic root and descending aorta
(Figs. 4.4-4.6).

TTE is completely a noninvasive procedure.
Patients suspected of having aortic pathology
should undergo TTE first, and all possible data
should be obtained. This often provides impor-
tant clues to the diagnosis.'” TEE exam can then
be focused to confirm and assess the extent of the
pathology along with the morphological features
that impact management. TTE and TEE should
be used in complementary manner. TTE can be
used to diagnose dissection (Fig. 4.7), provide
information on the extent of dissection (descend-
ing aorta, arch, and ascending aorta), aortic valve
morphology, and regurgitation (Fig. 4.8), and
identify the signs of leaking and ruptured aneu-
rysm (pericardial and pleural effusion). Regional
wall motion abnormalities (RWMA) can be eval-
uated by TTE, which will indirectly point to cor-
onary artery involvement by dissection. TTE also
provides important clues to the involvement of
innominate and left carotid vessels in selected
patients, which are difficult to assess by TEE.

K. Subramaniam et al. (eds.), Anesthesia and Perioperative Care for Aortic Surgery, 47
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Fig. 4.1 Transthoracic parasternal long axis view

Fig. 4.2 Transthoracic parasternal long axis view
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Fig. 4.3 Suprasternal long axis showing the arch vessels

Fig. 4.4 Apical and subcostal windows imaging aortic root and descending aorta
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Fig. 4.6 Apical and subcostal windows imaging aortic root and descending aorta

The sensitivity and specificity of TTE for
detecting aortic dissection are 75% and 90%,
respectively, when adequate images are obtained.*
The sensitivity is 78—100% for ascending aortic dis-

section and 31-50% for descending thoracic aortic
dissection.” TTE is technically difficult because of
the ultrasound impedance induced by chest wall and
lungs. Imaging is of poor quality in patients with
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Fig. 4.7 TTE images with arrows showing descending aortic dissection and aortic regurgitation

Fig. 4.8 TTE images with arrows showing descending aortic dissection and aortic regurgitation
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Fig. 4.9 Poor quality of TTE imaging in a patient with morbid obesity

obesity, chest deformity, and emphysema (Fig. 4.9).!
Intimal flap may be difficult to differentiate from
fluid in transverse sinus, catheter in right ventricular
outflow tract, and calcified aortic root by TTE.® In
older patients and in patients with atherosclerotic
disease, the aorta becomes increasingly tortuous,
displacing the aorta deeper into the chest cavity to
prevent optimal imaging from the anterior chest
wall.” Therefore, TTE alone may not provide a
definitive diagnosis in aortic diseases.

TEE

Owing to the closeness of the esophagus to the
aorta, the use of multiplane high-frequency TEE
transducers can produce excellent high-resolution
images of the entire aorta through multiple
unobstructed windows. Multiple studies®*** have
documented the accuracy, sensitivity, and speci-
ficity of TEE in the diagnosis of aortic pathology
(>97%) (Table 4.1). Indications for the use of
TEE in aortic pathology and procedures are
definedby AmericanSociety of Echocardiography/
Society of Cardiovascular Anesthesiologists
(Table 4.2). The most important limitation of
TEE is the blind spot of distal ascending and
proximal arch visualization, where the trachea

Table 4.1 Sensitivity and specificity for transesophageal
echocardiography in diagnosis of aortic dissection

Study Sensitivity Specificity
Moore et al.’ 38 N/A
Hashimoto et al.'’ 100 100
Ballal et al."! 97 100
Adachi et al."? 98 N/A
Simon et al."* 100 100
Erbel et al.' 99 N/A
Nienaber et al." 98 77
Laissy et al.'® 86 94
Bansal et al."” 97 N/A
Keren et al.'® 98 95
Vignon et al."” 91 100
Pepi et al.”’ 100 100
Nishino et al.”! 86 75
Sommer et al.?? 100 94
Evangelista et al.”} 99 100
Chirillo et al.** 98 97

and left main stem bronchus pass in between the
esophagus and aorta (Fig. 4.10). As a result, a
dissection limited to these areas could be missed
by TEE alone, but fortunately occurrence of
such a localized dissection is rare.”* Positive
computerized tomographic (CT) diagnosis of
aortic dissection is rare when initial TEE exami-
nation ruled out the dissection.
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Table 4.2 Indications for TEE during aortic surgery

Category I indications; Supported by strongest
evidence or expert opinion: TEE is frequently useful in
improving clinical outcomes in these settings and is
often indicated depending on individual circumstances
(e.g., patient risk and practice settings)

* Preoperative use in unstable patients with suspected
thoracic aortic aneurysm, dissection, or disruption
who needs to be evaluated quickly

* Intraoperative evaluation of acute persistent and
life-threatening hemodynamic disturbances in which
ventricular function and its determinants are
uncertain and have not responded to treatment (can
occur with aortic cross clamping, rupture of the
aneurysm, dissection, etc.)

» Intraoperative assessment of aortic valve involve-
ment in repair of aortic dissection with possible
aortic valve involvement

 Intraoperative use in aortic valve repair (valve
sparing aortic surgery)

Category II indications; Supported by weaker evidence

and expert consensus: TEE may be useful in improving

clinical outcomes in these settings and is often
indicated depending on individual circumstances, but
appropriate indications are less certain

» Preoperative assessment of patients with suspected
acute thoracic dissections, aneurysms, or disruption

* Perioperative use in patients with hemodynamic
disturbances

* Surgical procedures in patients with increased risk of
myocardial ischemia, infarction, and hemodynamic
disturbances

» Evaluation of regional myocardial function

* Intraoperative assessment of aortic valve
replacement

 Intraoperative detection of air emboli

* Intraoperative detection of aortic atheromatous
disease or other sources of aortic emboli

 Intraoperative use during repair of aortic dissections
without aortic valve involvement

Category III indications; Little current scientific or
expert support: TEE is infrequently useful in improving
clinical outcomes in these settings and appropriate
indications are uncertain; Intraoperative assessment of
repair of thoracic aortic injuries

Reprinted with permission from American Society of
Anesthesiologists and Lippincott Williams and Wilkins
(Reference '°4).

Detailed TEE examination after anesthesia
induction and muscle relaxation is helpful to rule
out aortic dissection when preoperative CT and
TTE were inconclusive. If the diagnosis is still
doubtful, EUS can be utilized after sternotomy to
rule out the diagnosis of dissection. EUS imaging
also provides information of the TEE blind spot.

Blind zone

of TEE

Fig. 4.10 Relationship of distal ascending aorta and
proximal arch to esophagus and trachea/left main
bronchus (Reprinted with permission from Taylor &
Francis group (Reference 7))

Localized dissection of the TEE blind spot can
occur due to iatrogenic reasons such as aortic
cross clamping and cannulation. Demertzis et al.>
reported an intraoperative localized dissection of
distal ascending aorta and aortic arch diagnosed
by EUS but missed in post-bypass TEE examina-
tion after ascending aortic replacement.

An important advantage of TEE is its rapid
performance in a wide variety of clinical
environments such as emergency department, inten-
sive care units, and operating rooms. In acutely ill
patients at risk for hemodynamic collapse with
needs for hemodynamic monitoring and infusion of
medications, a bedside TEE is preferable to other
imaging methods. TEE also eliminates the need for
contrast agent and x-ray exposure required for CT
and aortography and avoids the time delays and
practical difficulties associated with magnetic reso-
nance imaging (MRI).

At the University of Pittsburgh medical center,
patients with suspected acute aortic syndromes
arriving at the emergency department are initially
evaluated, and the choice of the diagnostic test is
decided based on the clinical condition and
hemodynamic stability of the patient. Patients who
are hemodynamically unstable or with a full stomach
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undergo TEE examination in the operating room
after safe induction of general anesthesia and airway
protected with the endotracheal tube. Topical anes-
thesia and intravenous sedation are utilized in a
small number of stable patients with suspected dis-
section. This can be done either in the emergency
room or in the intensive care unit. In many of these
stable patients, CT angiography has replaced TEE
as the diagnostic test of choice nowadays.

TEE in Conscious Subjects

Though institutional practices may vary, anesthe-
siology consultation is occasionally requested to
perform TEE in conscious patients with suspected
aortic dissection. Anesthesiologists should be
aware of the safety precautions, preparation, and
performance of TEE in conscious subjects.

Preparation

Informed consent explaining the risks and benefits
of the procedure is obtained. Patients are explained
about the mild abdominal discomfort and sensa-
tion of gagging during the procedure. Airway and
suction equipment, induction medications, muscle
relaxants, and emergency medications such as
vasodilators, beta-blockers, vagolytics, and anti-
arrhythmics should be available. IV access and
monitoring devices (EKG, invasive or noninvasive
blood pressure, and pulse oximetry) are estab-
lished. Nasal oxygen is administered. Midazolam
2 mg IV can be given in young, anxious, and
hypertensive patients with dissection.

Procedure

Adequate topical anesthesia cannot be overempha-
sized since it is usually the deciding factor in
patient discomfort that determines the success in
passing the transducer. Patients are positioned in
left lateral decubitus position with head flexed for
the procedure. Bite block is required, and TEE
probe is unlocked and tip should be straight during
insertion. TEE probe is inserted in the midline

over the back of the tongue into the throat, and
patient is instructed to swallow which will usually
allow smooth passage of the probe. Procedure
should be stopped if there is any resistance or
severe gagging is encountered. Esophageal exami-
nation is done before advancing the probe gently
through the gastroesophageal sphincter (usually
40 cm from teeth) for transgastric imaging. Upper
esophageal views are done at the end because of
the discomfort associated with the probe location.

In intubated patients, the TEE probe insertion
is done in the supine position. The probe is posi-
tioned behind the endotracheal tube and gently
advanced. Slight resistance is always encountered
at upper esophageal sphincter level. Head flex-
ion, movement of the head toward side, and for-
ward pull of the mandible are helpful maneuvers
to assist in the passage of the probe. In difficult
cases, direct laryngoscopy and esophageal intu-
bation can be achieved.

Precautions and Complications

TEE is minimally invasive and complications are
very infrequent. Cardiac arrhythmias (atrial and
ventricular arrhythmias, bradycardia, or heart
block) and airway complications (vomiting,
aspiration of gastric contents in unintubated
patients, laryngospasm, and bronchospasm) can
happen during the procedure. Hemodynamic
response to probe insertion and manipulation
should be prevented in patients with aortic disease.
A hypertensive response leading to rupture of the
aneurysm and dissection can be lethal.”*”’
Adequate local anesthesia, intravenous sedation,
and drugs (vasodilators and beta-blockers) prevent
catastrophic events in awake subjects. Adequate
depth of anesthesia should be ensured in intubated
patients to prevent the hypertensive response to
probe insertion. Compression of esophagus and
weakening of its wall by thoracic aneurysms may
predispose to injury, perforation, and fistula for-
mation during TEE examination. Preoperative
imaging studies should be reviewed to look for
compression of esophagus before TEE probe
insertion. If resistance is encountered, procedure
should be abandoned. EUS can be utilized in such
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patients. Rarely, insertion of the TEE probe in
patients with giant thoracic aortic aneurysms may
cause compression of mediastinal structures.
Tracheal compression and airway obstruction from
insertion of the TEE probe has been reported in
patients with giant aortic pseudoaneurysm and dis-
section of ascending aorta.”®

Echocardiographic Anatomy

The thoracic aorta is divided into three segments
by specific anatomic landmarks. The ascending
aorta originates with the aortic valve and ends at
the origin of the innominate artery. The ascend-
ing aorta is further divided into the aortic root
and the tubular ascending aorta. The aortic root is
comprised of the aortic annulus, the aortic valve
leaflets, and the sinus of Valsalva and is referred
to as the aortic valve complex. A discrete area of
narrowing, known as the sinotubular (ST)
junction, marks the end of the aortic root. The
normal dimensions are given in Table 4.3.% ST
junction effacement occurs with age. The tubular
ascending aorta can be described as proximal and
distal using the pulmonary artery crossover as
the reference. The aortic arch begins at the origin
of the innominate artery and ends at the aortic
isthmus directly opposite to the origin of the left
subclavian artery. The arch gives rise to the great
vessels at its superior margin. The descending
thoracic aorta begins at the ligamentum arterio-
sum and ends at the aortic hiatus at the dia-
phragm. The descending thoracic aorta is loosely
defined by its relationship to the esophagus. The
esophagus and the aorta change positions in the
chest in a twisting and turning fashion, which
influences the optimal imaging of the aorta
(Fig. 4.11). The proximal descending aorta lies
anterior to the esophagus in the chest (probe
15-20 cm from the incisors), the mid descending

Table 4.3 Aortic root dimensions (cm) at end-diastole

Aorta Mean (SD) Range

Annulus 1.9 (0.2) 1.4-2.6
Sinus of Valsalva 2.8 (0.3) 2.1-3.5
Sinotubular junction 2.4 (0.4) 1.7-3.4
Ascending aorta 2.6 (0.3) 2.1-34

aorta is directly lateral to the esophagus (probe
30-35 cm from incisors), and the distal descend-
ing aorta is directly posterior to the esophagus
(probe 45 cm from incisors). The echocardiogra-
pher should take this into consideration while
designating the aortic wall as anterior, posterior,
medial, and lateral to locate the pathology. In
lower esophageal views, the anterior wall will be
shown in the superior aspect of the image close
to the transducer and the posterior wall away
from the transducer. In the upper esophageal
views, the wall close to the transducer will be
posterior and the wall away from the transducer
will be the anterior wall. It is important to label
and document the transducer depth with the
images taken in the echocardiographic examina-
tion of the aorta. The improper registration of
depth is an obvious disadvantage compared to
other imaging modalities such as CT and MRI.

Aortic Dimensions

The aortic diameter is largest at its origin and
tapers in size at the descending level till bifurca-
tion in the abdomen.?**" The overall dimensions
(length and diameter) of the aorta are dependent
on the body habitus (Table 4.4). Intima and
media are combined as the inner layer and
adventitia as the outer layer, represented as two
rings in short axis. The inner layer is homoge-
nous and moderately echogenic. Adventitia is
thick, most echogenic, and is less homogenous
and blends into adjacent chest structures.
Measurements should be done from inner edge
to inner edge. The aorta expands slightly during
systole and measurements should be done at
the same point in the cardiac cycle. The aorta is
circular in the short axis, and the diameter is
measured anteroposterior and right to left
direction. Anteroposterior and superoinferior
dimensions are measured in longitudinal planes.
Inaccuracy in dimensions can arise from oblique
or off-axis imaging. In the short axis, an oblique
view may make the aorta oval leading to overesti-
mation of the diameter. In the long axis, the diam-
eter may be underestimated by off-axis imaging
failing to cut through the center of aorta.
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Fig. 4.11 Relation of esophagus and thoracic aorta from thoracic inlet to diaphragmatic hiatus (Modified from
Freeman'” with permission from Mayo Foundation for Medical Education and Research. All rights reserved)

Table 4.4 Aortic average diameter (mm) according to
body image

Aortic segment Small Medium Large
Ascending 28 32 39
Aortic arch 28 32 39
Descending 21 27 33
Diaphragmatic 20 26 33
Suprarenal 16 22 29

TEE Views of the Thoracic Aorta

TEE examination of the aorta starts with the probe
in the midesophageal position and multiplane rota-
tion to 30-60° to image aortic valve in short axis

(Fig. 4.12). All three aortic valve cusps are exam-
ined for mobility and abnormalities (fusion of
cusps, coaptation defects, calcification, and bicus-
pid and unicuspid valves). Intimal dissection flap
involving the aortic valve cusps can also be appre-
ciated. Slight anteflexion of the probe tip brings
the imaging plane through the sinuses of Valsalva
and the ostia of both coronary arteries. Color
Doppler flow in short axis is used to detect the
presence and location of aortic regurgitation jet in
relation to the aortic valve cusps. Coronary artery
flows should also be assessed by color flow.

From the midesophageal aortic valve short
axis (ME AV SAX), rotate the multi-plane angle
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Fig.4.12 Midesophageal aortic valve short axis and ME long axis

Fig. 4.13 Midesophageal aortic valve short axis and ME long axis

to between 120° and 160° until the long axis view
(ME AV LAX) of the aortic valve develops
(Fig. 4.13). The aortic root (aortic annulus, sinus
of Valsalva, and sinotubular junction) and the

proximal ascending aorta appear on the right side
of the image. Aortic valve cusps (the right cusp in
the bottom, left or noncoronary cusp above) are
once again examined for calcification, restricted
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Fig.4.14 ME ascending aorta long axis and short axis

mobility, and excessive mobility or prolapse.
Intimal flap, its origin, extension, and its relation
to the aortic valve cusps and the coronary ostia
should be documented. Color flow Doppler can
also be used to assess the severity of aortic regur-
gitation in this view. Aortic root dimensions are
measured and compared with the table of normal
values.

From ME AV LAX, reduce the multiplane
angle to 100—120° and pull the probe out slightly.
A long axis of the ascending aorta is obtained,
and a short axis view of the right PA is also seen
posterior to the aorta (Fig. 4.14). Both walls of
the aorta are examined for calcification, athero-
mas, and dissection flaps. Ascending aortic
diameter is also measured at the level of PA and
compared with the normal values.

From ME ascending aortic LAX, the probe is
rotated to 30° to obtain the ascending aorta in
short axis (Fig. 4.15). An upright view of the
main pulmonary artery with the right PA and the
SVC can also be seen in this view. The probe is
moved up and down to scan the short axis of
different segments of the ascending aorta. As a
rough guide, the aortic diameter should be the
same as that of the pulmonary artery.

97 180

After midesophageal views, the probe is
advanced into the stomach and the deep trans-
gastric long axis view is obtained (Fig. 4.16). In
this view, the whole ascending aorta and aortic
arch coursing around the pulmonary artery may
be visualized at the depth of 24 cm. With minor
manipulations (extreme anteflexion and rotat-
ing the transducer between 0° and 15°) of the
probe, the takeoff of the innominate artery can
be visualized. To improve image quality, it may
be necessary to increase the overall gain and
frequency.

Rotation of the probe through 180° so that
the transducer faces the posterior aspect of the
esophagus at a depth of field between 4 and
6 cm enables visualization of the descending
thoracic aorta. Reducing the gain and sector
depth enables the detailed imaging of the wall
of the aorta. The probe is withdrawn into the
lower esophagus with the probe at 0°. Aorta is
seen in short axis at 0° and in longitudinal axis
at 90° (Fig. 4.17a & b). In the longitudinal view,
the proximal segment is on the right, and the
distal segment is on the left. The probe is with-
drawn in 3-5 cm increments with a slight clock-
wise rotation to keep the aorta in the center of
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Fig.4.15 ME ascending aorta long axis and short axis

Fig.4.16 Deep transgastric long axis view
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Fig.4.17 (a and b) Descending aorta short axis and long axis

the image. The probe is withdrawn till the aortic
arch appears in the long axis with the distal arch
to the right and the proximal arch to the left
(Fig. 4.18). The left subclavian artery can be eas-
ily seen by rotation of the plane to 90° (Fig. 4.19).
With further counterclockwise rotation of the

probe, two other brachiocephalic vessels can be
visualized. Visualization of the innominate
artery is the most difficult because of its loca-
tion in the blind spot. Even in experienced
hands, visualization is possible in only 40% of
patients.”
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Fig. 4.18 (a and b) Upper esophageal aortic arch long axis and short axis

Patients with aortic disease have frequent coex-
istence of other valvular disease or coronary artery
disease. Itis important to perform a comprehensive
TEE examination to scan for associated abnormal-

ities. For example, regional wall motion changes
may indicate associated coronary artery disease.
Mitral valve disease is frequently associated with
aortic disease of Marfan syndrome (MS).
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Fig.4.19 Double barrel aorta and reverberation artifact

Artifacts in Aortic TEE

Reverberations are secondary reflections that occur
along the path of a sound pulse and are a result of
the ultrasound bouncing in between the structure
and another reflecting surface. Reverberations
appear as multiple equally spaced echoes on the
display. These closely spaced reverberations
merge and appear as a solid line directed away
from the transducer. This is known as a comet tail
or ring down artifact. Descending thoracic aorta
is the common site for reverberation artifacts
(Fig. 4.20).

A mirror image (Fig. 4.20) is a refraction
artifact and is created when the sound reflects off
a strong reflector and redirected toward a second
structure. This redirection causes a replica or
second copy of the structure to incorrectly appear
on the image. Mirror artifact is always located
deeper than real structure. A commonplace again
is the descending aorta and is referred to as a
double barrel aorta. A mirror image artifact may
also appear in color Doppler.

Ultrasound beams projected by the transducer
in a divergent manner (other than the central
beam) can result in images when they encounter
a strong specular reflector. Side lobe artifacts are
commonly caused by calcification of the aortic
root, the aortic valve, and the sinotubular junction
(Fig. 4.21), but can also arise from fatty
infiltration of the crista terminalis or an infusion
catheter in the superior vena cava. In the
ascending aorta, this creates an impression of
false dissection. False dissections in the ascend-
ing aorta can also be caused by linear artifacts
related to aorta—lung interface, anterior wall of
left atrium, and a pulmonary artery catheter.
Linear artifacts are more common when the
aortic diameter is larger than the left atrial
diameter. Color Doppler with normal homoge-
nous color on both sides of the linear echo and
artifact movement with motion of the originating
structure on M-mode can be used to recognize
these linear artifacts.

Near-field clutter arises from complex and
nonuniform energy distribution in the portion of



4 Role of Echocardiography in Aortic Surgery

63

Fig. 4.20 Side lobe artifact (arrow)

Fig.4.21 Pericardial effusion (arrow) mimicking dissection

the sector adjacent to the transducer. This leads to
limited visualization of structures adjacent to
the probe as commonly encountered with the
descending aortic wall close to the probe. This

can also be encountered with epiaortic imaging
without fluid interface (Fig. 4.22). High-frequency
probes improve the visualization close to the
probe.
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Utility of TEE in the Diagnosis
of Classic Aortic Dissection

Aortic dissections are classified into two types:
Type A involves the ascending aorta, whatever
the extension or the site of intimal tear. Type B
involves the descending aorta with extension into
the abdominal aorta or the aortic arch.

Fig. 4.22 Near-field clutter (arrow) with epiaortic imag-
ing. Anterior wall of aorta is not seen

Intimomedial Flap

Dissection results in cleavage of medial layer
into the inner two-third and the outer one-third.
An intimal flap consists of the inner two-third of
the media with the intimal layer. An intimal flap
is linear, thin and intraluminal, mobile, and echo-
genic. It divides the aortic lumen into true and
false lumens (Fig. 4.23). Mobility is correlated
with mortality.”’ Increased mobility is also
observed around the site of intimal tear.

Intimal Tear

The dissection begins at the intimal tear. Tear
appears as a discontinuity in the intimal flap
(Fig. 4.24). Sixty-five percent of dissections
originate in the ascending aorta, 20% in the
descending thoracic aorta, and 10% in the aortic
arch.??> The vast majority of dissections originate
from the ascending aorta, within several centi-
meters above the sinuses of Valsalva, since torsion
movement of aortic annulus provokes additional
downward traction in the aortic root and

Fig.4.23 True lumen (TL) and false lumen (FL) of ascending aortic dissection
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Fig. 4.24 Intimal tear (arrow) of ascending aorta

increases the longitudinal stress in the segment
of the aorta. The other common site for the inti-
mal tear is in the descending aorta just distal to
the origin of the subclavian artery at the site of
the ligamentum arteriosum. Tears occur in the
isthmus area because of increased tension at the
union of mobile aortic arch with the descending
thoracic aorta, which is quite fixed. From this
point, the dissection usually proceeds in ante-
grade direction, though retrograde extension is
possible. Color flow will indicate flow through
the intimal tear between true and false lumens.
Flow can be bidirectional in 75% of patients.*
Pulse wave Doppler may show the pressure gra-
dient of 10-25 mmHg between the true and false
lumens.** Primary entry tear identification is
important since the resection of primary tear
during surgical repair and inclusion of primary
tears in the endograft exclusion procedures
reduces the incidence of late reoperation.
Primary tears could be multiple or in some cases
may be located in the TEE blind spot. Successful
identification of the primary tear is more
successful in type B dissections (90%) than type
A dissections (83%).%

@ 1286
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Reentry Tears

Multiple communications between true and
false lumen exists on careful screening of the
entire aorta. Some represent entry sites with
flow from the true toward false channel and
others will be exit sites or have bidirectional
flow. The reentry tear is usually located in the
abdominal aorta, iliac arteries, or other aortic
branches. These small communications, less
than 2 mm in diameter, could represent the
ostia of the intercostal or lumbar arteries that
have been severed by the dissecting hema-
toma.* Color flow will also identify these mul-
tiple small communications in the descending
aorta between true and false lumens (Fig. 4.25).
Location of reentry tears can be documented
with the probe depth from incisors, which will
be useful for postoperative follow-up. Reentry
of the dissection is a predisposition for chronic
false lumen perfusion with no tendency to
thrombus formation. Absent flow, spontaneous
echo contrast, and thrombus formation in the
false lumen after surgical or endovascular aortic
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Fig.4.25 Color flow through reentry tear in the descending aorta

Fig.4.26 Absent color flow and spontaneous echo contrast in false lumen (arrow)

repair (EVAR) are good prognostic factors
(Fig. 4.26).333738 Ergin et al.”” reported absence
of false lumen flow distal to operated type A
dissection in 53% of patients while other stud-
ies achieved obliteration of flow in false lumen

in only 10-30% of patients.’**® Mohr-Kahaly
et al. found persistence of flow in the false
lumen in 71% of postoperative patients versus
82% of their medically treated patients in all
types of dissection.*
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Table 4.5 Echocardiographic differentiation of true and false lumens

True lumen
Size Smaller

Cardiac cycle Expands during systole

Velocity of blood flow High and aliasing
Direction of flow Systolic antegrade
Spontaneous echo contrast/ Absent

thrombus

IV echo contrast washout Faster

Thin cobweb like echos Absent

True and False Lumens

Echocardiographic differentiation is given in
Table 4.5 (Figs. 4.23 and 4.24). Intimal flap and
the flow in true and false lumens on either side
of the flap are highly sensitive features of dis-
section. With large entry tears, flow in the
nearby segments of the false lumen may have
the same direction and timing as the true lumen
flow.*! With small or more distal entry tears,
false lumen flow is less similar to true lumen
flow and peak velocity may occur later in the
cardiac cycle representing delay of flow into the
false lumen. On occasions, when the dissecting
canal has no reentry tear and ends in a cul-
de-sac, the flow in the false channel can be
antegrade and retrograde.”> Spontaneous echo
contrast and partial thrombosis are seen in sites
away from entry or reentry tears where the high
velocity flow keeps these changes from
occurring.

A thickening of the aortic wall in excess of
15 mm has also been used as a sign of dissection,
suggesting thrombosis of a false channel, which
makes intimal flap difficult to recognize. Strict
adherence to this criterion will minimize
false-positive results.” False lumen thrombosis
should be differentiated from aneurysm with
thrombus formation, IMH, atherosclerotic ulcer
with thrombosis, vascular mass, and finally
coarctation or prior surgical repair. It is not
uncommon for patients suspected of dissection to
have these vascular pathologies involving tho-
racic aorta.* False lumen thrombosis will have a

False lumen

Large

Flap moves toward false lumen during systole

Low

Antegrade systolic, delayed late peak or retrograde
Thrombus/spontaneous echo contrast may be present

Slower

Indicate residual strands of media joining intimal
flap to outer wall of the false lumen especially in
descending aorta

smooth intimal border or displaced intimal calci-
fication compared to aneurysmal thrombus,
which will have irregular border."

Aortic Valve Involvement in Aortic
Dissection (Fig. 4.27)

Aortic valve (AV) involvement is common in
aortic dissection (40-76%). There are several
mechanisms by which aortic valve can be affected
by the dissection process: aortic dilatation lead-
ing to incomplete valve closure, abnormal aortic
annulus because of MS or annuloaortic ectasia,
diseased aortic valve (degenerative or bicuspid
valve), prolapse of valve leaflets caused by exten-
sion of dissection to valve attachment, and
prolapse of the intimal flap into the aortic annulus
(Figs. 4.28 and 4.29). Various degrees of aortic
incompetence may be associated (Fig. 4.30).

Defining the mechanism of AV involvement
by TEE is important in devising the surgical
plan.* Valve replacement is required in diseased
valves (e.g., bicuspid valve with calcification).
Valve replacement is also preferred in MS with
diseased annulus or annuloaortic ectasia because
of limited durability of valve repair in these
patients. A valve-sparing operation is possible in
all other mechanisms of valve involvement.
In one series, preservation of the native aortic
valve was possible in 86% of type A dissections
with excellent results.*

TEE is superior to all other modalities in the
assessment of aortic valve in dissections. TEE is
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Fig. 4.27 Various mechanisms of aortic valve involve-
ment and regurgitation in aortic dissection: (a) dilatation
of aortic root and sinotubular junction, (b) diseased aortic
valve, (c) flap causing prolapse of the aortic valve, and (d)
prolapsing intimal flap into the valve (Reprinted with
permission from Taylor & Francis Group (Reference 7))

also utilized to assess the severity of residual aortic
regurgitation in the post-bypass period if a valve
repair is attempted (Figs. 4.31 and 4.32).

Coronary Artery Involvement

TEE can be used to diagnose occlusion of
coronary artery by intimal flap or extension of
dissection into the coronary artery (Fig. 4.33).
Right coronary artery involvement is more com-
mon because of the common location of intimal

tear in the ascending aorta on the right side and
progression of the dissection along the right lateral
region of the ascending aorta. Left coronary artery
involvement indicates extensive dissection.

In one series, one or both coronary arteries were
noted to be involved in 21% of patients with dis-
section by surgical documentation.'” An adequate
view of the proximal coronary artery and ostia was
obtained in 88% of the left main and 50% of the
right coronary artery in these patients. TEE identi-
fied the involvement of coronary arteries in 86% of
cases, while EKG changes were seen only in 33%
of patients. Only 29% of patients with coronary
artery involvement develop clinical myocardial
infarction.

Development of new regional wall motion
abnormalities on TEE can point to the involve-
ment of coronary arteries in aortic dissection.
RWMA may also be caused by coronary artery
disease, which has been found to be associated
with 43% of patients of aortic dissection in one
series. Delaying the aortic repair for obtaining
coronary angiography has not been shown to be
beneficial. Three-fourths of patients underwent
a bypass procedure for coronary artery involve-
ment in dissections rather than for associated
CAD." On the other hand, patients presenting
with chest pain and undergoing coronary
arteriography for acute coronary syndrome
actually can have acute aortic syndrome. TEE
is also used to confirm flows through proximal
coronary arteries in the post-bypass period
(Fig. 4.34).

Branch Vessel Involvement
Aortic Arch

Progression of dissection from the ascending
aorta to the arch occurs in the larger curvature of
the arch where the arch branches originate.
Arch vessels can be involved with dissection,
disinsertion, obstruction of the artery ostium, or
compression by false lumen. The innominate and
the left common carotid arteries are more
frequently involved than the left subclavian artery.
TEE can localize the left subclavian arteries in
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Fig.4.28 Type C aortic valve involvement by intimal flap (arrow)
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Fig.4.29 Type D aortic valve involvement by aortic dissection

100% of patients (Fig. 4.35). With an experienced
echocardiographer and multiplane probes, TEE
can rule out involvement of the innominate and
left carotid arteries in some patients.** The knowl-

edge of great vessel involvement may not modify
the surgical approach and the arch and branch
vessels can be examined during the operation.*
TTE and EUS can be utilized to evaluate the arch
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Fig.4.30 Severe aortic regurgitation with aortic dissection demonstrated by color flow Doppler

Fig.4.31 Color flow Doppler of ME long axis and short axis showing residual Al after aortic valve repair
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Fig.4.32 Color flow Doppler of ME long axis and short axis showing residual Al after aortic valve repair

Fig.4.33 Coronary artery involvement by dissection flap

vessel involvement and identify the intimal tears
in the blind spot of TEE. Missing the intimal tears
in the arch and replacing only the ascending aorta
will result in continuous flow into the false lumen
(Fig. 4.36).

Visceral Ischemia

Intraoperative TEE is not usually used to evaluate
the abdominal organ ischemia because of obvi-
ous limited visualization of branch vessels. CT
angiography is typically done preoperatively to
evaluate the renal and mesenteric arteries.
Intraoperative assessment of renal and spinal
cord blood flow has been evaluated in isolated
clinical trials.*** This is very insensitive, time
consuming, difficult, and impractical in the busy
operating environment.

TEE assessment of celiac and superior mesen-
teric blood flow has been studied by Orihashi
et al.®®° TEE provided real-time dynamic and
continuous intraoperative information in their
case series of 24 patients. It is technically chal-
lenging to diagnose mesenteric ischemia by TEE,
but may be a promising tool. This may be useful
in patients undergoing emergency surgery with-
out preoperative imaging studies and in patients
with unexplained metabolic acidosis complicat-
ing intraoperative management of both type A
and B dissections.
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Fig.4.34 Color flow of proximal left (a) and right (b) coronary arteries
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Ruptured and Leaking Dissections

Rupture of intrapericardial portion of the aorta
(the ascending aorta till the origin of the main
pulmonary artery) will result in rapid deterioration
from cardiac tamponade. For type A dissections,

Fig.4.35 Involvement of subclavian artery by dissection
(arrow)

death is caused by intrapericardial rupture and
cardiac tamponade in 80-90% of cases. For type
B dissections, rupture causes 60-70% of deaths.
Hemomediastinum is produced in cases of aortic
arch rupture and a left hemothorax in rupture of
the descending thoracic aorta. Echocardiographic
signs of bleeding include pericardial and pleural
effusions (left), widening of the oblique sinus
with soft tissue echoes indicating hematoma,
hazy echoes in the transverse sinus, and compres-
sion of right pulmonary artery and superior vena
cava.’! Increased blood flow velocity or color
flow turbulence in the pulmonary artery may
indicate compression by a hematoma. Mediastinal
hematoma is characterized by an increased dis-
tance between the esophagus and the anterome-
dial wall of the aorta or increased distance
between the posterolateral wall and the left vis-
ceral pleura measured at the level of the isthmus
(Fig. 4.37).

Pericardial collection can be readily recog-
nized by external apical views on TTE and
may obviate the need for TEE in the interest of
moving the patient emergently to the operat-
ing room. TEE can then be done for detailed

Fig.4.36 Intimal tear in the aortic arch
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Fig. 4.37 Mediastinal hematoma (arrow)

evaluation of dissection process after the patient
arrives in the operating room and is hemody-
namically stabilized.

Late Complications

Patients with previously operated type A dissec-
tions and medically treated type B dissections
can present to the operating room with complica-
tions. Progressive dilatations are more common
in nonoperated type B dissections than operated
type A dissections.’® Enlargement of the false
lumen leads to a dissecting aneurysm and makes
the definition of the outer boundary difficult.
Aneurysmal enlargement should be dealt with
urgently, as the chances of rupture are very high.
In a series of 50 type B medically managed
dissections, 20% had rapid expansion and 18%
had rupture at 3 years. Complications are more
common with aortic diameter more than 40 mm
and persistent false lumen flow.”> Uncontained
rupture into the pleural space and the mediasti-
num causes sudden death. Ruptures contained by
aortic adventitia result in a pseudoaneurysm and
hematoma formation. Both dissecting aneurysms

and pseudoaneurysms can be identified by TEE.
Contrast injection is helpful in diagnosing rup-
ture and extravasation into the surrounding
tissues.

Among previously operated type A dissec-
tions, abnormalities may develop in both oper-
ated and nonoperated segments. Dilation of
noncontiguous, nonoperated aortic segments
develops in 17% of patients with prior acute type
A dissections.> Screening of progressive disease
by imaging can potentially prevent rupture and
redissection. When recurrent chest pain and
hemodynamic instability occurs, redissection
should be considered, and TEE can define new
pathologic abnormality and extent. The images
should be compared with previous TEE images at
the time of surgery and discharge.

Pseudoaneurysm formation can occur in
7-25% of patients with composite grafts such as
Bentall procedure secondary to hemorrhage at a
suture line dehiscence (Fig. 4.38). Blood between
the graft and aortic wall can create supravalvular
aortic stenosis. Both of these complications can
be detected and delineated by TEE.* Color flow
Doppler will demonstrate blood flow into echo
free space between graft and aortic wall.
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Fig.4.38 (a and b) Pseudoaneurysm formation at the aortic root after Bentall’s procedure

Mitral Regurgitation

Mitral regurgitation (MR) in aortic disease
could be the result of wall motion changes
related to coronary artery involvement, ventric-
ular dilatation induced by aortic insufficiency,

or a result of an underlying disorder such as MS
(Fig. 4.39). Mitral valve involvement in MS
(annular dilatation, annular calcification, and
prolapse) is either isolated or associated with
fusiform aneurysms.’® Evaluation of the mecha-
nism of MR is important in planning for surgi-
cal repair/replacement versus no intervention.
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Fig.4.39 ME long axis view showing aneurysm of sinus of Valsalva (arrow) with mitral disease and regurgitation in

a patient with Marfan syndrome (double arrow)

Post-bypass evaluation is equally important
after repair or if the decision was made to leave
the MR alone.

Intramural Hematoma

Intramural hematoma (IMH) represents 15-30%
of all aortic syndromes. In one series, IMH
involved the ascending aorta in 48%, the aortic
arch in 8%, and the descending aorta in 44% of
patients.”” IMH can occur in patients with severe
atherosclerosis in whom penetrating aortic ulcers
or atherosclerotic plaque rupture could be the
initiating factor. In patients with mild or no
atherosclerosis, spontaneous rupture of vasava-
sorum may initiate aortic wall degeneration,
which eventually leads to a hematoma in the aor-
tic wall and splitting of aortic wall layers and
dissection formation without intimal tear.’
Patients in the first group tend to be older and
associated with coronary and peripheral vascular
disease. Aortic insufficiency is rare. By TEE,
intimal flap, reentry tears, or false lumen flows
are not detectable unlike classic dissection

(Fig. 4.40).” There is a controversy regarding
intimal tears in IMH. Some consider that finding
an intimal tear precludes the diagnosis while
others feel that IMH may be associated with inti-
mal tears (small communications representing
intimal rupture). Aortic wall normally measures
3-4 mm in thickness. Crescentric or circular
thickening more than 5 mm with symptoms suf-
fices for the diagnosis of IMH.® Echolucent
areas or echo free space within the thickened
aortic wall can also be demonstrated in some
patients. This may represent a pool of low blood
flow that comes from the aortic lumen through
tiny intimal ruptures or the ostia of intercostal or
lumbar arteries that have been severed by hema-
toma. Echolucency is not a poor prognostic
sign.®! The presence of fluid extravasation (peri-
cardial and pleural effusion and periaortic medi-
astinal hemorrhage) is a frequent finding in IMH
compared to classic dissections.®® Large and pro-
gressive increases in effusion are ominous signs.
IMH should be differentiated from dissection
with false lumen thrombus, atherosclerotic aor-
tic wall thickening, and aneurysmal dilatation
with intramural thrombus. TEE is superior to
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Fig.4.40 Intramural hematoma with echolucency (double arrow) of ascending aorta

other techniques in demonstrating smooth intimal
wall in IMH compared to all other disease pro-
cesses."! The sensitivity and specificity of TEE
in diagnosing IMH is 90% and 99%, respec-
tively.®® Although the studies that compare the
diagnostic sensitivity and specificity of imaging
techniques do not exist, their diagnostic accuracy
does not appear to be significantly different.
Surgical intervention is recommended in patients
with type A IMH because ascending aortic
involvement is an indicator of disease progres-
sion. Localized dissection, aneurysm formation,
and rupture are sequel of IMH. Predictors of dis-
ease progression include maximum aortic diam-
eter greater than 50 mm, rapid aortic enlargement,
aortic wall thickness>11 mm, large and repeti-
tive fluid collection in the chest, localized dis-
section (Fig. 4.41), and presence of an associated
penetrating ulcer or an ulcer-like projection in
the involved segment.®® All these should be
looked for when you are presented with IMH
and other imaging techniques like CT and MRI
should be utilized in the decision-making
process.

Penetrating Aortic Ulcers

This term describes the condition in which ulcer-
ation of an aortic atherosclerotic lesion penetrates
the internal elastic lamina into media (Fig. 4.42).
Patients are older and usually do not have con-
nective tissue diseases. Most of the PAU occur in
the descending aorta. The main handicap is that
there is no imaging diagnostic technique that can
document the disruption of internal elastic lam-
ina. Vilacosta et al. evaluated the role of TEE in
the diagnosis of PAU and concluded that TEE
can recognize these ulcers and complications
associated with them.®” TEE may reveal an ulcer-
ative plaque that projects deep into the medial
wall layer, frequently with spontaneous contrast
at the site. Color flow may demonstrate flow into
the ulcer. PAU can be the precursor for IMH,
dissection, adventitial rupture, or contained
rupture with pseudoaneurysm formation, and all
of these can be demonstrated by TEE.®” They do
not develop pericardial effusion, valvular
insufficiency, or cardiovascular compromise but
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Fig.4.41 Intramural hematoma progressing to dissection (double arrow) in the ascending aorta

Fig. 4.42 Figure illustrating penetrating aortic ulcers (Reprinted with permission from [Springer publishers]
reference?')

may accumulate blood in the mediastinal and the dissections are short, being limited by the
pleural space. fibrosis and calcification of atherosclerosis. They

TEE features of dissections secondary to PAU  occur commonly at the mid or distal descending
have distinctive features from classic dissections; aorta unlike classic dissections. The intimomedial
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Fig. 4.43 (a) Congenital sinus of Valsalva aneurysm
(arrow) shown in transgastric long axis view (b) Rupture
(arrow) of noncoronary sinus of Valsalva into the right
atrium with turbulent color flow through the rupture

flap is thick, calcific, and static. The true lumen is
larger than the false lumen and the dissection can
take retrograde direction.’” Medical therapy may
be indicated in stable patients. Few centers advo-
cate surgical therapy because of the frequent late
complications.

Echocardiographic Evaluation
of Aneurysms

Sinus of Valsalva Aneurysms

The etiology is usually congenital but can occur
with cystic medial degeneration, MS, endocardi-
tis, or a penetrating injury. A weakness in the aor-
tic media at its junction with annulus fibrosis is
thought to be the cause of the congenital aneu-
rysms of the sinus of Valsalva. Abnormal dilata-
tion of one or more of the sinuses gives windsock
appearance in the midesophageal aortic valve
short axis view. This typical appearance of an
extended aneurysm channel is not seen in acquired
aortic fistulas. They occur most commonly in the
right coronary sinus (69%) and the noncoronary
sinus (26%) (Fig. 4.43a) but can be seen in the left
coronary sinus (5%). Other congenital cardiac
diseases may be associated (bicuspid valve, VSD,
ASD, pulmonic stenosis, and PDA). Patients are

(arrow) Acknowledgement: Dr. Wilfred Lewis MD,
Department of Anesthesiology, North share Medical cen-
ter, Salem Hospital, Salem, MA

asymptomatic until the aneurysm ruptures into
the right atrium or the right ventricle. Rupture will
result in echocardiographic evidence of RV over-
load. Color Doppler will show a swirling flow
pattern in an intact aneurysm and a high-velocity
turbulent flow pattern in the ruptured aneurysm
(Fig. 4.43b). The aortic valve is morphologically
normal. Aortic valve prolapse and aortic incom-
petence may be associated. Compression of adja-
cent structures like RVOT, LVOT, and tricuspid
valve (with varying degrees of tricuspid regurgita-
tion) may be seen. A ventricular septal defect and
conduction abnormalities may result.

Acquired aneurysms differ from congenital
aneurysms in that they are often associated with
dilatation of the ascending aorta, involve more
than one sinus, may rupture into the pericardium
or other cardiac chambers (endocarditis).” ME
LAX view is especially useful in the diagnosis
(Fig. 4.39).

Role of Intraoperative TEE in Aortic
Aneurysm Surgery

The threshold for operations in asymptomatic
patients includes an aortic diameter twice normal
or an absolute aortic diameter of more than 5.5 cm
and rapid growth (growth rate>5 mm/year).
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Fig. 4.44 Aneurysm of the aorta with mural thrombus formation (arrow)

Surgery is indicated for lower aortic diameters
(4.5-5 cm) in patients with MFS, bicuspid aortic
valve and in patients presenting for aortic valve sur-
gery because of aortic stenosis or regurgitation.’*%

Intraoperative TEE can confirm the nature (true
vs. false), location, extent, shape, size, and etio-
pathogenesis of aortic aneurysms and the presence
of associated complications such as dissection and
mural thrombus (Fig. 4.44). All this information
may be available to the surgeon by preoperative
imaging (CT/MRI or aortography) in elective sur-
gical patients. There could be a variation in the
measurements between CT imaging and TEE with
TEE being less than CT measurements and vari-
ability increases with an increase in the diameter
of the aneurysms. In few patients, aortic aneurysm
may be an accidental finding detected by intraop-
erative TEE during another cardiac surgery such
as coronary artery bypass grafting. Most surgeons
will replace the aorta more than 4.5 cm in diame-
ter. Between 4 and 4.5 cm, several factors such as
age, expected survival, prolongation of CPB time,
and requirement of DHCA with associated mor-
bidity and mortality have to be considered for sur-
gical decision-making. This finding also influences

the site of aortic cannulation even if the surgeon
decides to leave the aneurysm alone. In recipients
of heart transplantations, a finding of ascending
aneurysms may influence the donor surgeon to
take extra length of the ascending aorta along with
the donor heart.

However, the most important use of intraopera-
tive TEE is the assessment of the aortic valve and
the aortic root to evaluate the feasibility of aortic
valve repair and perform post-bypass assessment
of the repaired valve for residual regurgitation.

In case of aortic pseudoaneurysms, TEE can fur-
ther define the origin, etiology, extent and contents
in the pseudoaneurysms. TEE can distinguish
pseudo from true aneurysms by defining the narrow
neck of the pseudoaneurysm by two-dimensional
and Doppler technology (bidirectional blood flow
through the connecting neck between the aorta and
the pseudoaneurysm). The pseudoaneurysmal sac
may expand during systole and collapse during
diastole. Intraluminal spontaneous echo contrast,
thrombus, or infective vegetations (mycotic aneu-
rysms; Fig. 4.45) can be observed in the pseudoan-
eurysms. Pseudoaneurysms arising from the
anterior or posterior wall should be defined, as the
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Fig.4.45 Mycotic aneurysm of the ascending aorta filled with infective material (arrow)

Fig. 4.46 ME bicaval view showing compression of right atrium and superior vena cava by huge pseudoaneurysm of
ascending aorta (arrow)

anterior pathology is more prone for rupture dur-  ventricular outflow tract, and the superior vena cava
ing sternotomy. Compression of the surrounding by a huge pseudoaneurysm can be noticed by TEE
structures such as the pulmonary artery, the right (Fig. 4.46)."""" Free rupture into the mediastinum
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Fig.4.47 Infective endocarditis with periannular aortic abscess (arrow) formation. Echolucency (double arrows)

indicate cavity formation in the abscess

and fistula with other cardiac structures such as
the right atrium, the right ventricle, and the pul-
monary artery may be seen.”>”* It may be difficult
to obtain regular TEE views in cases of a huge
pseudoaneurysm displacing the cardiac struc-
tures. Associated findings such as dissection, ath-
erosclerotic ulcer, and infective endocarditis of
the valves and vegetations will help in the identi-
fication of the etiology. Finally, TEE is a helpful
tool to guide catheter-based treatments such as
endograft and Amplatzer® septal occluder device
for aortic pseudoaneurysms.”

Infectious Endocarditis Involvement
in Aortic Root

Infections from the aortic and mitral valve may be
associated with periannular thickening indicating
abscess formation (thickness>10 mm). Mitral
aortic intervalvular fibrosa may be involved.
Abscesses appear as homogenous echodense
thickening by TEE (Fig. 4.47). Cavitation and
echolucency occur later (Fig. 4.47). Rupture into
the aortic root causes pseudoaneurysm with to
and fro Doppler color flow signals (Fig. 4.48).

Fistula formation between the aortic root and the
left atrium should be looked for by TEE in such
cases (Fig. 4.48). TEE is more sensitive and spe-
cific than TTE for detection of periaortic compli-
cations with infective aortic valves. Perivalvular
echo findings are associated with higher periop-
erative and long-term morbidity and mortality.

Traumatic Aortic Injuries

Thoracic aortic trauma is common after severe
deceleration injuries. Aortic isthmus is involved
in 90% of cases presenting to the operating room.
TEE is highly sensitive (91%) and specific
(100%).>"" TEE findings are important in plan-
ning management. Intimal tears and intramural
localized hematoma can be managed medically.
Subadventitial disruption and pseudoaneurysm
formation should be treated either by endovascular
or surgical management as appropriate. Active
bleeding with increasing mediastinal hematoma
or obstruction by thick flap (pseudo-coarctation)
requires immediate surgery or endovascular surgery.
TEE characteristics of traumatic subadventitial
disruption differ from aortic dissection (Table 4.6)
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Fig. 4.48 Color flow (arrow) indicating fistula formation between periannular aortic abscess and left atrium

Table 4.6 TEE Characteristics of traumatic aortic injury

Aortic trauma

Dissection

Site Isthmus Ascending, arch, descending any site

Flap Highly mobile, contains both intima Thin (intima+ 1/3 media), less mobile
and media (3—5 mm)

Flap Runs oblique and vertical through the =~ Runs parallel to the lumen
lumen

Aortic contour Deformed, asymmetric None

Aortic diameter Preserved Symmetrically enlarged

Entry, reentry tears Absent Present

Thrombus in false lumen Absent May be present

Mediastinal hematoma Present May be present

Flow velocities Similar on either side of the flap Differential velocities

Mosaic pattern around the lesion Present Absent

(Fig. 4.49). TEE cannot be utilized in patients
with severe edema from facial and mandibular
fractures and in patients with unstable neck
trauma.

Coarcation of Aorta

Coarctation presents as the narrowed segment of
the aorta below the origin of the subclavian
artery in TEE with color flow turbulence and

increased velocity at the stenotic level (Fig. 4.50).
It is difficult to align the continuous wave
Doppler to stenotic segment and measure the
pressure gradient across the stenosis in TEE
views. TTE suprasternal views can estimate
pressure gradient reliably. It is also possible to
observe collateral flow by TEE. Associated car-
diac anomalies should be looked for in the peri-
operative TEE examination (ventricular septal
defect, bicuspid aortic valve, patent ductus arte-
riosus, mitral stenosis, or regurgitation). Patent
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Fig. 4.49 Traumatic aortic disruption. Note the thick flap running vertically inside aortic lumen

ductus arteriosus can be diagnosed by TEE and
its size and blood flow can be assessed. Systemic
blood flow to pulmonary blood flow ratio can be
calculated. Persistent distension of the left
side of the heart during bypass may be an indi-
cation to look for and rule out patent ductus
arteriosus.

latrogenic Aortic Injury

Tatrogenic injuries to the aorta can be caused by
intraluminal balloon pump insertion, stenting,
and aortic cannulation and decannulation for car-
diopulmonary bypass (Fig. 4.51). TEE guided
instrumentation can prevent these injuries.
Routine examination of the aortic wall and lumina
after any instrumentation should be done to detect
these injuries early. Localized dissection and
embolization are the main injuries. TEE is used
as guide to cannulate the true lumen in patients
with dissection either from the femoral artery or
from the ascending aorta. Flow in true lumen is
observed by TEE after cannulation to confirm the
position of the arterial cannula.

Echocardiography for Endovascular
Aortic Surgery

TEE

Intraoperative TEE is a very useful adjunct in
patients undergoing thoracic aortic endoluminal
surgery. TEE is an attractive intraoperative imaging
modality in addition to the standard imaging tech-
nique of “angiography” used to deploy the
stents.”** TEE helps minimize contrast exposure
for fluoroscopy. TEE has been shown to be useful
in deployment of stents for various types of lesions
(dissections, aneurysms, and traumatic aortic
injury) located in the descending thoracic aorta, the
aorticarch, andtheascendingaorta.’'** Visualization
of lesions in the blind spot (distal ascending aorta
and proximal arch) is limited (Fig. 4.52). Other dis-
advantages are possible discomfort due to the con-
tinuous esophageal imaging and thereby
necessitating general anesthesia, which could have
been avoided in some if not all. The associated
complications with TEE placement should be rec-
ognized and cared for. Although TEE probe by
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Fig.4.50 Coarctation of
aorta (a) with

turbulent flow across the
coarctation (b)

itself could play the role of a landmark and help the
surgeon to optimize stent position and deployment,
it interferes with fluoroscopic examinations
(Fig. 4.53). Therefore, TEE is used in between flu-
oroscopic imaging to avoid interference.

IVUS

Intravascular ultrasound (IVUS) is used by the
endovascular surgeons to aid fluoroscopy in
endograft procedures for aneurysms, dissections,
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Fig.4.51 Iatrogenic dissection of proximal aortic arch (arrow) by aortic cannulation (double arrow)

and traumatic disruptions. An IVUS probe (8-10
MHz probe for aorta) is introduced through the
endovascular sheath to study the endoluminal
aspect of the aorta (Fig. 4.54a and b). Imaging is
displayed in the fluoroscopy screen and used to
compare and correlate the findings of fluoros-
copy (Fig. 4.55). IVUS can delineate intralumi-
nal pathology, assess landing zones, locate branch
vessels, and allow measurements for stent size
selection® (Fig. 4.56a). IVUS can also assess the
accuracy of endograft deployment, degree of
device expansion, and stent apposition of the
prosthesis to the vessel wall® (Fig. 4.56b).

TEE and Pre-stent Deployment Phase

The first purpose of TEE examination is to confirm
the diagnosis of thoracic aortic disease (aneu-
rysm, dissection, and traumatic aortic injury) for
which endovascular therapy is planned. TEE also
helps with exact lesion localization, sizing of the
lesion, and the choice of the landing zones as it
can delineate the presence of calcifications, com-
plex atheromatous plaques, and intraluminal

thrombus.’’ TEE also has the ability to locate
large intercostal arteries so that their exclusion by
the graft can be avoided and occlusion can be
detected early if it occurs. However, their visual-
ization is not consistent. Finally, a comprehensive
cardiac and valvular function can be evaluated
and monitored continuously during the procedure
since most of these patients have severe concomi-
tant cardiac disease.

Stent Deployment Phase

TEE can help place guidewires and endo-
vascular delivery sheath. This is an extension of
skills routinely used by the intraoperative
echocardiographer during the management of
minimally invasive cardiac surgery. In the longi-
tudinal view, the catheter delivery device can be
visualized only in precise planes. The short axis
view is more useful to visualize positioning of
these devices. The stent-graft delivery system is
distinguished from the guidewire by differences
in echogenicity and thickness.*® The stent-graft
can be differentiated from the delivery system by
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65dB S1/ 0/1/4
Gain= 14dB/ a=1

* HR= 76bpm

Fig. 4.52 TEE views of distal ascending aorta and proximal arch are limited by interposition of trachea and left

bronchus

the unique echogenic pattern and shadow from
the metallic stent.* TEE has the ability to visual-
ize the undeployed stent-graft in relation to the
normal and diseased aorta and ensure that the
endograft bridges the diseased aortic segment
(Fig. 4.57a—d).

Several complications due to intraaortic manip-
ulations can happen during this phase. Extensive
instrumentation in the aorta can lead to disruption
of atherosclerotic plaques or intraluminal
thrombus resulting in stroke. TEE helps in avoid-
ance of such complications during instrumentation.

TEE guidance prevents the unintentional entry of
the wires and stent introducer into the pseudoan-
eurysm and false lumen of dissections.®*® Intimal
dehiscence and iatrogenic dissections can be
diagnosed early by TEE.*#

Post-deployment Phase
Immediately after stent deployment, TEE con-

firms the placement of endograft across the dis-
eased aorta. Both proximal and distal ends and
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Fig. 4.53 Fluoroscopic image of endovascular stent
deployment. TEE may interfere with fluoroscopy so the
probe has to be withdrawn intermittently

the endoluminal side of the graft should be
inspected. It is not uncommon to see some debris,
small clots, or spontaneous echo contrast on the
endoluminal side, and these are the consequence
of decreased aortic flow due to induced hypoten-
sion during deployment. Malpositioning of the
endograft with the aorta and mal-alignment of
the two endografts diagnosed with TEE can lead
to early interventions.®** Color flow is utilized to
detect endoleaks. Balloon inflation to optimize
the degree of contact between the stent and aortic
wall or to treat the mal-aligned grafts is done
using TEE guidance.*!

Detection of Endoleaks

An endoleak occurs when there is persistent
blood flow into the aneurysmal sac or the excluded
portion of the aorta.” Color flow Doppler helps
detect the leaks from the central aorta into the
excluded diseased aorta.®’® Device migration,
malposition, or mal-alignment is associated with
endoleaks. A persistent leak into the aneurysmal
sac causes endotension and has the potential to
expand and rupture.”’ Leaks can be antegrade
(from the proximal and distal ends of the aortic
endograft) or retrograde (aneurysmal sacs can fill

Table 4.7 Classification of endoleaks

Type  Description

1 Attachment site leak
A Proximal leak
B Distal leak

C Iliac occluder (seen with abdominal
aneurysms)

11 Branch leaks

A To and fro simple flow from branch vessel
into the aneurismal sac

B Complex flow through two or more branch
vessels into aneurismal sac

111 Graft defect

A Midgraft hole

B Junctional leak or graft disconnection

C Other mechanism (failure from suture holes)
v Graft wall porosity

Classification of endoleaks (From Swaminathan,' with
permission.)

EVAR endovascular aortic repair, AAA abdominal aortic
aneurysm

via the branches such as the intercostal arteries).
Endoleaks are not always visualized by CT or
angiography.”

Definition of Endoleaks and Endotension

The definitions and the management of endoleaks
and endotensions were agreed upon (103)
in a multidisciplinary consensus conference.
Endoleaks and endotensions were classified in
this consensus conference (Table 4.7).* A type 1
endoleak is usually treated with an additional
graft in the proximal or the distal end. It poten-
tially leads to persistent blood flow and increased
endotension. Not all endoleaks lead to endoten-
sion. However, there is no clinical way to mea-
sure endotension. A retrograde flow into the
aneurysmal sac from a patent collateral branch
vessel leads to type II endoleaks. These leaks
tend to resolve spontaneously. Type III leaks
which result from graft defects are usually treated
with a covered stent. Graft porosity, otherwise
known as type IV, is a diagnosis by exclusion of
an identifiable source of leaks. Pulse wave
Doppler-aided quantification of endoleak velocity
helps to discriminate true leaks from porosity.
A minimum peak velocity of 50 cm/s is the sug-
gested cutoff.”* Endoleaks are termed primary if
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Fig. 4.54 Intravascular ultrasound instrument (a) inserted through the femoral endovascular sheath (b) to study the

aortic intraluminal pathology

occurring within 30 days of stent deployment as
opposed to secondary leaks, which are seen later.”

Utility of TEE in Endoleak Detection

The importance of TEE in evaluating endoleaks
has been described.”®*” Color flow Doppler has
been found to be sensitive in detecting endoleaks
even when angiography fails to detect the smaller
ones. Angiography may miss the small dye quan-
tity or may be at an off angle. Presence of sponta-
neous echo contrast within the aneurysmal sac
may also be the first suggestion of an endoleak.
Presence of a dynamic echocardiographic “smoke”

is very different from the static one. A dynamic
smoke often implies a leak. In 22 consecutive
patients undergoing thoracic aortic stent place-
ments, TEE has been shown to have increased sen-
sitivity and specificity in identifying endoleaks.”
Intraoperative TEE provides additional informa-
tion and improves immediate and late procedural
results by detecting endoleaks.”® TEE has also
been shown to detect perigraft leakage, which was
not previously identified during the intraoperative
fluoroscopy.”’ Contrast-enhanced ultrasound has
been shown to detect endoleaks, particularly when
other modalities fail.”
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Fig. 4.55 Endovascular suite screens showing fluoroscopic images, intravascular ultrasound, and vitals monitor

Fig.4.56 (a and b) Intravascular ultrasound image of traumatic intimal flap (arrow) and the image after endovascular
stenting (b)
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30 CM

Fig. 4.57 The use of TEE in endovascular stenting. (a)
Guidewire within aortic lumen. Descending aortic long
axis (b) and short axis (¢) showing the endovascular stent

Comparison of TEE with Other Modalities
for Endoleak Detection

A comparison of angiography, TEE and intravas-
cular ultrasound (IVUS) was done to evaluate
their ability to guide stent-graft implantation.
TEE was superior to IVUS and angiography in
endoleak detection.”” Guidewire position over the
entire length of the disease aorta was documented
more frequently by TEE and IVUS compared to
angiography.'® The entry site of dissection was
better identified with TEE and IVUS. The proxi-
mal leaks were identified well by TEE leading to
additional graft placement. TEE, by its multi-
plane visualization and versatility, was superior
to angiography in detection of endoleaks espe-
cially at the left carotid and the left subclavian
branch takeoffs. TEE provides additional incre-

103 180

bridging the traumatic intimal flap (arrow) of thoracic
aorta (d) shows TEE image after endovascular stent
deployment (arrow)

mental information to angiography in safe place-
ment of stent-grafts.” In patients with extension
of aneurysm/dissection into the abdominal aorta,
IVUS was found to improve stent-graft place-
ment along with angiography. TEE has a limited
role in abdominal aortic aneurysm (AAA)/dis-
section management with stent/grafts.!” TEE
assessment of endoleak and thromboexclusion
had a sensitivity of 100% and specificity of 100%
and was identical to that of postoperative com-
puted tomography or angiography.'”!

TEE Guided Algorithm for Stent
Placement in Aortic Dissection

Rocchi et al.'” developed a TEE-based algo-
rithm (Fig. 4.58) to assess the outcome and
guide intraoperative decision-making in patients
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Fig.4.58 TEE-based
algorithm for evaluation of
outcome after endovascular
surgery for aortic dissections
(Reprinted from reference
(102) with permission from
Elsevier)
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undergoing endovascular surgery for aortic dis-
section. TEE was used to identify the guidewire
in the true lumen first. Following the stent
implantation, TEE was used to check stent
expansion and false lumen exclusion. Presence
of a smoke in the excluded portion of the aorta
was the initial marker of good outcome. If there
was no smoke, color Doppler examination was
done at a low scale of 25 cm/s (enhanced sensi-
tivity to low velocity blood flow). Presence of
endoleaks and new additional intimal tears were
treated with additional stents. Peri-stent leaks
with pulsed Doppler velocity>50 cm/s were
treated with further balloon dilatations. If they
did not disappea