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Foreword

As the largest artery of the body, the aorta is susceptible to many types of problems, including
congenital anomalies, occlusion, thrombosis, infection, dissection, connective tissue disorders,
fistula formation, and tumors. However, the most frequent form of aortic disease is aneurysm
formation, which usually results from weakening of the aortic wall. With time, the stress
imposed by pulsation and by the aortic contents may cause the wall to balloon outward, lead-
ing to a potentially fatal rupture. Currently, there is much interest in preventing or managing
these lesions through lifestyle changes, such as regulation of blood pressure and diet, promo-
tion of exercise, and cessation of cigarette smoking. Once an aneurysm enlarges or begins to
cause symptoms, however, repair is usually necessary.

Aneurysm surgery has long been a special interest of mine. As a young surgeon, in the early
1950s, I helped develop some of the first techniques for treating aneurysms of the aorta and
major arteries. Since then, many new surgical options have become available, but the outcomes
have not always been successful. Today, endovascular repair, including the use of expandable
stent grafts, is becoming increasingly widespread, especially in elderly patients or those at
high risk for open surgery; another recent option is hybrid repair, which combines open and
endovascular techniques.

Successful treatment of aortic disease depends on highly trained specialists who are thor-
oughly familiar with this constantly evolving field. The current volume, edited by my col-
league and friend Ray Dieter, Jr., and his sons Ray Dieter III and Robert Dieter, provides an
outstanding, in-depth look at the entire spectrum of aortic disease and its treatment. Having
known the Dieters for many years, I have followed their careers with interest. I applaud the
growing series of textbooks they have published concerning all aspects of the circulatory sys-
tem. This volume, like its predecessors, should be of special value to vascular surgeons, inter-
ventional cardiologists, and other healthcare professionals involved with the prevention and
treatment of aortic diseases. It also should be enlightening to general practitioners, family care
physicians, and laypersons interested in this field.

Denton A. Cooley

Founder and President Emeritus
Texas Heart Institute

Houston, TX

USA
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Preface

This is our fifth vascular textbook, sixth medical textbook (non vascular textbook on
Thoracoscopy) and is unique in that it focuses on the aorta rather than vascular diseases by
body region. Not unique, though, is its comprehensive approach to this topic and being a refer-
ence textbook.

Diseases of the aorta can occur in the pediatric or adult patient, can be acute or chronic or
inherited or acquired, and can be approached in a variety of methods. This textbook systemati-
cally reviews all aspects of aortic diseases. Imaging modalities and medical, surgical, and
endovascular management are discussed as well as longitudinal surveillance and follow-up.

We are honored that Dr. Denton Cooley was able to write the foreword to this textbook, as
he has with our other books. Dr. Cooley was a pioneer in aortic diseases, and prior to his death,
we were able to have several conversations regarding his influence and perspective on diseases
of the aorta. Drs. Cooley and Ray Dieter, Jr., were contemporaries and both helped shape the
understanding of cardiovascular diseases.

As with our other textbooks, we hope that you find this to be readable and a helpful refer-
ence in your practice.

IL, USA Robert S. Dieter
IL, USA Raymond A. Dieter Jr.
TN, USA Raymond A. Dieter III
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A Timeline History of Aortic Disease
and Therapies, Including Surgery

Raymond A. Dieter Jr., Sanjay Singh, Jasvinder Chawla,
Daryl A. Drake Jr., John P. Pacanowski Jr.,

and Robert S. Dieter

Introduction

Aortic disease has long been recognized for its potentially
lethal and life-altering effects. Patients have thus presented a
therapeutic challenge to physicians for hundreds of years
(centuries) as to the treatment options and potential benefits
or results. This book presents a large number of aortic dis-
ease entities, the patient concerns, the options and the risks
for their treatment.

Development of modern aortic disease diagnosis and
therapy programs has required not only a great deal of effort
but decades of research and therapeutic trials to reach the
current level of knowledge and results [1]. The twentieth and
twenty-first century advancements and investigations have
led to the present level of aortic therapeutics and utilization.

The timeline for delineation of the efforts required to per-
form modern aortic surgery and the usage of the aorta for
non-aortic diagnostic and therapeutic approaches has been
slow to develop with many “road blocks” to reach the current

This chapter is dedicated to Dr.John Laird for his contribution to edu-
cation and the treatment of vascular diseases
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level of aortic manipulation, as well as the possible errors in
timeline dates and reporting of data or experience. The delin-
eation of various accessory modalities required in the steps
over the past centuries (especially the last two) includes such
“inventions” as electricity; anesthesia, both general and
local; radiology and x-ray techniques; and diagnostic con-
trast materials demonstrable on radiographic film. All of
these considerations and many more, such as cardiopulmo-
nary bypass, and infection control, have been necessary to
develop the field of aortic diagnostics and therapeutics.
Herein outlined are many of the events which have led to the
current ability to diagnose and treat a large number of aortic
lesions. Interspersed in the outline, we have added a few of
our steps in the chain of aortic “adventures.”

Timeline of Aortic Surgery Development

L. Early Aortic Aneurysm History: 2000 B.C. to 1700s [2]

A. The early ancient Egyptian medical text, the Ebers
Papyrus, one of the earliest known medical writings,
describes aneurysms as “tumors of the arteries”—
cured only via magic. Peripheral aneurysm treat-
ment should consist of “with a knife and burn it with
fire so that it bleeds not too much” and boiling oil

treatment [3].

B. The early Indian text Sushruta Samhita noted that
aneurysms upon bursting exhibited a rapid flow of
hot and red blood and that when situated at any of
the vital parts of the body they should be deemed
incurable [4].

C. Ancient Greeks attributed disease to an imbalance of
mythological humors—similar to Sushruta [5].

1. Aristotle’s contemporary, Praxagoras, believed
epilepsy was due to phlegm accumulation within
the aorta.

2. Hippocrates (460-357 B.C.), a Greek, gave us the
“Hippocratic Oath.”

R. S. Dieter et al. (eds.), Diseases of the Aorta, https://doi.org/10.1007/978-3-030-11322-3_1
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E. Medical

(a) No mention of aneurysms but, ligation of
arteries, would stop bleeding
(b) Father of Medicine
3. AD. 97—Archigenes used ligation in limb
amputation.

D. Roman Empire

1. Galen (130-200 A.D.) described aneurysms “as the
pulse and beating the arteries make and that the
tumor vanishes when the artery is pressed down’ [6].
(a) Probably treated aneurysms with bloodlet-
ting (venesection) [7].

(b) Noted risks of venesection (VS) is aneurysm
development near the incision [8].

(c) Also mentioned VS avoidance near large arter-
ies due to increased risk of fatal aneurysms.

(d) Crucial in the development of anatomy and
modern surgery.

2. Praxagoras—influential physician of the “dog-
matic” school of medicine [8].

3. Antyllus, “Father of Aneurysm Surgery”—his sur-
gery methods were followed for over a millennium
(1000 years) despite unfavorable survival rates [8].
(a) Antyllus method was the first attempt at

abdominal aortic aneurysm repair: “ligation
of artery above and below the aneurysm fol-
lowed by incision and emptying the sac”

4. Actius, 200 years later—vague aneurysm classifi-
cation and postulated improvements in the
Antyllus method [9]

era  (next

advancement

8-15  centuries)—little

F. Era of inquiry

1. Astronomy, mathematics, and navigation (with
Columbus discovering America in 1492)

2. Lancisi, in 1490, delineated true/false aneurysms,
vessel calcification and recognized. Syphilis rela-
tionship—prescribed rest, sparse diet, bleeding
and herbal palliation [10].

3. Vesalius, in his text in 1543, mapped the defini-
tive course of aneurysm disease [10].

4. René Laennec invented the stethoscope.

5. Dietary treatment/fluid restriction/bed rest advo-
cated for centuries into 1800s [11].

G. Harvey’s definition of circulation rather than “to and

fro.” Statues of early notable physicians, including
Harvey, are exhibited in the International Museum of
Surgical Science “Hall of Fame” by the International
College of Surgeons, Chicago, Illinois, USA

H. Hallowell, in 1762, repaired a brachial artery
I. John Hunter ligated the proximal superficial femoral

artery to treat a pulsating popliteal aneurysm in
1785—a new beginning [12]

J. Animal experimentation programs developed

II. 1800s

A.

B.

Better recognition by physicians of aortic disease
entities.

Anesthetics developed—one wonders “what did
they use in the past”—high-quality alcohol or strong
men.

Electricity “harnessed” and electric lights followed
Thomas Edison’s work.

Increased animal lab usage and facilities.

1817: Cooper (Hunter’s student) ligated the aorta
proximal to an iliac aneurysm after having ligated a
dog aorta in 1809 [13].

1869: Charles Moore successfully inserted 78 feet of
thin wire into an ascending aortic aneurysm—unfor-
tunately the patient died of sepsis 5 days later [14].
William Halsted at Johns Hopkins designed a pro-
gressive metal band aortic occlusion technique—
most patients died. Later, Elkin located 25 attempts
with five survivals using this treatment [15, 16].

In the late 1800s—Medical school education was
improving

. Medical inventions followed the enhancement of the
profession

1. Development of hypodermic needles and
syringes.

2. Blood clotting of the aneurysms with gelatin ther-

apy—similar techniques were available since

early Egypt—received support as did various

metallic items and pins [17].

Steel watch band insertion.

4. Electricity was added to the wire treatments by
others (such as Corrali, an Italian physician, in
1881) as the techniques became more widespread
and persisted into the 1970s (Charles Rob) [18].

In 1885, Buck summarized “Aneurism Treatment to

Date” in his text [18] to include:

1. Rest, blood in good chemical condition, be
recumbent, slow to sit, walk slowly after months
of treatment, no ire or increased emotions, no val-
salva, and bloodletting which could lead to
anemia

2. Decreased food intake (8 ounces solid 6 ounces
liquid), laxatives/saline purgatives

3. Medications:

(a) Iodide of potassium: to thicken the aneurysm
wall and possibly thicken the blood, potash
(I, of Potassium). If the patient is unable to
tolerate KI then sodium iodide (Nal,) is to be
used.

(b) To thicken the blood/slow circulation
1. Ergotine subcutaneous for constriction of

the aorta or oral ergot

2. Digitalis

et
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(c) Acetate of lead or tannic acid until deep blue
lines developed on the gums
(d) Chloride of Barium

4. Surgery

(a) Ligate vascular branches
(b) Ligate aorta above aneurysm or below
(c) Introduce foreign body to induce clots (fine
wine, watch springs, horsehair—unfortu-
nately, they all also caused infection)
(d) Constriction or compression apparatus or by
hand/Esmarch elastic bandage
5. Coagulation
(a) Galvanic puncture using battery electricity
with one or two needles connected to a posi-
tive pole and a negative plate on the abdomen
for 20-30 minutes to induce clot formation—
repeat 2-3 days or even every 2-3 hours
(b) Coagulating injectables:
1. Medicines
2. Solid items
6. Treatment of pain
(a) Hypodermic morphia
(b) Create small “blisters” over tender part and
ice on the chest
(c) Sedatives, narcotics, hydrocyanic H+, ETOH
to full dose
(d) Bend knees up
7. Protection
(a) Metal or cloth protector, over aneurysm
(b) Astringents and ergot to decrease bleeding

(c) Quiet [18]

. 7 October 1896: JB Murphy developed a vascular

anastomosis technique and performed the first
human vascular anastomosis at Mercy Hospital in
Chicago [19]. This was 1 month after the first stab
wound of the heart was sutured.

III. Early 1900s of the 20th Century: Cardiovascular
A. Early heart procedures

1. 1893: Dr. Daniel Hale Williams explored a right
ventricle stab wound; no sutures placed, as bleeding
had stopped. Provident Hospital, Chicago [20].

2. 9 September 1896: First successful suture of a
stab heart wound performed by Dr. Ludwig
Rehn—violating an age-old dictum back to
Hippocrates that the heart was off limits to the
surgeon [21, 22].

. 1902: Dr. Hill, with two kerosene lamps and chloro-

form, successfully treated a 13 year- old at home
with a stab wound to the heart on an Alabama
kitchen table. The patient died 40 years later, in
1942, of a second stab wound [23].

. 1910: Alexis Carrel performed a graft from the

descending thoracic aorta to the coronary artery

Iv.

after Trendelenburg proposed pulmonary embolec-
tomy with aortic and pulmonary artery cross-
clamping in 1908 [24].
D. 1912: Alexis Carrel received the Nobel Prize for
vascular suture techniques while working with
Charles Guthrie and using aseptic techniques.
E. 1915: Heparin was discovered by a medical student
(Jay McLean)—a key to future cardiovascular prog-
ress [25].
F. 1923: First successful mitral valvulotomy was per-
formed by Elliott Cutler and Samuel Levine—ahead
of the times—after Sir Lauder Brunton proposed
elective correction mitral valve stenosis by surgical
manipulation in 1902.
G. 1928: Fleming discovers penicillin.
H. 1929: Forssmann performed the first heart and vas-
cular catheterization (on himself) and thus received
the Nobel Prize [26].
I. 1938: Lelong reported on pleuroscopic diagnosis of
a thoracic aneurysm.
J. Aortic aneurysm external wrapping treatment pro-
mulgated, e.g., Albert Einstein’s aneurysm was
wrapped by R. Nissen in 1948 [27]. (Early in our
practice, we used Dacron aneurysm wraps success-
fully for treatment of both high risk thoracic and
abdominal aneurysms.)
K. 1952: Dubost promulgated arterial homografts for
utilization on the aorta [28].
L. Antibiotic and asepsis programs became key con-
siderations in vascular surgery success.
M. Gross and Oudot repaired non-aneurysmal aortic
lesions in the 1940s and 1950s [29, 30]
N. Many other patch or tube grafts of various materials
followed, including the cryopreserved, the cloth,
and the Dacron graft sewn by DeBakey on his sew-
ing machine, which when placed within the aneu-
rysm reduced the incidence of aortoenteric fistula
development [31].
O. Etiology of aortic aneurysms became primarily arte-
riosclerotic, while syphilitic aneurysm occurrence
was disappearing.
1940s to Date—Cardiac Surgery—An Integral Part of
Vascular Surgery Developmental History
A. 1952: Hufnagel placed into the descending thoracic
aorta a caged ball valve to treat valvular heart dis-
ease [32].
B. Congenital cardiovascular surgery
1. In 1913, Tuffier dilated a stenotic aortic valve by
aortic wall invagination and the book “Surgery of
the Blood Vessels and the Heart” was published
regarding experimental cardiovascular surgery
[33].

2. 1937: Ductus interruption [34]
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3. 1944: Crafoord, in Stockholm, resected an aortic
coarctation [35].

4. 1945: Gross repaired a vascular ring of the tra-
chea [36].

5. 1948: Gross performed aortopulmonary (A-P)
window closure [37].

6. Cooley: aortopulmonary window repair with car-
diopulmonary bypass (CPB) [38].

. The single organ perfusion pump by DeBakey in

1934, was followed by the tissue perfusion appara-

tus of Lindbergh [39], of which there is one in the

International Museum of Surgical Science (IMSS)

in Chicago, of which Raymond Dieter, Jr., M.D. is

President.

. Dodrill performed the first human left-sided heart

bypass in 1952 using a General Motors’ Mechanical

pump [40].

. In the 1930s and 1940s, before and after WWII,

John Gibbon did extensive research using a heart

lung machine (CPB), contributing extensively to the

field [41]. At a meeting in Europe in the early 1970s,

Dr. William E. Neville, Dr. Raymond A. Dieter, Jr.,

and Dr. Gibbon discussed extensively his decision to

progress to the human use of CPB in 1954, despite

the less than optimal results in the animal lab, stat-

ing he had to make a decision. It was a monumental

decision for the benefit of the world’s physicians

and our patients.

. 1940s: WWIL: Dwight Harkin removed 134 cardiac

and mediastinal foreign bodies.

. Cross-circulation was explored by Lillehei for repair

of aVSD.

. 1946: The Vineberg myocardial ischemic proce-

dure was being developed—"an aortomyocardial

shunt”— which we later utilized at the Hines

V.A. Hospital, Maywood, Illinois in the late

1960s.

. 1950s: Dr. Kirklin at the Mayo Clinic utilized CPB

for cardiac surgery.

. Simultaneously, hypothermia, myocardial protec-

tion, and cardiac arrest (K+) were under investiga-

tion by many investigators, including Clowes and

Neville, who were exploring various CPB factors

for successful whole body perfusion [42].

. Transposition of the great vessels was corrected by

Senning [43].

. 1962: Sones and Shirey popularized transaortic cor-

onary catheter angiography [44].

. 1963: Intra-aortic balloon counterpulsation develop-

ment was progressing.

. 23 November 1964: A direct aortocoronary vein

bypass was performed (Garrett, Dennis, DeBakey

[45D).

0. Oz, Komeya, Neville and Clowes, M.D., continued
research using hypothermia and blood volume
hemodilution [46].

P. Dieter et al. reported on profound hemodilution,
hypothermia, and metabolic aspects of CPB with
Ringer’s Lactate in 1966 and again in 1970 [47, 48].

Q. 3 December 1967: The first human to human heart
transplantation was performed utilizing an aortic
segment by Christian Barnard in Capetown, South
Africa [49].

R. 1968: Favalaro popularized the saphenous vein aor-
tocoronary bypass at the Cleveland Clinic [50].

S. During this period of time, failing cardiac circula-
tion was treated with the diaphragm wrapped canine
heart experiment by Kantrovitz (Cardiomyoplasty)
and the Carpentier human aorta wrap with latissi-
mus muscle for aortic counterpulsation [51, 52].

. Twentieth and Twenty-First Century: Aortic Surgery

Post WWII to Date—Development and Its Progress

Entwined with Our Experience

A. Matas—endoaneurysmectomy and rubber tube stent
placement preanticoagulation having previously
ligated the aorta proximal to an abdominal aortic
aneurysm [53].

B. WWIl—traumatic cardiovascular injury (primarily
suture) repair was a great impetus to vascular surgery.

C. 1948: Descending thoracic aneurysmectomy with
primary aortic reanastomosis (Shumaker) was rap-
idly followed by Swan, Gross, and the DuBost treat-
ment of aneurysms using aortic homografts [54, 55].

D. 1953: Bahnson reported on six saccular abdominal
aortic aneurysms resected, while DeBakey and
Cooley resected a 20 cm descending thoracic aortic
aneurysm using a homograft replacement [56, 57].
In 1958, Dr. Robert McCray placed an abdominal
aortic homograft with the lumbar artery stumps
placed anteriorly (Illinois Thoracic Surgery Society
14 April, 1988 minutes describes).

E. During the Korean War—vascular homograft and
autogenous vein repair reduced limb amputation
rates from 49% to 11% [58].

F. Availability of multiple synthetic grafts followed—
including the Dacron (DeBakey) (originally con-
structed and sewn by him reportedly on a sewing
machine), Gore-Tex, and Vinyon-N cloth tubes, and
research on permanent shunts by Neville and Clowes
to replace aortic segments in 1955 [59, 60]. Others
were stimulated to experiment building vascular
grafts and medical items in their garages or
laboratories.

G. Vascular wards and diagnostic angiograms including
the translumbar aortograms (TLA) for renal and iliac
disease with 17 gauge 7 1/2 inch needles—of which
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we performed hundreds and presented the findings
of many to the Hines V.A. vascular conferences, then
evolved. Tomograms were later followed by comput-
erized tomographic scans (CTs) aiding greatly in the
diagnosis of thoracic and abdominal aneurysms,
avoiding right transthoracic aortic aneurysm biopsy,
and differentiating such from neoplasms.

. Aortic therapy—surgical or medical—was promul-

gated in the 1960s at the Hines V.A. Hospital. The
vascular service had grown, under multiple attend-
ing physicians (J Canning, R McCray, L. Ganshirt, J
Graziano, D. Hutchings), with aneurysm; Leriche
Syndrome (occluded aorta) bypass and endarterec-
tomy (aortic, iliac, femoral, carotid) procedures
were performed when the author (Raymond
A. Dieter, Jr., M.D.) joined the program in 1963.

. Homograft or Dacron replacement of all segments

of the thoracic aorta utilizing cardiopulmonary
bypass, including arch replacement and its branches,
was initiated by Drs. DeBakey, Cooley, Crawford
(who were always available for telephone consulta-
tion) and others as an option to replace the “clamp
and sew” techniques [61].

. Metabolic aspects of profound hemodilution, hypo-

thermia, and cardiopulmonary bypass was widely
researched and utilized by many, including our-
selves, for cardiac, vascular, aortic, tumor resections
or trauma repair [62, 63].

. 1960s—1970s: Open “vascular dilation” procedures

were developed and frequently utilized, especially
in conjunction with other vascular procedures, by
ourselves and others. Currently, this procedure is
termed ‘“‘angioplasty” and performed percutane-
ously utilizing balloon catheters, which we began
performing after Dotter presented the concept. Also,
balloon catheters became available—under the
direction of Tom Fogarty—for multiple purposes.

. In 1967-1968, we began to use the Vineberg direct

aortocoronary grafts and subclavian coronary grafts
for coronary occlusive disease (Dr. William
E. Neville, Dr. Roque Pifarre, Dr. Raymond
A. Dieter, Jr., Dr. Bernie Leinenger and others at the
Hines V.A. and Loyola University Hospitals).

. Beginning in the late 1960s, Raymond Dieter, Jr.,

personally performed repair of hundreds of ruptured
aortas or “leaking” aneurysms in community hospi-
tals (on occasion performing 3 or 4 aortic repairs in
a 24-hour period in 3 or 4 different hospitals), along
with his associates Drs. Robert McCray, Glen
Asselmeier, George Kuzycz, Farouk Hamouda,
Robert Wilson, and Robert Maganini.

. By 1968-1969, CPB was utilized by ourselves for

shock syndromes, such as after a perforated peptic

ulcer with sepsis and profound shock, for resection
of renal tumors invading the inferior vena cava and
right heart, thoracic aortic disease, huge thoracic
tumor resectional surgery, aortic trauma (especially
GSW—gunshot wounds) and other noncardiac
diagnoses [64, 65].

. Then, 17 January 1969: we performed the third human

heart transplantation in our area—108th in the World—
at the Hines V.A. Hospital having performed similar
animal (dog, calf, sheep) procedures in the research
laboratory and meeting with Christian Barnard. The
surgical team included the following surgeons: William
Neville, Roque Pifarre, Robert Lynch, Kushroo Patel,
Raymond A. Dieter, Jr., and William Cox [66].

. 1974: Our private group then initiated a Community

Hospital diagnostic coronary angiographic (Dr. Neil
Agruss), aortocoronary bypass, and valvular heart dis-
ease surgical program with no house staff at Central
DuPage Hospital (DuPage County, Illinois) after the
first coronary angiogram was performed in a patient
with a ruptured thoracic aneurysm in preparation for
surgery by Raymond A. Dieter, M.D. prior to the
availability of CPB. Other early community hospital
procedures, such as coarctation of the aorta correction,
aortorenal, or aortomesenteric grafts, were already
performed along with the closed valvular procedure
by Drs. Robert McCray and Salvatore Nigro in the
1960s at Elmhurst Hospital— a community hospital.

. 1983: We reported on simultaneous traumatic tho-

racic aortic rupture repair in the community hospital
and renal salvage after the renal artery was torn from
the aorta by utilizing a saphenous vein aortorenal
bypass and multiple other injuries, including all
long bone fractures except one, the ruptured liver,
spleen, bladder, diaphragm, etc. [67].

. Multigenerational genetic or familial vascular/aortic

disease with rupture during pregnancy was reported
by us [68]. This was the same year (1983) that we
reported a tracheal - carinal resection with primary
reconstruction for a mucoepidermoid tumor in preg-
nancy [69].

. In 1970, we performed our first and poorly accepted

thoracoscopy by the medical community. Each year
for 20 years, we performed more and more thoraco-
scopic procedures. In 1990, we developed a series of
thoracoscopic (now accepted by MDs) live, 3-day,
hands-on animal seminars for cardiothoracic and
aortovascular surgeons, which led to the publication
of “Thoracoscopy for Surgeons” by Igaku-Shoin
(now Williams and Wilkins) [75]. In our
Thoracoscopy textbook, we discussed performance
of coronary artery surgery with graft intussuscep-
tion or telescoping of the bypass graft into the coro-
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nary vessel as early as the 1960’s at the Hines V.A.
Research Center. The technique was simple and we
did not hesitate to utilize a simple single tacking
stitch to avoid possible graft withdrawal.

T. The transfemoral endovascular procedures and
grafting (EVAR) were initiated and promulgated
worldwide for the aorta, the aortic branch diseases,
and the aortic fistulae after Juan Parodi, in 1990,
accomplished the first human aortic aneurysm trans-
vascular endograft following the early Cleveland
Clinic 1980s EVAR research [70].

U. Similarly, in the 1990s, special diagnostic and thera-
peutic procedure rooms utilizing transarterial and
transvenous catheter angiograms were promulgated,
including those devoted primarily to the aorta or
transaortic procedures. A huge swing in aortic sur-
gery, from the open to the endograft technique, fol-
lowed into the 2000s with development of multiple
new techniques and prosthetics. Ultrasound tech-
niques progressed and enhanced vascular graft,
aneurysm, and potential complication evaluation.

V. We then reported the second endograft placement
for an aortoenteric fistula with shock and hemor-
rhage following multiple nondiagnostic hospital
admissions elsewhere [71].

W. Aortic departments, specialists, and clinics have
developed, coinciding with the therapy and vascular
development programs, as presented by Stephenson
in the Cohn and Edmunds text and by Barr in the
History of Aortic Aneurysms [1, 2, 72].

X. Various authors of this current text and the enclosed
chapters became interested in vascular disease, and
promulgated aortic disease therapy, including
Raymond A. Dieter, Jr. (1961), Raymond A. Dieter,
IIT (1992), Robert S. Dieter (2003) and Aravinda
Nanjundappa (2004) (the latter two under the tute-
lage of Dr. John Laird at the Washington Hospital
Center/Georgetown University). This interest has
led to the production of six reference medical text-
books pertaining to the thoracic and vascular fields
and the care of 1000s of patients.

Y. More recently, genetic research involving patients
with aortic aneurysms continues to develop the con-
cept of molecular and gene therapy to prevent or
reduce aortic aneurysms.

Z. Transaortic paraaortic tumor biopsy has been dis-
cussed, but few such procedures are accomplished.

Conclusion and Future Directions

The preceding outline and time table has progressed from the
early syphilitic aneurysms of 2000 years ago to the current
dedicated aortic facilities and staff. More recently, since the

late 1990s, endovascular (EVAR) and transaortic valve
replacement (TAVR) programs have developed and flour-
ished around the world in both the university and the com-
munity setting for the benefit of the patient. This has
coincided with the development of insurance, government
sponsored healthcare, and Medicaid financial coverage.
Vascular and cardiovascular training programs to provide
experience for the physician and the staff have been
promulgated.

Communication with qualified personnel is now poten-
tially instantaneous and the electronic transmittal of photo-
graphs provides the opportunity for urgent worldwide
assistive advice or instruction. Similarly, new concepts or
device developments are disseminated in a span of months or
weeks. Simultaneously, and as a part of this development,
was the opportunity for industry and business intervention.
With the opportunity to not only recover expenses but to also
realize a significant profit in the provision of new technolo-
gies, vascular physicians have seen a huge resource input by
industry for the successful long term treatment of these criti-
cal aortic diseases in our patients.

The book “100,000 Hearts: A Surgeon’s Memoir,” by
Denton Cooley lists 46 personal contributions, 53 surgical
inventions and products, and 1400 publications related to Dr.
Cooley along with his C-V [73]. The “Giants” in the aortic
and cardiovascular field, including Denton Cooley as men-
tioned above (who provided the foreward for this text) and
Michael DeBakey, were followed by individuals such as
Edward B. Dietrich (1935-2017), who developed a keen
interest in the minimally invasive approach to cardiovascular
disease [74]. Various endografts and techniques were devel-
oped to meet the anatomic variances for the abdominal or
thoracic aorta and its branches. Guidelines for placement of
descending thoracic endografts or structure of the perirenal
aortic graft neck were devised. Committees formed and
widespread input as well as individual entrepreneur concepts
were incorporated in this rapidly changing specialty. Patients
and their families quickly accepted the new line of minimally
invasive aortic treatments.

Diagnosis, presymptomatic, and possible preclinical
treatment has been encouraged. Multiple innovative stents,
endografts, and insertion techniques (percutaneous or ilio-
femoral incision) are under close scrutiny as exemplified by
the large number of major industrial exhibitors at national or
international meetings.

Speakers and researchers submit their cardiovascular con-
cepts, ideas, and results on national platforms for the adult
and the tiny infant. The complications of various techniques
(open or endo) as well as the long term results continue to be
debated and challenged statistically through a large number
of comparative patient studies. When should one intervene
and whether the open or endo procedure is ideal are continu-
ally discussed. What are the risks, especially radiation dose
to the patient, physician, or staff and how to reduce such are
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of equal concern. Endoleaks or infected fistula, ruptured
aneurysms, arch vessels, abdominal branches, follow-up
procedures, embolic stroke, and pediatric vascular emergen-
cies will continue to be treated. Where will the future lead
us? Who will devise and provide the new era therapies? As
early as the mid-1960s, we experimented with sutureless dis-
tal anastomosis or intussusception of a distal end of a graft
for aortocoronary bypass procedures [75]. This was aban-
doned for sutured anastomosis but has been utilized more
recently for venous outflow in end-stage renal disease by
others [76].

It is exciting and challenging to consider the future of aor-
tic disease and its treatment in the era of minimally invasive
disease therapy. Balloons, covered grafts, custom fenestrated
grafts, genetic modifications, and parallel grafts are only the
beginning as demonstrated by Stephenson and Ruggiero in
their text of heart surgery classics [72]. These all show a con-
tinued improvement from Stone’s discussion of syphilitic
cardiovascular disease [77]. The dedicated healthcare
team—nurses, technicians, manufacturers, physicians, and
many more—will continue developing this rapid and chang-
ing environment for the benefit of our patients. Dr. Carabello,
Professor of Medicine, Chief of Cardiology at East Carolina
University stated, in the June 2017 Chest Physician (page
19), “We’ve spent $2 billion looking for a percutaneous
mitral valve replacement and wonders if this makes sense.”
Huge resources and analytic minds will be applied to the
challenges for future disease minimization with the hope for
success for such concepts as gene therapy and molecular sur-
gery to reduce or prevent the occurrence of an aortic aneu-
rysm. Will gene editing of DNA become an aortic reality for
aortic disease prevention? The future is already here for
some diseases with the utilization of the transfemoral intra-
aortic blood pump (Procyrion Aortix™) for chronic heart
failure patients and lithoplasty for calcified vessels (Disrupt
PAD III). These are exciting times.

Acknowledgment Thank you to Lynn Murawski, organizer and typist,
for this extensive timeline.
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Development of the aorta occurs during the third week of ges-
tation. At this time, isolated vascular islands coalesce into
plexuses to form the (initially) paired aortae. Each primitive
aorta consists of a ventral and dorsal segment. The ventral and
dorsal segments of the primitive aorta are continuous through
the first aortic arch (Fig. 2.1). The aortic sac is formed from the
fusion of the two ventral aortae and the descending aorta by
fusion of the dorsal aortae. A six-paired system of aortic arches
sequentially develops in cranio-caudal fashion between the
ventral and dorsal aortae providing blood flow from the car-
diac ventricles to the embryonic circulatory system. In addi-
tion, the dorsal aorta gives off several intersegmental arteries
(Fig. 2.2).
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Vasculogenesis and Angiogenesis

Vasculogenesis is the de novo formation of endothelial cells
from mesodermal precursors in the embryo. The process
forms the extraembryonic yolk-sac vasculature, paired aor-
tas, endocardium, and vascular plexus of the embryo, all
before the onset of blood circulation. Angiogenesis, the rapid
expansion and remodeling of the vasculature, subsequently
occurs. This involves endothelial cell sprouting, vessel
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Fig.2.1 The primitive aorta
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branching, and intussusception from existing blood vessels.
This process involves complex regulatory cascades.

Aortic Arch Development

Aortic arch development includes the sequential develop-
ment and then partial involution of six arch pairs which arise

Fig. 2.2 The six-paired
system of aortic arches

Aorta

Subclavian
a.

Truncus
arteriosus

from paired dorsal aortae and fuse distally [1]. The ventral
and dorsal segments of the primitive aorta are continuous
through the first aortic arch. The second pair of aortic arches
makes their appearance in the middle of gestation week 4.
They give rise to the stapedial and hyoid arteries (Table 2.1).
The first and second pairs of aortic arches regress rapidly and
are not seen after day 31. The third pair of vascular arches
arise by the end of week 4. Then, the common carotid and
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proximal portions of the internal carotid arteries arise from
the third pair of aortic arches. The internal carotid arteries
are attached to the cranial portions of the dorsal aortas, which
form the remainder of the carotid artery. Next, the fourth pair
of arches develops. Interestingly, their development differs
depending on the side of the arch discussed. On the right
side, the fourth arch forms the proximal portion of the right
subclavian artery. The distal portion of the subclavian artery
then forms from the right dorsal aorta. The right primitive
ventral aorta forms the brachiocephalic arterial trunk and the
first portion of the aortic arch. On the left side, the fourth
arch becomes the arch of the aorta and is continuous with the
primitive left dorsal aorta. The left subclavian artery arises
directly from the aorta. Of note, in mammals, the fifth aortic
arches are rudimentary and either degenerate or may never
even develop. The sixth pair of arches arise by the middle of
week 5 and give rise to the left and right pulmonary arteries.
Once pulmonary vasculature is established, the communica-
tion between the primitive dorsal aorta and the pulmonary
arteries regresses. On the right side, the regression is total
and complete. On the left side however, the distal portion of
the left arch remains in communication with the dorsal aorta
until birth, forming the ductus arteriosus. The ductus arterio-
sus diverts blood from the pulmonary artery to the aorta. In
the neonatal period, the functional duct becomes the ana-
tomic ligamentum arteriosum (Table 2.1 and Fig. 2.3).

Aortic Arch Anomalies

Most aortic arch anomalies are secondary to abnormal reten-
tion or disappearance of various embryonic vascular
segments.

Patent Ductus Arteriosus (Fig. 2.4)

During intrauterine life, the ductus arteriosus allows for blood
flow between the pulmonary artery and aorta. In full-term
infants, the duct usually closes within the first two days of life.
Persistence of the ductus arteriosus postnatally often occurs in

Table 2.1 Correspondence of embryonic aortic arch arteries to their
derivative adult counterparts

Embryonic ~ Adult

Aortic arches

1 Maxillary artery (portion of)

2 Stapedial artery (portion of)
Hyoid artery (portion of)

3 Right and left common carotid arteries (portion of)
Right and left internal carotid arteries

4 Right subclavian artery (portion of)
Arch of the aorta (portion of)

5 Regresses in humans

6 Right and left pulmonary arteries (portion of)

Ductus arteriosus

premature infants caused by delayed ductal involution [1].
Closure of the ductus involves the prostaglandin cascade as
well as mitochondrial oxygen sensing and altered voltage-
gated potassium channels. However, the direct pathogenesis of
ductal patency has not yet been defined. Ductal patency is two
to three times as common in girls as in boys, with most of the
cases occurring as isolated defects. However, persistence of a
large ductus arteriosus may occur in association with a variety
of congenital cardiovascular malformations. Typical concomi-
tant findings are left ventricle hypertrophy and pulmonary
artery dilation. A persistent ductus arteriosus may also be
associated with coarctation of the aorta, transposition of the
great vessels, and ventricular septal defects.

Coarctation of the Aorta

Coarctation of the aorta is defined as a luminal narrowing of
the aortic arch, usually posterior and adjacent to the insertion
of the ductus arteriosus. Less frequently, coarctation can
occur proximal to the left subclavian artery. The discrete nar-
rowing results in at least a 20 mm Hg gradient across the
coarctation and occurs two to five times more frequently in
males than females. It is responsible for up to 8% of all car-
diovascular congenital defects. Simple coarctation is the most
common form. It may be detected de novo in adults and is not
associated with other malformations. Complex coarctation is
often associated with abnormal aortic valve (AV) morpholo-
gies (50-80% of cases of bicuspid AV), abnormal dimensions
of the transverse aortic arch (isthmus), and abnormal ante-
grade left ventricular output in utero. It can also be seen with
ventricular septal defects, patent ductus arteriosus, parachute
deformity of the mitral valve, and circle of Willis cerebral
artery aneurysm (berry aneurysm; 10% of cases).

Aortic pseudocoarctation is a rare congenital anomaly
resulting from kinking and buckling of an excessively elon-
gated aorta [2]. Pseudocoarctation is not usually associated
with an aortic aneurysm. Aortic atresia, or complete inter-
ruption of the aorta, is usually lethal unless it is treated surgi-
cally within the first month of life.

The etiology of aortic coarctation is not known. Proposed
theories for the development of congenital aortic coarctation
include: the flow theory, the reduction of antegrade intrauter-
ine blood flow causing underdevelopment of the aortic arch;
the ductal theory, constriction of ductal tissue extending into
the thoracic aorta; and simply a primary defect of the aortic
wall. Acquired causes include inflammatory processes such
as Takayasu arteritis and severe atherosclerosis (Fig. 2.5).

Right Aortic Arch (Fig. 2.6)

In the right aortic arch anomaly, the right rather than the left
dorsal aorta is maintained in its entirety. The most common
type is the right arch in which there is an aberrant left subcla-
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Fig. 2.3 Development of the aortic arch system. Sizes of embryos: (a)
3 mm, (b). 4 mm, (¢). 10 mm; the first two aortic arches have regressed;
the third, fourth, and sixth are present; and the truncoaortic sac has been
divided by the formation of the aortopulmonary septum, so that the
sixth arches are now continuous with the PT. (d). 14 mm; the dorsal
aortas, between the third and fourth arches, have disappeared, and the
third arch begins to elongate; the right sixth arch has disappeared, but
the left sixth arch persists as the ductus arteriosus. (e). 17 mm; the right

vian artery [3]. The vessels originate in the following order:
left common carotid, right common carotid, right subclavian,
and left subclavian artery. This type is rarely associated with
congenital heart disease. Symptoms can result from vascular
ring formation. The mirror-image type (branching pattern of
the aortic arch is the mirror image of normal — left brachio-
cephalic trunk, right common carotid, and subclavian arter-
ies) is almost always associated with congenital heart
disease, especially cyanotic heart disease. In this case, the
arch lies anterior and to the right of the trachea and
esophagus.

dorsal aorta has become atrophic between its junction with the left dor-
sal aorta; the origin of the right seventh intersegmental artery has now
become attenuated and later disappears; the remaining components of
the right dorsal aorta and right fourth aortic arch form the proximal
subclavian artery. (f). neonate; the distal part of the left sixth aortic arch,
the ductus arteriosus, normally involutes to form the ligamentum arte-
riosum. Art. artery, Lt. left, Rt. right

Double Aortic Arch (Fig. 2.7)

Double aortic arch is the result of persistence and continued
patency of the segment of the right dorsal aorta between the
origin of the right seventh intersegmental artery and its junc-
tion with the left dorsal aorta, allowing for an ascending
aorta that divides anterior to the trachea and esophagus, with
one arch coursing to the left and one to the right. The arches
completely encase the trachea and esophagus and rejoin pos-
teriorly to form the descending thoracic aorta. This encase-
ment can exert a compressive effect and lead to symptoms.
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The double aortic arch patient often becomes symptomatic
in the first few weeks of life secondary to this constriction,
causing airway compression. The most classic sign is nonpo-
sitional stridor that is not relieved by bronchodilators. Double
aortic arch can also lead to feeding problems, due to com-
pression of the esophagus. Rarely, this can present with other
congenital malformations, including ventricular septal

aa

pt

Fig. 2.4 Schematic drawing of a patent ductus arteriosus. Bt brachio-
cephalic trunk, lc left carotid artery, Is left subclavian artery, aa aortic
arch, pt pulmonary trunk, * ductus arteriosus

Fig. 2.5 Coarctation causes
severe obstruction of blood
flow in the descending
thoracic aorta. The
descending aorta and its
branches are perfused by
collateral channels from the
axillary and internal thoracic
arteries through the intercostal
arteries (arrows)

Ligamentum
arteriosum

Ascending
aorta

Pulmonary
artery

defect, atrial septal defect, patent ductus arteriosus, and
tetralogy of Fallot. Double aortic arch can be categorized as
dominant right, dominant left, or balanced arches.

Interrupted Aortic Arch

Interrupted aortic arch results from a complete interruption
or atresia of a segment of the aortic arch [4]. It is classified
into three subtypes based on the anatomic location of the
atretic segment, known as the Celoria and Patton classifica-
tion (Fig. 2.8). Type A, the arch interruption occurs distal to
the left subclavian artery (1/3 of cases). Type B, the interrup-
tion occurs between the left subclavian artery and the left
common carotid artery (most common; nearly 2/3 of cases).
Type C, interruption occurs proximal to the origin of the left
common carotid artery (least common; around 1% of cases).
Clinically, the presentation is similar to that of coarctation.
Patients remain stable as long as the ductus arteriosus
remains patent. This anomaly has been associated with sin-
gle ventricle, ventricular septal defect, left ventricular out-
flow tract obstruction, anomalous right subclavian artery,
aortopulmonary window, truncus arteriosus, and transposi-
tion of the great vessels.

Anomalous Right Subclavian Artery (Fig. 2.9)

The origin of the right subclavian artery is from the right
fourth aortic arch, the dorsal portion of the aorta, and the sev-

Axillary artery

Coarctation

Intercostal
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Internal
thoracic
artery

Descending
aorta



14 R. Kaoukis et al.

Fig. 2.6 (a) Right aortic arch

with aberrant left subclavian LCCA
artery. (b) Right aortic arch R.SA. R.SA
with mirror-image branching
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Fig. 2.7 Double aortic arch ﬁ Trachea
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Fig. 2.8 Celoria and Patton classification of interrupted aortic arches
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enth intersegmental artery. When this patterned segment is
absent, the right subclavian artery can arise from the aortic
arch distal to the left subclavian artery [5]. This can only
occur if the right dorsal aorta, between the origin of the right
seventh intersegmental artery and the junction with the left
dorsal aorta, is maintained, so as to form the proximal portion
of the right subclavian artery. An anomalous right subclavian
artery arising from the proximal portion of the descending
thoracic aorta is the most common aortic arch anomaly [6].
However, few patients have clinical symptoms directly attrib-
utable to this anomaly. Symptoms that do occur, like airway
obstruction and dysphagia, are rare without aneurysmal
degeneration of the vessel. Most patients with dysphagia, but
without aneurysmal changes, are infants [7].

Absent Left Pulmonary Artery

The left pulmonary artery can be absent when it arises from
a left-sided ductus arteriosus (or ligamentum arteriosum), as

Fig. 2.9 Schematic of
aberrant (anomalous)
subclavian artery. The shaded
arterial segment represents
normal right subclavian artery
formation in top row and
anomalous formation in the
bottom row

R. subclavian a.

7" intersegmental a.

R. subclavian a.

a result of abnormal disappearance of the proximal left sixth
arch.

Absence of one of the pulmonary arteries in itself pro-
duces few or no symptoms. If there is no associated cardiac
defect, patients may present with slight dyspnea, exercise
intolerance, cough, recurrent respiratory infections, pulmo-
nary hypertension in the contralateral lung arteries, or occa-
sional hemoptysis due to the bronchial arterial supply to the
affected lung. However, most patients are asymptomatic, and
the diagnosis is first suggested by the appearance of the
involved lung on a routine chest radiograph. The ipsilateral
lung will be smaller than normal, and the contralateral lung
will be overinflated and may herniate across the midline [8—
10]. When associated with congenital heart disease, it can be
seen with right-sided aortic arch, septal defects, truncus arte-
riosus, and tetralogy of Fallot. Patients who have congenital
heart disease and a unilateral absent pulmonary artery usu-
ally present with symptoms that are due to their congenital
heart lesions.

Aberrant r.
subclavian a.

L. subclavian a.
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Normal Aortic Anatomy

The aorta is the largest artery of the human body. Though a
continuous structure, for the sake of clinical reference, the
aorta is divided logically into the ascending, arch, descend-
ing, suprarenal, and infrarenal divisions, and terminates at
the iliac bifurcation.

Less than two millimeters (mm) thick in young adults, the
aortic wall is, nevertheless, highly resilient [11]. Various
modalities (direct observation, ultrasound, CT scan, and MRI)
have been used to determine norms for external and internal
diameters [12]. In one CT study, mean internal and external
aortic diameter for the ascending aorta at end systole in “nor-
mal” individuals of both sexes were assessed with findings as
follows: external diameter of 35.6, 38.3, and 40 mm for
females and 37.8, 40.5, and 42.6 mm for males in age groups
2040, 41 to 60, and above 60 years, respectively [13], and
internal diameter of 38.0, 40.7, and 42.4 mm for females and
40.2, 42.9, and 45.0 mm for males in the same age brackets.

Of course, as volume is carried away by branching mus-
cular arteries arising in its distal course, the volume in the
aorta, and hence its diameter, decreases. Age, sex, and size
are important covariants as demonstrated in Table 2.2 [14].

A Danish study to establish ultrasonic norms for the
abdominal aorta demonstrated a mean suprarenal aortic
diameter of 18.4 mm for male vs.16.6 mm for females and
for the distal aorta, 16.0 mm vs. 13.7 mm, respectively [15].

The aorta demonstrates the tri-layer pattern seen in all
vessels apart from capillaries — tunica intima, tunica media,
and tunica externa. The aorta is the prototype “elastic artery”
featuring an incredibly thick tunica media rich in smooth

muscle and elastic fibers. In fact, the aorta is so thick that it
requires its own nutritive capillary network, the vasa vaso-
rum. In dogs, it has been shown that the percent smooth
muscle volume varies little across the arterial tree (45-55%),
but the aorta has a dramatically greater elastic tissue volume
(22.6%) [16].

Ventricular ejection is a very energetic event, and a small
but significant portion of the energy is briefly sequestered in
the stretching of aortic elastic fibers. This energy is returned
an instant later as elastic recoil, sustaining flow to coronary
arteries and peripheral vessels beyond systole into diastole
(Windkessel effect). This also means that the same flow is
delivered at a lower systolic pressure than would be the case
for an inelastic tube, so the aorta is not simply a pipe. With
aging, the aorta does in fact become more “pipelike,”
accounting, at least in part, for the higher peak systolic pres-
sures and widening of pulse pressure as years advance [17].
Ultrasound observations of the abdominal aorta confirm a
loss of pulsatile expansion with age [15].

Histologically, the aging aorta is characterized by thick-
ening and atherosclerosis of the intima, along with cystic
necrosis, elastin fragmentation, fibrosis, and medial necrosis
of the media as well as fibrosis in adventitia. These changes
of aortic aging decrease aortic elasticity (distensibility) [14].

Thoracic Aorta

The thoracic aorta’s greatest relational complexity occurs
within the mediastinum. It anchors in the transverse fibrous
skeleton of the heart and its ascending segment lies within
the pericardium. It ascends from the annulus in intimate rela-

Table 2.2 Gender-specific effects of obesity on regional aortic diameter — data presented as mean with normal range (+/— 2SD)

Aortic diameter (mm)

Aortic valve annulus
Sinus of Valsalva
Sino-tubular junction
Ascending aorta

Proximal descending aorta
Distal descending aorta
BMI (kg/m2)

BSA (m2)

Aortic valve annulus
Sinus of Valsalva
Sino-tubular junction
Ascending aorta

Proximal descending aorta
Distal descending aorta
BMI (kg/m2)

BSA (m2)

Normal weight

24.0 (18.8-29.2)
32.2 (24.6-39.8)
24.9 (18.1-31.7)
26.6 (18.2-35.0)
20.4 (14.6-26.2)
17.4 (12.0-22.8)
22 +/—1.7

1.9 (+/=0.1)

20.2 (17.0-23.4)
27.6 (22.0-33.2)
21.7 (16.7-26.7)
24.8 (17.6-32.0)
18.6 (14.6-22.6)
16.1 (14.1-18.1)
22.0 (+/—1.6)
1.7 (+/=0.1)

Overweight Obese ANOVA p
Male

24.7 (19.5-29.9) 25.7 (20.7-30.7) <0.05
32.9 (25.3-40.5) 33.3 (25.3-31.3) <0.05
25.8 (17.0-34.6) 25.9 (19.1-32.7) <0.05
27.8 (18.8-36.8 28.6 (23.2-34.0) <0.01
21.2 (15.6-26.8) 22.1 (16.5-27.7) <0.01
18.3 (12.7-23.9) 19.0 (14.8-23.2) <0.01
27 +/-1.6 34 +/-4.8 <0.01
2.0 (+/-0.1) 2.3 (+/-0.2) <0.01
Female

21.7 (18.5-23.9) 21.6 (17.6-25.6) <0.01
28.6 (21.6-35.6) 27.8 (22.2-33.4) <0.05
22.5 (16.5-28.5) 22.3 (16.5-28.1) <0.05
26.7 (19.3-34.1) 26.9 (19.3-34.5) <0.01
19.5 (14.9-24.1) 20.1 (15.5-24.7) <0.01
16.9 (14.7-19.1) 17.6 (15.7-19.5) <0.01
27.0 (+/-1.5) 37.0 (+/—-4.8) <0.01
1.8 (+/-0.1) 2.0 (+/-0.2) <0.01
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tion to the pulmonary artery to the left with the remaining
circumference hugged by the right atrium. Its first branches,
the coronary arteries, run to the right and left within the
atrioventricular sulcus.

As it ascends from the annulus it points just a bit right-
ward and anterior, in the axis of the heart, and so runs ante-
rior to the posteriorly arching pulmonary trunk to the left and
vena cava on the right.

Crossing the left right pulmonary artery, it ascends for
approximately five centimeters (cm) where the pericardium
fuses with the adventitia as it transitions to the arch. Overlying
this pericardial sheet anteriorly is the thymic remnant.

The general orientation of the arch is from right to left and
from anterior to posterior. It is a place of significant turbulence
as red cells are shouldering one another around the geometric
challenge of the arch and the orifices of the brachiocephalic,
left carotid, and left subclavian arteries. The resultant micro-
trauma to the endothelium (tunica intima) contributes to
endothelial dysfunction and makes this a site for early (and,
often, eventually severe) atherosclerotic transformation [18].

On the lesser curve of the arch, typically just beyond the
origin of the left carotid, is a thick, fibrotic tether to the pul-
monary trunk bifurcation, the ligamentum arteriosum (LA).
Just distal to the LA, the left vagus nerve sends the recurrent
laryngeal nerve looping from posterior to anterior around the
aorta.

Beyond the left subclavian artery, the arch moves poste-
rior, transitioning to the descending aorta (T4-T5 interverte-
bral level) which parallels the spine on its downward journey
through the diaphragmatic aortic hiatus where it emerges as
the abdominal aorta. Throughout the length of the descend-
ing thoracic and abdominal aorta, small posterolateral
branches emerge to supply various thoracic and abdominal
structures (intercostal, subcostal, mediastinal, bronchial, dia-
phragmatic, esophageal, pericardial, and lumber) (Figs. 2.10
and 2.11).

Before moving on to the abdominal aorta, it is worth
noting that congenital variations in the thoracic aorta are
not rare. In fact, the most common congenital arterial
anomaly is a bicuspid aortic valve, existing in roughly 1%
of the population and leading to premature valvular dys-
function. Deviations from the typical brachiocephalic-left
common carotid-left subclavian orientation of the great
vessels are not rare and, of course, patent ductus arterio-
sus occurs in 2/1000 term births and 8/1000 premature
births [19].

Abdominal Aorta

Just beyond the diaphragmatic aortic hiatus, from the ante-
rior aortic wall, the celiac trunk and superior mesenteric

Fig. 2.10 Anterior anatomic dissection of the aorta from aortic valve
to aortic bifurcation with labeling of all branches (numbering). 1. Aorta;
2. Left coronary artery; 3. Right coronary artery; 4. Internal thoracic
arteries; 5. Brachiocephalic trunk (innominate), (a) Right subclavian
artery and (b) Right common carotid artery; 6. Left common carotid
artery; 7. Left subclavian artery; 8. Ligamentum arteriosum; 9. Aortic
arch; 10. Thoracic intercostal arteries; 11. Celiac trunk, (a) Left gastric
artery, (b) Splenic artery, and (c) Hepatic artery; 12. Inferior phrenic
arteries, (a) Superior suprarenal arteries; 13. Superior mesenteric artery;
14. Middle suprarenal artery (left only); 15. Renal artery, (a) Inferior
suprarenal arteries; 16. Gonadal (testicular or ovarian) arteries; 17.
Inferior mesenteric artery; 18. Common iliac arteries; 19. External iliac
arteries; 20. Internal iliac arteries; 21. Median sacral artery; and
22. Third and fourth lumbar arteries

artery (SMA) arise in quick succession. Typically, just below
the level of the SMA, the left and right renal arteries come
off the aorta laterally, though it must be noted that renal
arteries not infrequently show significant variation in loca-
tion and number. Multiple (typically two) renal arteries on
one or both sides may exist. Gonadal arteries arise anterolat-
erally and typically a few centimeters inferior to the renal
arteries.
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Fig. 2.11 Posterior anatomic dissection of the entire adult aorta from
the aortic valve to aortic bifurcation with labeling of all branches. 1.
Aorta; 2. Left coronary artery; 3. Right coronary artery; 4. Internal tho-
racic arteries; 5. Brachiocephalic trunk (innominate), (a) Right subcla-
vian artery and (b) Right common carotid artery; 6. Left common
carotid artery; 7. Left subclavian artery; 8. Ligamentum arteriosum; 9.
Aortic arch; 10. Thoracic intercostal arteries, (a) T11 and (b) T12. 11;
Celiac trunk, (a) Left gastric artery, (b) Splenic artery, and (c) Hepatic
artery; 12. Inferior phrenic arteries, (a) Superior suprarenal arteries; 13.
Superior mesenteric artery; 14. Middle suprarenal artery (left only); 15.
Renal artery, (a) Inferior suprarenal arteries; 16. Gonadal (testicular or
ovarian) arteries; 17. Inferior mesenteric artery; 18. Common iliac
arteries; 19. External iliac arteries; 20. Internal iliac arteries; 21.
Median sacral artery; and 22. Lumbar arteries, (a) L1, (b) L2, (c) L3,
and (d) L4

The inferior mesenteric artery (IMA) is the last major
branch to arise from the anterior aortic wall and supplies the
hind gut just as the celiac trunk supplied the foregut and the
SMA the midgut. It arises substantially distal to the renal
and gonadal vessels at the level of L3, approximately 5 cm
above the iliac bifurcation. It is also very susceptible to ath-
erosclerotic occlusion in the elderly, and in such cases, may
be an asymptomatic finding or may be a source for the

development of ischemic colitis. Numerous lumbar arteries
arise from the aorta. The middle (median) sacral artery is
typically the last branch at the level of the aorto-iliac
bifurcation.
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Pathophysiology of Ascending Aortic
Aneurysm and Dissection

Thomas E. Gaines and Lauren Benner Grimsley

Involvement of the ascending aorta is the distinguishing
characteristic of type A aortic dissection. Type A dissection
remains a highly lethal event with in-hospital mortality rates
of 17-26% [1]. Type A dissections occur from childhood to
old age with a mean age at presentation of 62 years [1].
Dissections commonly occur in patients with ascending aor-
tic aneurysms but occur unpredictably in patients with mini-
mal or no aortic enlargement. Most dissections occur in the
setting of hypertension [2]. Currently prophylactic ascend-
ing aortic surgery and control of hypertension are the main-
stays of treatment prior to the onset of dissection. Ascending
aortic surgery for acute type A dissection remains the pre-
ferred approach with better survival than medical treatment
even in the very elderly [1]. The intent of this chapter is to
provide an overview of the pathophysiology of type A dis-
section and ascending aortic aneurysms. The following top-
ics are included in the discussion:

e Aortic structural mechanics and function

e Developmental biology

e Micromechanics and microstructure

e Histology and ultrastructural changes in aneurysms and
dissections

e Mechanics
aneurysms

e Ascending aorta postulates

and prediction models of ascending
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Aortic Mechanics and Function

The ascending aorta is a conduit but more than that, part of
an essential compliance chamber heavily dependent upon
preservation of its elastic elements. Ventricular pulsation
delivers a bolus of blood and with it a pulse wave of pressure
and flow that repeats with each systole. However, rather than
unmitigated pulsatile flow with potentially injurious peak
pressures and the associated energy costs to the heart of
accelerating the blood mass with each cycle, flow becomes
nearly continuous as it reaches peripheral exchange vessels.
Much of this amplitude dampening occurs in the proximal
aorta and the flow pulse amplitude decreases markedly by
the time it reaches the femoral arteries [3]. The compliance
chamber of the proximal arterial system expands during sys-
tole and then recoils elastically to maintain diastolic blood
pressure and flow in the peripheral circulation. A conceptual
model relating pressure and flow in the arterial system is
termed the Windkessel (“air chamber”). The model posits a
pump with a compliance chamber connected in parallel with
a resistance vessel [4]. The model and constitutive equations
have been modified by expanding the original two elements,
compliance and resistance, to include impedance and inertial
terms and maps well to empirical data [5, 6]. Disturbances in
the Windkessel properties of the ascending aorta, primarily a
loss of elasticity (compliance), occur with disease and aging,
resulting in upstream effects on the heart and downstream
hypertensive vascular and end organ damage [6, 7].

Elastic properties are characterized by the behavior of the
material or structure under conditions of loading. For pure
elastic deformations where the material returns to its original
state, the relationship between stress or load and strain or
deformation is linear and can be expressed by the relation-
ship E = Stress/strain, where E is constant and is termed
Young’s modulus of elasticity. Young’s modulus is an intrin-
sic material property. The higher the modulus of elasticity,
the stiffer is the material. Materials also have a yield point
where additional strain results in plastic deformation from
which the material does not return to its original state.
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Further strains beyond the yield point lead to a point at which
rupture occurs, and this point defines the tensile strength of
the material. The elastic behavior of arteries, however, is
non-linear, and the stress/strain curves at lower strains show
larger deformations relative to load than the values at higher
strains [3]. The curve is “J shaped” (Fig. 3.1). That is, the
more the strain after a certain threshold is reached, the stiffer
the artery wall. This occurs because elastic fibers whose pri-
mary structural component is elastin are first tensioned,

&
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stress strain relationship

Pressure
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Sigmoidal rubber tube
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Fig. 3.1 TIllustration of the shape of the stress/strain relationship in
arteries and in rubber tubes. The elastomeric properties of isolated elas-
tin are similar to those of rubber polymers. Stress is expressed as pres-
sure which is related to wall tension by the law of Laplace as described
in the text, and the volume of a cylindrical element is proportional to the
square of the radius of that element. The rubber tube is subject to unsta-
ble expansion and aneurysm formation when the pressure and volume
in the tube exceed a threshold value as one who has ever blown up a
balloon or distended a pure rubber hose can attest

while collagen fibers that are much stiffer remain slack.
Nearer the limit before the tissue ruptures, collagen fibers
come under tension, and there is very little strain for large
changes in stress. An incremental modulus can be described
for a specified level of strain and is termed E;,, represented
by the slope of a line tangent to the curve at that strain. The
elastic modulus is itself dependent on strain.

Testing of isolated ascending aortic strips from undis-
eased human aortas gives a tensile strength of 2.18 MPa with
strips oriented circumferentially and 1.14 MPa with longitu-
dinal strips. The tensile strength decreases in an older age
group (mean age 51 vs. 25) to 1.20 MPa and 0.66 MPa,
respectively. The maximum stretch ratio (4, defined by length
at load/length at initial state) observed at tissue failure was
about 2.35 for circumferential strips and 2.0 for longitudinal
strips in the younger group and about 1.8 and 1.7, respec-
tively, in the older group [8] demonstrating remarkably com-
pliant material and large strains. Based on these results
which have been confirmed in animal models [9], the young,
healthy aorta is anisotropic, that is, that mechanical proper-
ties are dependent upon the direction of loading. Anisotropy,
in addition to tensile strength and compliance, diminishes
with age, likely as a result of adverse remodeling of the wall
structure.

The mechanical shape of the ascending aorta can be
approximated by a cylinder of inner radius r;, outer radius r,,
and thickness ¢ and with internal pressure P. The average
circumferential (Kirchhoff) wall tension at an equilibrium
condition, 7y, can then be expressed by the relation [10]:

T, =Pr/tA]

where A is the circumferential stretch ratio. This is the famil-
iar “law of Laplace” implying that the wall tension in an
aneurysm is proportional to the product of the radius and the
blood pressure.
The cylinder is also subject to longitudinal (or axial)
stress 7,, given by the relation:
Pr,

SR N— 10
CRTers yeaail)

where F([) is the sum of longitudinal forces in addition to P
as described below, and 4, is the longitudinal stretch ratio.

In the simple case of a thin-walled, closed cylinder, with
small deformations and no force other than internal pressure,
the stretch ratios are close to 1, the inner and outer radiuses
are almost equal, and the longitudinal stress would be about
half the circumferential stress.

Wall shear stress 7, is a function of blood flow Q and
viscosity u [11].
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Assumptions of this simple model include that the aortic
wall is incompressible and that strains are uniform across the
thickness of the aortic wall. The former is a reasonable
assumption for the aorta and implies that the wall thins as it
expands circumferentially and longitudinally. The latter may
not be a reasonable assumption since radially oriented stress
and strain gradients within the aortic wall may contribute to
the formation of dissection planes within the media. A prop-
erty of the aortic media is that of residual strain and this does
tend to normalize the distribution of strain across the thick-
ness. Residual strain (or stress) consists of compression in
the inner layers of the wall and tension on the outer layers
and is likely caused by differential growth of the layers. This
phenomenon can be demonstrated with cylindrical segments
of aorta that, when cut open longitudinally, tend to turn
inside out. This is quantified by the “opening angle” thus
formed [11, 12] (Fig. 3.2). Under physiologic conditions,
in vivo, it is estimated that the ascending aorta maintains a
longitudinal strain of about 10% increasing to 15-20% at
points in the cardiac cycle due to the motion of the heart [11].
Thus arteries are “prestressed” circumferentially and “pre-
stretched” axially apart from the other loading forces of the
circulatory system.

At physiologic pressures and in normal arteries, it has been
empirically determined that the ratio of internal radius to wall
thickness is between 7:1 and 10:1 [13]. Using the equation for
circumferential wall tension above, the wall tension is then
7-10 times the blood pressure at the normal size of the artery.
If the systolic blood pressure were 120 mmHg, or about

Fig.3.2 Cylindrical model
of aorta. (a) represents a
segment of aorta opened
longitudinally under a
condition of no externally
applied load. Z* is the
unstressed length of the
segment, and R‘* and R: are
the inner and outer radii of the
cylinder wall. In this case,
with the opening angle alpha
greater than 180°, Ri* is
greater than R: . (b) is the
segment unloaded, and (c) is
the segment under load. 4, is
the stretch ratio. That is the
ratio of the length under load
to the length at no load.
(From: Okamoto et al. [12].
Reprinted with permission
from Elsevier)

0.015 MPa, the circumferential wall tension in systole would
reach about 0.11-0.15 MPa or an order of magnitude lower
than the tensile strength of a healthy aorta. If, however, the
aortic diameter is doubled from 2.5 to 5 cm, the systolic wall
tension would double up to 0.3 MPa (unless the structural
thickness also doubled), and while still well below the tensile
strength, if hypertension were added by raising the blood pres-
sure to 220 mmHg, the circumferential wall tension rises up to
0.58 MPa, and the longitudinal wall tension would be at least
half that or about 0.3 MPa. With a longitudinal tensile strength
of 0.66 MPa, the ratio of tensile strength to wall stress has
gone from 10:1 to no better than 2:1, and that is even in the
absence of thinning and degeneration of the wall.

The composite aortic stress/strain relationship with a
more compliant elastin region and increasing stiffness as col-
lagen is tensioned overcomes a difficulty intrinsic to the elas-
ticity of simpler elastic materials that function at large
strains. Rubber is such a material and has elastic properties
very similar to isolated elastin. This kind of material is some-
times referred to as hyperelastic. For such a material, a plot
of wall tension and radius can be generated for the stress/
strain relationship. With a rubber tube this results in a
sigmoid-shaped curve with a flat midrange portion that cor-
responds to a very large change in radius for a relatively
small increment of wall tension. This is the difficulty: When
loaded (or pressurized) to a certain critical point, there is
suddenly a very large increase in diameter, much as one sees
with the aneurysmal inflation of a balloon or rubber hose [3]
(Fig. 3.1). The non-linear, J-shaped stress/strain relationship
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both provides the Windkessel and is an essential mechanism
to avoid arterial aneurysms that might be associated with
physiologic range blood pressures.

Longitudinal stress in the aortic wall is more complicated
than the longitudinal stress seen in a simple closed cylinder
model where it would be about half the circumferential
stress. The forces acting to create axial strains include not
only intraluminal pressure but the tethering of aortic arch
branches and of the aortic root as well as displacement of the
heart. On viewing cine aortagrams, a displacement of as
much as 14 mm was detected, and a resultant 50% increase
in longitudinal wall stress was predicted 2 cm above the
sinotubular junction. A similar increase in longitudinal wall
stress can be predicted in the absence of aortic root displace-
ment by raising the systolic blood pressure to 180 [14]. The
visible and tactile effects of hypertension on the ascending
aortic wall are quite dramatic as any cardiac surgeon can
attest.

Creep is a material property of importance in sustained
and repeated loading of organic materials [15] and there-
fore of the arterial system, especially with aging. There is
very little turnover of elastin and collagen after early
growth and development [7] rendering tissues dependent
upon these elements subject to repeated micro-injury, and
this process likely contributes to the gradual elongation
and dilation of aging arteries. Resistance to damage
resulting from cyclic loading of aortic tissue is an essen-
tial property and a result of the evolutionary background
of vascular tissues. Given, however, the low turnover of
collagen and elastin, fatigue damage is likely to play a
major role in the life history of the aorta. Fracture tough-
ness in pig aortas declines after a million loading cycles
[16], and mitral chordae tendineae, another elastic circu-
latory structure exposed to extreme cyclic loading, exhibit
micro-cracks, loose their organized collagen structure,
and show an increased creep rate associated with mechan-
ical fatigue [17].

Developmental Biology of the Ascending
Aorta

The pathophysiology of ascending aortic aneurysms and
dissections begins in perturbations of the complex genetic
and microenvironmental processes of the developing aorta.
From the earliest stages, there are significant phenotypic
differences among cell populations from one region of the
aorta to the next. The boundaries of these regions are quite
distinct and consistent for both murine and human aortas
and in other species that have been studied. The phenotype
in each region corresponds to a particular embryonic site
of origin [18-21]. These cellular phenotypes manifest dif-

fering responses to cellular and intercellular signaling and
are associated with differing mechanical properties, struc-
tural defects, and responses to injury and aging in different
regions of the aorta. Ascending aortic disease primarily
involves degenerative aneurysms and dissections that very
often have little inflammatory or atherosclerotic compo-
nent, while the more distal aorta is affected commonly by
atherosclerotic lesions with a major inflammatory
component.

Patterns of gene expression characteristic of groups of
cells at various points in the course of embryonic develop-
ment can be used to distinguish cells and trace their embry-
onic lineage. Multiple intra- and extracellular signaling
mechanisms can be observed that control gene expression.
Studies involving human embryonic stem cells as well as
genetically altered zebra fish and mouse embryos have added
considerably to an understanding of the cellular mechanisms
that underlie differentiation, development, and growth,
extending into postnatal life, maintenance, and senescence
of the aorta.

Endothelial Origins

Mesodermal outpouchings called blood islands are apparent
in the yolk sac of 7-day-old mouse embryos [22] and by
9 days contain angioblasts and erythroblasts, progenitors of
both blood and vascular cells. The close association of hema-
topoietic and endothelial precursors suggests a common pro-
genitor hemangioblast, and the existence of a hemangioblast
was documented with the discovery of blast colony-forming
cells in gastrulating (the stage at which the three germ layers,
endoderm, mesoderm, and ectoderm, are formed) mouse
embryos that express the receptor tyrosine kinase Flk-1 (Kdr,
VEGFR?2) and the mesodermal gene brachyury (T). Flk1 is a
receptor for Vegf and seen in the earliest stage of endothelial
differentiation. The brachyury gene, a member of the T-box
complex, encodes for an embryonic nuclear transcription
factor that is identified with hemangioblasts. These cells
were found in the highest frequency in the posterior region of
the primitive streak [23] prior to the appearance of yolk sac
blood islands. The existence of human hemangioblasts was
documented with the finding of cells expressing T and KDR
(the human equivalent of the mouse genes) and the endothe-
lial marker P1HI2 in blast colonies derived from human
embryonic stem cells [24]. This common origin for hemato-
poietic and vascular cell lines is an important feature in the
biology of the vascular system and its responses to injury and
disease as well as the potential behavior of residual circulat-
ing stem cells.

During early vasculogenesis, the aorta is the first artery to
develop. Aorta development entails the migration of distinct
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populations of arterial progenitor endothelial cells.
Differences in sites of origin in the mesodermal germ cell
layer between cells that populate the anterior lateral dorsal
aorta, the posterior lateral dorsal aorta, and the dorsal aorta
(descending aorta homolog) can be detected in zebra fish
embryos [25]. Vegf is an important angiogenic signal pro-
tein that promotes migration and morphogenesis of vascular
structures. Chemokines are small proteins initially identi-
fied as immune response mediators that also are important
ligands, which along with their corresponding receptors
play a major role in vascular development [25]. The chemo-
kine receptor cxcrda is expressed exclusively in anterior
arterial cells derived from anterior lateral but not posterior
lateral mesoderm. Embryos with mutant cxcrda fail to
develop normal lateral dorsal aorta connections and demon-
strate ectopic migration of arterial endothelial cells as well
as inappropriate arteriovenous connections, while dorsal
aorta development is unaffected. Development of the dorsal
aorta and trunk arteries in this species requires an intact
notochord, sonic hedgehog signaling and Vegf for appropri-
ate patterning and morphogenesis, and does not require
cxcrda signaling. Endothelial cell differentiation, starting
even before migration and aortic morphogenesis, estab-
lishes the appropriate complement of receptors and signal-
ing molecules to locate the cells anatomically as well to
provide for programmed responses to local conditions and
signals [25].

Notch proteins are large transmembrane receptors that
determine cellular differentiation and fate across multiple
cell types and species [26]. The Notch signaling pathway
involves binding with “jagged” ligands that induces a
molecular alteration in the intracellular domain of the
Notch transmembrane protein. The intracellular domain of
the protein then translocates into the nucleus where it inter-
acts with a DNA-binding protein to form a transactivation
complex and induce target gene expression. Early Notch
activation of endothelial cells bestows a positional determi-
nation that appears to separate parallel populations of endo-
thelial cells destined for a dorsal aortic fate as opposed to a
cardinal vein fate. This establishes venous and arterial dif-
ferentiation at an early phase. This early phase is associated
with the dlc ligand and notch 3 receptor activation in zebra
fish embryos. The venous endothelial progenitors at this
stage lack Notch signaling and remain committed to a
venous fate. Subsequent Notch signaling, preserved in arte-
rially committed cells, involves dlc and dll4 ligands and
notch la and notchlb as well as notch3 receptors. Notch
receptors are downregulated in some populations of dorsal
aortic cells called sprouting tip cells that then sprout from
the dorsal aorta and later lose their connection to the dorsal
aorta and form venous connections, developing into inter-
segmental veins [26].

Media Origins

While the initial pattern of aortic development proceeds
from the differentiation, migration, and morphogenesis of
endothelial cell progenitors originating from posterior
mesoderm near the primitive streak, the media develop from
different embryonic origins. As with endothelial cells,
smooth muscle cell progenitors have distinct sites of origin
depending on their ultimate anatomic location in the aorta
[18, 19, 21] (Fig. 3.3). While VEGF promotes endothelial
cell differentiation among embryonic stem cells, platelet-
derived growth factor BB (PDRF-BB) induces mural cells
that come to form the arterial media [27]. During vasculo-
genesis, endothelial tubes come to be wrapped by layers of
cells that differentiate as smooth muscle cells (SMCs). The
base of the aorta, just above the aortic valve, is invested with
cells originating in the secondary heart field [28, 29]. Cells
from the secondary heart field also form the outflow tracts
of the left and right ventricles as well as the base of the pul-
monary trunk. Within the secondary heart field-derived car-
diovascular segment is a junction of myocardial cells
making up the outflow tract and smooth muscle cells that
make up the media of the aortic root and the pulmonary
trunk. The media of the ascending aorta and arch are derived
from cardiac neural crest cells and are thus of ectodermal,
rather than mesodermal, origin. The descending aorta cor-
responding to the dorsal aorta of lower vertebrates develops
in close proximity to somites and appears to be invested by
segmentally derived smooth muscle cells from the sclero-
tome and myotome of each somite [21]. The transcription
factor Pax3 that is important for survival, differentiation,
and migration of skeletal muscle myoblasts is expressed in
the ventral wall of the descending thoracic aorta in mouse
embryos, and mice deficient in Pax3 have thinning of this
aortic region. The abdominal aorta originates from splanch-
nic mesoderm [21].

The migration of cardiac neural crest cells and the role of
these cells in the development of the cardiac outflow tracts
and ascending aorta were elucidated in a murine model using
a technique to activate a reporter gene in neural crest cells
and their descendants [19]. Cells expressing the reporter
gene can be stained and distinguished throughout the devel-
opment and life of the animal. At an early stage, when blood
flow from the heart is primarily through the second and third
pharyngeal arch arteries, neural crest cells can be seen sur-
rounding these arteries, and not the dorsal aorta. As develop-
ment proceeds with the process of heart looping, the outflow
tract comes to originate from the right ventricle, and the sec-
ond arch artery regresses, while the fourth and sixth arches
form connections to the developing aortic sac. Neural crest
cells come to completely constitute the subendothelial tissue
of the truncus arteriosus and to invade the conal cushions and
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Fig.3.3 Smooth muscle cells of the aortic root are derived from lateral
plate mesoderm called the secondary heart field. The ascending aorta
and aortic arch as well as the proximal arch arteries are invested with

thus participate in the septation of the outflow tract. With the
asymmetric reorganization of the outflow vessels, labeled
cells persist around the left fourth and sixth arches, which
come to form the ascending aorta and the ductus arteriosus,
respectively.

Notch signaling plays an essential role in the coordina-
tion of interactions between secondary heart field progeni-
tors, migrating neural crest cells, and endocardial cushions
and promotes an endothelial to mesenchymal transition
(EndMT) that has implications in subjects with bicuspid
aortic valves (BAV). The association of NOTCH1 mutations
and BAV and the role of oscillating VEGF signaling in ini-
tiation and termination of EndMTs in this critical junctional
region may implicate a deregulation of NOTCH/VEGF
pathways in the development of ascending aneurysms asso-
ciated with BAV [30].

Neural crest cells do not ultimately extend completely
to the level of the outflow valves, and this area is derived
from the secondary heart field. Neural crest cells are no
longer evident in the region of the conotruncal septum
after septation of the truncus and outflow tracts but con-

Lateral plate
mesoderm

cells from the neural crest. The descending aortic media is comprised of
cells originating in somites of the paraxial mesoderm

tinue to constitute the media of the ascending and arch
portions of the aorta as well as the ductus arteriosus, the
innominate and right subclavian arteries, and the left and
right common carotid arteries. The left subclavian, pulmo-
nary, and distal internal carotid arteries are not of neural
crest origin [19].

Migrating neural crest and mesodermal cells that come to
constitute the aortic media have smooth muscle cell (SMC)
restricted patterns of gene expression that program the for-
mation of the appropriate lamellar structure and mechanical
characteristics. Gene expression is controlled by epigenetic
modifications of DNA that facilitate targeted expression of
specific genes. This process involves changes in chromatin
structure that present the specified gene for transcription and
is regulated by nuclear proteins that effect histone chemistry,
the alkaline proteins around which strands of DNA are
wound, including SRF and its many cofactors. Serum
response factor (SRF) is a major component of the mecha-
nism that controls SMC restricted gene expression [31]. SRF
is, by itself, a weak transcription activator and relies on inter-
actions with coactivators and corepressors. It is a DNA-
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binding protein that links DNA at CArG box sites on DNA to
MADS box domains on SRF to create docking sites for
accessory factors. Myocardin and the myocardin-related
transcription factors (MTRF) A and B are cofactors of SRF
that play a major role in muscle cell development. Myocardin
is expressed in SMCs and cardiac cells only, while MRTF-A
and MRTF-B are expressed in a variety of cell types.
Myocardin is essential for vascular development, and
myocardin-null mouse embryos die with an absence of dif-
ferentiated SMCs. Mouse embryos homozygous for a
MRTF-B loss-of-function mutation die with a range of car-
diovascular defects that involve only the subset of SMCs of
neural crest origin [32]. This demonstrates not only SMC
restricted patterns of gene expression but further restriction
specific to subtypes of SMCs derived from different embryo-
logic origins.

Elastin is an early structural matrix protein expressed by
SMCs in large elastic vessels. Elastin expression in the avian
vascular system begins in the truncus arteriosus near the
aorta pulmonary septum and proceeds toward the heart as
well as peripherally and is coincident with the condensation
of cells around the endothelial tube [11].

TGFf

Transforming growth factors p1, 2, and 3 (TGFp) are cyto-
kines with major effects on the aortic media from early
development throughout life. TGFp signaling results in a
range of effects in many developmental and homeostatic
processes and is highly context dependent [33, 34]. The
TGFp superfamily comprises a group of growth and dif-
ferentiation factors including the TGFfs, bone morphoge-
netic proteins (BMPs), activins, inhibins, nodals, and
anti-mullerian hormone. The effects of TGFf family mem-
bers are mediated through interactions with type 1 and type
2 serine/threonine transmembrane SMC receptors,
TGFBR1 and TGFBR2. Seven type 1 and five type 2 recep-
tors have been identified [33]. There are accessory recep-
tors as well that modify access of the signal ligands to
receptor sites.

The TGFp type 2 receptor institutes the signal upon ligand
binding by phosphorylating the type 1 receptor, which
induces a heterotetrameric complex involving ligand and
type 2 and type 1 receptors. In turn the activated type 1
receptor, in the intracellular domain, phosphorylates a
receptor-regulated R-Smad. Smads provide the intracellular
component of TGFf signal transduction. The Smad system
also has common mediator or Co-Smads and inhibitory or
I-Smads. The activated R-Smad forms a heteromeric com-
plex with a Co-Smad (Smad 4) that translocates into the
nucleus where gene expression is regulated by this and other
inhibitory or activating factors [33]. The Smad system of

TGFp signal transduction comprises the so-called “canoni-
cal” pathway. There are multiple additional Smad-
independent pathways as well such as the p38, INK-MAPK,
and the phosphoinositide 3-kinase-Akt-mTOR pathways
[35]. These are important pathways in many cellular pro-
cesses including apoptosis, cell morphology, cell migration,
and protein synthesis and in many cell lines and impact
aging, tumor formation, and metastasis [36].

TGFp isoforms are secreted as propeptides that are
cleaved to form a two-component complex of mature TGF
peptide and a latency associated peptide (LAP) that main-
tains the active component in an inactive form. This complex
is called the small latent complex (SLC). The SLC is bound
by one of the latent TGFp-binding proteins (LTBPs) to form
a large latent complex (LLC). The LTBP has important
additional binding sites for ECM components such as fibro-
nectin and integrins as well as for fibrillin. This binding pro-
cess serves to localize the LLC near an appropriate site for
receptor binding as well as to sequester TGFp ligand. LLCs
release the active ligand under the influence of elastases and
proteases such as MMP2 [37].

The importance of TGFf/Smad pathways during embry-
onic development has been elucidated by mouse knockouts.
TGFp and TGFBRII as well as the ALKS5 (equivalent to
TGFBR1) receptor knockouts are all fatal during embryo-
genesis due to vascular abnormalities. Smad knockouts
involving Smad4 and Smad2 are lethal. Smad3 knockouts
are viable, but most die at 3-8 months with hematopoietic
disorders [34]. Smad3 mutations in humans cause the
aneurysm-osteoarthritis syndrome classified as Loeys-
Dietz syndrome (LDS) type 3, with a virulent, diffuse arte-
riopathy associated with aortic dissection at small aortic
sizes. Smad4 mutations are associated with familial tho-
racic aneurysm and dissection (FTAAD) as well as associ-
ated juvenile polyposis syndrome and hereditary
hemorrhagic telangiectasia [38].

TGFp pathways are clearly an important aspect of syn-
dromic aortopathies especially LDS types and Marfan syn-
drome (MFS). LDS types 1 and 2 are associated with
mutations of the TGFBRI1 and 2 genes, respectively, and
LDS4 with mutations of TGFB2 that encodes for isoform 2
of TGFf. LDS type 5 is caused by a mutation in isoform 3 of
TGFp [39]. MFS, which has considerable phenotypic over-
lap with LDS, is associated with mutations of the FBN1 gene
that encodes for fibrillinl (see below and OMIM 609192,
610168, 613795, 614816, and 154700). It remains unclear
how increased or decreased TGFf signaling contributes to
aneurysms and dissections. It seems likely that signaling
context is important, especially in view of the multiple
ligands in the TGFp family as well as the many noncanonical
signaling pathways potentially activated by TGFf. Signal
modifications and direction associated with specific isoforms
of LTBP are important. It has been shown that in the mouse
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model of severe MFS that usually die of aortic rupture, the
ablation of LTBP3 expression, and therefore the correspond-
ing LLC, results in considerably improved survival and
fewer aneurysms [40]. Appropriate canonical TGFp signal-
ing appears essential for aortic development and stability
throughout life. Excessive TGFp signaling, possibly via non-
canonical pathways, may play an important role in provok-
ing ongoing aortic degeneration [41].

An example of the context dependence of TGFp signaling
associated with the ascending aorta and neural crest-derived

Marfan’s
syndrome  Fibrillin-1

e —————
-

Fig. 3.4 SMC TGFp pathways: A complicated and vital system. The
TGFp ligands are held in an inactive form by the LAP and positioned
by binding to the LTBP which has matrix connections and connections
with fibrillin microfibers. The active ligand is released under appropri-
ate circumstances to activate the type 2 receptor that in turn phosphory-
lates the type 1 receptor and in turn phosphorylates Smad2 and 3 in the
canonical pathway. Smad oligomers of Smad 2/3 and Smad 4 form and
are translocated into the nucleus where they act as transcription factors
inducing gene expression. Noncanonical pathways are activated as well
by TGFBR II activation including the ERK, JNK, and p38 cascades.
ALK3 (or bone morphogenetic protein receptorl—BMPR1) is an
example of an alternative receptor for TGFf ligands, canonically BMP,
and can also result in noncanonical activation of Smad 2. SKI and SNO
are important repressors of Smad transcription factor activation. Loss-
of-function mutations affecting TGFp ligands, receptors, or intracellu-
lar proteins of the canonical pathway are associated with FTAAD and

Gene transcription

cells was provided by a study of avian embryos in which tis-
sue culture SMCs derived from neural crest or mesoderm
were subjected to various concentrations of TGFp as well as
other peptide growth factors including PDGF-AA,
PDGF-BB, basic FGF, EGF, and activin. While all the other
growth factors resulted in a similar increase in DNA synthe-
sis, TGFp consistently increased DNA synthesis in the neu-
ral crest-derived cells but resulted in growth inhibition in
mesodermal SMCs across a wide range of TGFf concentra-
tions [42] (Fig. 3.4).

TGFBRIII

TGFBR | Loeys-Dietz Syndrome

Shprintzen-
.. Goldberg syndrome

Receptor 3
ALK3

CTGF,
TIMP-1,
MMP2 etc.

syndromic phenotypes, possibly as a result of upregulation of TGFp
because of an absence of feedback inhibition. This could paradoxically
increase both canonical and noncanonical TGFp signal reception. The
SKI proto-oncoprotein normally induces a negative feedback loop on
the phosphorylation of Smads, and a loss-of-function mutation causes
an LDS-like phenotype called Shprintzen-Goldberg syndrome. Defects
in fibrillinl may inhibit the appropriate sequestration of TGFf ligands
and result in uncontrolled release. There may be cross talk with the
angiotensin II system through the AT1 receptor (not in figure). The
result of inappropriate signaling is the upregulation of gene products
such as CTGF (connective tissue growth factor), a profibrotic mediator
in other contexts, and production of MMPs such as MMP2, in addition
to TIMPs. Additional effects include dissolution of cellular junctions
and promotion of cell migration and apoptosis as well as matrix disso-
lution particularly elastolysis
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Adventitial Origins

The development of the aortic adventitia is likely strongly
related to media development. Formation of the media involves
an iterative process whereby successive lamellae are laid
down including smooth muscle cells, extracellular matrix, and
elastic fibers. There is a pattern among multiple species that
normalizes the tangential tension (or circumferential wall
stress) per lamellar layer at about 2000 dynes/cm [43]. Smaller
species have fewer lamellae than larger species. Therefore, it
is likely that the number of lamellae is controlled by signaling
processes that respond to pressure and flow. Once the requisite
number of lamellae is formed, the adventitia is produced, per-
haps by stem cells from the pool of stem cells forming the
media. Elastin-deficient mouse embryos provide a clue to this
process. Homozygotes develop as expected until the stage at
which lamellar development is usually complete and then
show unrestrained SMC proliferation with vessel occlusions
and exaggerated elongation that is fatal to the embryo.
Heterozygotes develop thinner lamellae but continue to add
additional layers that appear to derive from the inner adventi-
tia in such a way as to preserve the wall tension per lamella at
the usual level, and these mice have a normal life span [44].
The adventitia then comes to contain many different interact-
ing cell types including fibroblasts, adipocytes, microvascular
endothelium, nerves, macrophages, lymphocytes, mast cells,
and dendritic cells as well as vascular progenitor cells [44].

Micromechanics and Structure

The aortic wall is a composite structure, and its behavior is
regionally different with the ascending aorta differing in many
ways from the descending and abdominal aortic segments, par-
ticularly in the mode of failure, type A dissection, and the ten-
dency to form aneurysms that are not primarily atherosclerotic.
The structure of the ascending aorta is characterized by three
layers. The intima is a thin layer composed of endothelial cells
with tight intercellular connections that control access to the
underlying subintimal space and are separated by the internal
elastic lamina from the media. The ascending aortic media con-
sists of 53—78 concentric lamellae [45]. Each lamella is made
up of a layer of smooth muscle cells with an elastic lamina on
each side. Collagen fibers form a concentric network between
the layers of smooth muscle cells (SMCs) and elastin [45].
Interlamellar elastic fiber connections form to create an inter-
connecting network that absorbs and transmits strain energy
[11]. The adventitia is the external layer of the aorta, outside the
external elastic lamina. This layer has abundant collagen and
contains the vasa vasorum that penetrate the outer layers of the
media. In it are nerves, lymphatics, and adipose tissue. The
adventitia is a niche for stem cells and transmits intercellular
signals from surrounding tissue to the media [43, 44, 46].

Media

The mechanical properties of the intact aortic wall are largely
determined by the media although in some circumstances,
the adventitia, rich in collagen fibers [11], may contain a
hematoma resulting from transmural rupture of the media.
Elastic fibers, SMCs, and collagen fibers comprise the major
mechanical elements. The extracellular matrix (ECM) sur-
rounding the SMCs and mechanical elements is a “viscous
interstitial milieu rich in glycoproteins, proteoglycans, gly-
cosaminoglycans, and a complex composition of growth fac-
tors, cytokines, chemokines, and proteases” [47]. Fibrillins
1, 2, and 3 and the microfibril-associated glycoproteins
MAGP-1 and MAGP-2 are important glycoproteins. There
are two classes of proteoglycans in the ECM: the first, a class
of large molecule proteoglycans that interact with hyaluronic
acid and form an interlacing polymeric network and, the sec-
ond, a group of small leucine-rich proteoglycans (SLRPs)
that bind to other ECM molecules including fibrillin, colla-
gen, and tropoelastin as well as TGFp [I11].
Glycosaminoglycans (GAGs) are large linear disaccharide
polymers of variable size including chondroitin sulfate, der-
matan sulfate, heparan sulfate, keratan sulfate, and hyaluro-
nan. Proteoglycans consist of a core protein with attached
GAG chains. Proteoglycans are likely biologically relevant
in matrix assembly [11] and serve as packing material to
cushion the effects of compressive loading [47].

Elastic Fibers

Elastic fibers are a composite of elastin and microfibrils.
Elastin is the major structural, load-bearing protein that is
the core of elastic fibers. Microfibrils are found at the periph-
ery of elastic fibers and provide a scaffold for the deposition
of elastin during elastogenesis [48].

Fibrillin

The major constituent of microfibrils is the glycoprotein
fibrillin. There are three isoforms, fibrillin-1, fibrillin-2, and
fibrillin-3, encoded by separate genes. Fibrillins 2 and 3 are
expressed primarily in fetal tissue, and fibrillin-1 is the most
important of these for arterial structure and persists through-
out life [47]. The fibrillin molecule has multiple domains of
several types including calcium-binding epidermal growth
factor (EGF) and non-calcium-binding EGF domains, TGF-
binding protein-like domains, and hybrid domains [48]. The
significance of this structure lies in the molecular interac-
tions with multiple associated molecules that regulate SMC
behavior and promote or inhibit alterations in the structure of
the media. FBN1 is the gene encoding for fibrillinl, and



30

T.E. Gaines and L. B. Grimsley

mutations in this gene cause Marfan syndrome (MFS).
There is, however, no single phenotype associated with
FBN1 mutations. Some phenotypes exhibit features oppo-
site from those of MFS with brachydactyly and short stature
[49] as opposed to the opposite characteristics usually asso-
ciated. Ascending aneurysm and dissection has been
described as a feature of one brachydactyly and short stature
phenotype, while most phenotypes of that sort do not have
aneurysms [50].

The fibrillin molecule contains within it binding sites for
multiple microfibril-associated proteins, including MAGP-1
and MAGP-2, biglycan, decorin, versican, perlican, the fib-
ulins, elastin, and ADAMTS-like proteins [49]. The large
latent complex in the TGFp pathway is targeted and seques-
tered by fibrillin [49]. Latent TGFf-binding proteins
(LTBPs) have fibrillin binding sites as do bone morphoge-
netic proteins (BMPs) that belong to the TGFf superfamily.
Binding of these molecules to fibrillin results in conforma-
tional changes and calcium binding plays a role in stabiliz-
ing a conformation required for recognition of other matrix
components. Calcium binding also protects the molecule
from proteolysis and restricts the mobility of interdomain
regions [48].

Microfibrils are elastic elements, and their elasticity
depends on the structural integrity of fibrillin, the organiza-
tion of fibrillin monomers, and its ability to bind calcium
[48]. Theories of elasticity for fibrillin include a pleated
model based on domain-domain conformational rearrange-
ments associated with applied mechanical force that would
allow the molecule to become more linear. A second model
proposes a staggered linear organization of fibrillin microfi-
brils. Under extension, unfolding of a domain interface
results in loss of calcium-binding affinity and release of cal-
cium ions. When the extending force is released, calcium
ions are again bound and recoil occurs to the original state
[48]. Only certain domains, TB-cbEGF domains, participate
in the recoil mechanism, while other domains retain the
ability to interact with ECM proteins [48]. Calcium channel
blockade is deleterious in a mouse model of MFS. Human
clinical data from the GenTAC registry show increased risks
of aortic dissection and the need for aneurysm surgery among
MES patients treated with calcium channel blockers for
hypertension as compared with those treated with other
agents [51].

The production of elastic lamellae with functional load-
bearing sheets of elastin is dependent upon the fibrillin scaf-
fold. Fibrillin is also likely to play a major role in sensing
mechanical strains and transduction of signals to local
SMCs where those signals result in homeostasis or remodel-
ing of the local ECM [49]. It is not clear that fibrillin plays
a structural role or modifies the mechanical properties of the
aortic media. Young’s moduli for isolated fibrillin microfi-
brils have been measured at 0.56—0.74 MPa and that of elas-

tic fibers at 03—1.5 MPa [52] in one study but were estimated
to be two orders of magnitude higher in an earlier work in
which it was concluded that microfibrils were “stiff rein-
forcing fibers” [53].

Elastin

About 90% of the structure of elastic fibers consists of elas-
tin and about 10% is fibrillin, generally located on the periph-
ery of the fiber with strands of it located throughout [47].
Species other than vertebrates do not produce elastin, so that
the more basic structural element, which does appear in elas-
tic tissues in invertebrate species, is fibrillin [11]. The
Windkessel is dependent upon elastin. Elastin is encoded by
the ELN gene. Elastin-null mice die of obstructive arterial
disease resulting from uncontrolled subendothelial SMC
proliferation, and hemizygous mice, like human counterparts
with ELN mutations, develop obstructive lesions in large
elastic arteries [54, 55]. This demonstrates a fundamental
link between elastogenesis and SMC phenotype.

Elastogenesis begins with the cellular synthesis of tropo-
elastin. This protein is secreted as a monomer by SMCs, and
the monomers self-associate through hydrophobic domains
in a process called coacervation [47]. Tropoelastin is com-
posed of alternating hydrophobic sequences and lysine-
containing cross-linking motifs [11]. Spherical globules of
coacervate tropoelastin form at the cell surface during the
initial phase of development and retain cellular attachments.
The integrin alphavbeta3 mediates the attachment of SMCs
to tropoelastin in this process [56]. The droplets are also
bound by fibrillin microfibrils and distributed along the
microfibrils by the migration of SMCs to form elastin sheets
that are cross-linked at the lysine domains by lysyl oxidase
[47]. The formation of functional elastic fibers is dependent
upon fibulin-4 and fibulin-5. Fibulin-4-null mice do not
develop elastic fibers but irregular elastin aggregates, and
fibulin-5-null mice develop disorganized and fragmented
elastic fibers and have loose skin and lung abnormalities.
These fibulins differentially bind fibrillin, lysyl oxidase, and
elastin [47]. EMILIN-1 (elastin microfibril interface-located
protein) binds both fibulin-5 and tropoelastin and binds to
the proTGFp precursor, inhibiting TGFp signaling [11].

Elastin is very durable with little turnover in adult life.
Elastin synthesis in the ascending aorta occurs at a high level
from midgestation and declines after the postnatal rise in
blood pressure [11]. The longevity of the protein is depen-
dent upon lysyl oxidase cross-linking that renders the com-
plicated polymers insoluble and stable [11]. Thus aneurysm
formation associated with elastin fragmentation and resorp-
tion is typically an irreversible process.

While the elasticity of fibrillin microfibrils is comparable
to a linear “molecular spring” [48], the elastic mechanism
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for the elastin component of elastic fibers is similar to that of
rubber [57]. With the large amorphous, three-dimensional
elastin polymer, there exist multiple possible conformational
molecular states constrained primarily by sites of cross-
linking. In any given molecular chain, when points near a
cross-link are separated by an extending force, the number of
conformational states is reduced, and heat is released. The
entropy in the system therefore declines. When the external
force is removed, the entropy returns to its maximal state,
cooling occurs, and the system recoils to its original state
thus creating an entropic spring. Because there is a certain
amount of energy lost to heat, the recoiling force at any given
strain is less than the force required to create that strain, a
phenomenon called hysteresis. Intact elastin demonstrates
little hysteresis and a high level of resilience [48]. A method
of quantifying the degradation of mechanical properties
associated with aneurysmal ascending aortic tissue is to
measure hysteresis during tensile testing of strips of aneu-
rysm tissue. Using such an approach, Chung et al. [58] docu-
mented a significant increase in energy loss associated with
strips from aortas greater than 5.5 cm. However, in aneu-
rysms of the same size demonstrating significant differences
in hysteresis, those with preserved elastic lamellae demon-
strated much less energy loss.

Collagen

Seventeen different collagen types have been identified in
mouse aortas with collagens I, III, IV, V, and VI having the
highest levels of expression [11]. Collagen types include
fibrillar, FACIT (fibril-associated collagen with interrupted
triple helices), transmembrane, network forming, beaded
filament, multiplexin, and anchoring [47]. Types 1, 3, and 5
are fibrillar collagens, type 4 is a network-forming collagen,
and type 6 is a beaded filament collagen. In human ascending
aortas studied by immunoelectron microscopy [45], thick
collagen fibers containing collagen types 1, 3, and 5 were
found oriented in a roughly circumferential pattern adjacent
to elastic lamellae in the media. Adventitial collagen fibers
were thickest and those in the intima thinnest. Interlamellar
collagen fibers were more random in orientation and thin.
Oxytalan fibers extending from SMC surfaces to insert into
elastin-associated material were found to contain fibrillin-1
and type 6 collagen as well as traces of elastin. SMCs were
surrounded by areas of layered cell-associated material that
contained abundant fibronectin. Type 4 collagen was found
in amorphous non-layered pericellular areas that also con-
tained proteoglycans, primarily heparan sulfate. Small pro-
teoglycans lined collagen fibrils with the predominant
glycosaminoglycan being dermatan sulfate [45].

Mature collagen fibers have a complicated synthetic his-
tory. Procollagen is a soluble precursor that is synthesized in

the endoplasmic reticulum of SMCs and in plasma mem-
brane infolding recesses that communicate with the extracel-
lular space [47]. Fibrillar procollagen molecules have
repeating Gly-X-Y triplets of about 300 nm that are flanked
by non-helical, non-Gly-X-Y sequences. The C-terminal end
contains recognition sequences and cysteine residues to pro-
mote interchain disulfide bonds and initial alignment during
synthesis. A triple helix of three alpha chains are produced
[47]. Type 3 collagen is homotrimeric [58], that is, it is com-
posed of three identical alpha chains, a feature that is impor-
tant in the pathogenesis of COL3A1 mutations. Collagens
that are heterotrimeric form with differing architecture and
mechanical properties [47]. The monomeric unit of collagen
fibrils, tropocollagen, is formed by cleavage of the non-
helical propeptide ends [47]. Fibrillar collagens assemble by
the lateral association of tropocollagen triple helix mono-
mers, first into fibrils of 10-300 nm diameter, then fibers of
1-20 micrometers, and, finally, in some cases, large bundles
of up to 500 micrometers. The fibrils assemble in a parallel,
staggered alignment and are cross-linked at lysine and
hydroxylysine residues to form a semicrystalline, packed
structure of high tensile strength [47].

Fibronectin is a glycoprotein with discrete binding sites
for collagen, integrins, other matrix proteins, and heparin. It
appears to have a role in collagen assembly [47].

In contrast to the amorphous entropic spring of elastin,
collagen fibers are highly ordered structures with nearly
opposite mechanical features. The elastic modulus of colla-
gen fibers in mammalian tendons is 1.2 GPa or about three
orders of magnitude stiffer than that of porcine aortic elastin
at 1.02 MPa. The tensile strength of collagen is 100 times
greater, at about 120 MPa, but the maximum extensibility is
only 13% as opposed to 103% for porcine aortic elastin [47].
Defects affecting elastic fibers result generally in medial
degeneration, the formation of aneurysms, and, as a conse-
quence, aortic dissection. In the case of Ehlers-Danlos syn-
drome type 4 (EDS-IV), a collagen III lesion, there is little
medial degeneration. Aortic dissection may occur in about
10% of patients, but aneurysms are much less frequent.
Aortic and large vessel tears are the hallmarks of the disease
with a 25% risk of a major vascular complication by age 20
[60]. The tensile strength afforded by collagen reinforcement
is an essential aortic component.

Heterozygous mutations in the COL3A1A gene cause
variable phenotypes. In cases where a glycine substitution
occurs in a Gly-X-Y triplet domain or “exon skip mutations”
lead to exon splicing errors, equal amounts of abnormal and
normal procollagen are produced. However, since type 3 col-
lagen is a homotrimer, the association of trimeric combina-
tions of normal and abnormal procollagens leads to a
seven-to-one ratio of normal to abnormal collagen mole-
cules. The result is that only 10-15% of the normal amount
of type 3 collagen is produced with the rest being nonfunc-



32

T.E. Gaines and L. B. Grimsley

Fig. 3.5 Schematic representation of SMCs and elastic lamellae based
on electron micrographs. EL denotes an elastic lamella which is com-
posed of 90% elastin and 10% fibrillin microfibrils. SMC denotes
smooth muscle cells. Coll represent thick collagen bundles primarily of
type 3 and type 5 collagen. Thinner elastic fiber protrusions extend to
the surface of the left SMC from elastic lamellae. Thin oxytalan fibers
that contain fibrillin, type 6 collagen, and, near the cell, fibronectin are

tional since all three elements of the trimer must be the same
for the fibril to be functional. With nonsense or frameshift
mutations, premature terminations are created, and the
abnormal mRNA is removed with no protein being produced.
Therefore 50% of normal protocollagen is available [59].
Patients with haploinsufficiency as opposed to those with
very low levels of type 3 collagen tend to have better surgical
outcomes and a higher incidence of aortic involvement.
Types A and B dissection do occur, but most aortic pathology
involves the abdominal aorta [59] (Fig. 3.5).

Smooth Muscle Cells

Vascular smooth muscle cells are the metabolic hub of the
ascending aortic media and contain the machinery that is the
target of signaling pathways. These cells carry a precise pat-
tern of differentiation from the migrating neural crest cell
progenitors from which they arose and in healthy adults are
in a quiescent, synthetic mode finely tuned to the local matrix
and signaling environment and responsive to local mechani-
cal forces. SMCs are not terminally differentiated, however.
Major changes in phenotype that can affect the stability and

labeled Ox. Under ordinary conditions of aortic loading, or especially if
the tissue were unloaded, the collagen fibers and elastic lamellaec would
not be straight but wavy and irregular reflecting an ability to stretch and
recoil. A basal lamina-like layer containing fibronectin coats much of
the cell surface and bridges the gap between cells. Larger deposits in
this layer contain type 4 collagen and the proteoglycan heparan
sulfate (PG)

mechanical properties of the media may occur in response to
many factors including growth factors and inhibitors, cell-to-
cell interactions, cell-matrix interactions, inflammatory
mediators, and mechanical influences [61]. Mechanosensation
and mechanotransduction are key features of differentiated
SMC function [49, 61, 62]. This requires a complex system
of intracellular and extracellular connections.

The smooth muscle contractile proteins actin and myosin
are essential intracellular components of the mechanotransduc-
tion system. ACTA2 mutations resulting in a defect in the SMC
isoform for alpha actin cause a tendency for ascending aneu-
rysms and for dissection at aortic diameters less than 5 cm. The
mutation in some cases results in an SMC proliferative pheno-
type that is associated with obstructive vascular disease in mus-
cular arteries and in the vasa vasorum of the aorta [63].
Similarly, mutations in MYLK, encoding for myosin light
chain kinase, and MYHI11, encoding for the myosin heavy
chain, cause ascending aneurysms and dissections, and, again
in the case of MYLK mutations, dissection may occur with
little aortic enlargement [64]. An activating mutation of PRKG1
which encodes for the cGMP-dependent protein kinase PKG-1
that promotes SMC relaxation is also associated with a severe
form of FTAAD and dissection at a young age [62].
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SMC transmembrane receptor mutations in TGFBR1 and
TGFBR2 result in Loeys-Dietz syndrome (LDS) as outlined
above and a severe form of aortic disease with early-onset
aneurysms and dissection associated with TGFp signaling dis-
tortions [65]. SMC angiotensin II type 1 receptors and recep-
tor blockers may play a role in modifying TGFp signaling. It
has been thought that AT'1 receptor blockade attenuates exces-
sive TGFP signaling. Since excessive signaling has been
thought to be a driver of the aortic pathology in both LDS and
MES, AT receptor blockers and neutralization of TGFp are
appealing interventions. Current findings are inconsistent.
Enhanced aortic rupture was seen in a mouse model of angio-
tensin infusion-induced aneurysms where TGFp antibody
neutralization was provided [66]. Despite earlier positive find-
ings in MFS mouse models of aortic root enlargement, in a
trial of MFS patients administered with the angiotensin recep-
tor blocker losartan or a beta blocker, there was no difference
in the rate of aortic root enlargement [67]. SMCs from the
media of ascending aneurysms have been found to have ele-
vated local angiotensin II levels and associated increases in
MMP-2, a matrix degradation protein, implicating activation
of the AT1 receptor in human aneurysm pathogenesis [68].

Biglycan

Biglycan is an extracellular matrix (ECM) proteoglycan that
is a member of the group of small leucine-rich proteoglycans
(SLRPs) [69]. Five classes of SLRPs have been distinguished
with class I including biglycan and decorin [70]. The bigly-
can gene (BGN) has been mapped to the X chromosome. The
protein core contains leucine-rich repeats (LRR) that are
bound to one or two glycosaminoglycan side chains that, in
turn, interact with multiple components of the ECM. Effects
on collagen fibril assembly are structurally significant, with
biglycan-deficient mice demonstrating abnormalities of bone
and connective tissue, and, when biglycan deficiency is
combined with decorin deficiency, a severe Ehlers-Danlos-
type phenotype appears [71]. Interactions with biglycan
appears to play a role in a number of disease processes
including Alzheimer’s disease, cancer, diabetes, Duchenne
muscular dystrophy, fibrotic liver disease, myocardial infarc-
tion, and fibrotic kidney disease. Biglycan signaling appears
to upregulate immune responses through interactions with
macrophages that involve toll-like receptors TLR4 and TLR2
[69, 70]. There is elevated biglycan expression in fibroblasts
from granulation tissue. It acts as well to stimulate osteoblast
differentiation and bone formation. Its actions as a signal-
modifying protein may require the unsequestered form, and
the presence in tissue sections does not correlate with bio-
logic activity. Biglycan interacts with the TGFp family of
receptors and cytokines including TGFp and TGFBR1 and 2
as well as BMP and BMPR 1 and 2 [69].

BALB/cA mice were bred with bgn knockouts and geno-
typed [72]. 50% of the bgn knockout males died suddenly
with 82% of these from thoracic aortic rupture and 18% from
abdominal aortic rupture. None of the female knockouts and
none of the wild-type mice were affected. Aortic ruptures
occurred across the intima and media with blood collection
between the media and adventitia. This is distinctly different
from what is seen in classic Marfan-like ruptures where the
dissection plane is in the media, and in addition, there was no
sign of “cystic medial necrosis” with fragmentation of elastic
fibers and myxoid medial deposits. The pattern seen in these
dissections was much like that seen in the Ehlers-Danlos
syndrome type 4 model col3al knockouts. Mechanical test-
ing of bgn knockouts and wild-type aortas showed stepwise
failure, with initial failure of the media occurring at about the
same strain in both knockouts and wild type and subsequent
failure of the adventitia at a lower strain but 50-70% higher
load in the wild-type aortas demonstrating much greater
maximum stiffness in the wild-type aortas. bgn knockout
males had the lowest collagen fibril diameter compared with
bgn knockout females and wild-type males. Wild-type males
also had lower fibril diameters than wild-type females [72].

Subsequent to the discovery of the vascular effects of bgn
knockout mice, five human families were identified with BGN
mutations with early-onset ascending aortic and root aneu-
rysms and dissection [73]. Aneurysms were observed as early
as age 1 and dissections age 15. Males were more severely
affected, but aortic root dilation and death related to aortic dis-
section were observed in females. The phenotype also includes
hypertelorism, skeletal abnormalities, striae, and other con-
nective tissue features. Histologic evaluation of aortic tissue
from affected individuals showed low to normal collagen con-
tent and normal-appearing elastic fibers. Focal expression of
decorin, another class I SLRP, in the media was detected and,
as in the mouse model, appears to compensate to some degree
for the biglycan deficiency. TGFp signaling as demonstrated
by nuclear staining of pSMAD?2 was detected with an increas-
ing gradient of staining toward the adventitia [73].

Turner’s syndrome provides another example of biglycan
deficiency. The 45X karyotype has been shown to have
reduced biglycan expression [74]. Turner’s patients have a sig-
nificantly increased risk of aortic dissection as well as ascend-
ing aortic aneurysms [75, 76]. In the International Turner
Syndrome Aortic Dissection Registry, 20 patients were identi-
fied with dissections, 17 of which were type A. All but one of
the 20 patients had an associated bicuspid aortic valve. Among
nine patients with echocardiographic data preceding their dis-
section, the aortic size ranged from 2.3 to 5.1 cm with an aver-
age size index of 2.7 cm/m? The average age at the time of
dissections was 31.5 years. These patients therefore tend to
have a relatively virulent form of aortic disease and dissect at
smaller aortic diameters and at a younger age than the overall
population of women with dissections (68 years) [75].
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Pathologic Findings in Ascending Aortic
Aneurysms and Dissections

A surgical series of 479 patients from the Mayo Clinic with
ascending aneurysms and dissections was published in 2006.
Two hundred nine of the patients were described as having
cystic medial degeneration (CMD). CMD was defined as
fragmentation and/or loss of elastic fibers with or without
pools of glycoproteins. The pathologic features involved
more than 5% of the medial thickness. One hundred patients
had laminar medial necrosis (LMN) defined as coagulative
necrosis of SMCs, resulting in loss of nuclei and collapse of
elastic lamellae. LMN was the sole finding in 2 patients, and
36 also had CMD and 23 aortic dissections (AD). Fourteen
patients had giant cell arteritis, CMD, and LMN. CMD was
present in half of AD patients. Ninety patients had histologi-
cally normal media with ascending aortic diameters ranging
from 2.9 to 6.6 cm [77]. This study was undertaken prior to
the availability of molecular diagnoses, but only 3 patients
with normal aortas were suspected to have an inherited dis-
order, whereas 57 of 67 thought to have an inherited disorder
had CMD. The striking finding in this study is the lack of
histological findings in a large proportion of patients with
clear aortic pathology.

An ultrastructural analysis of 10 MFS and 6 non-MFS
patients with aortic dissection were compared by Dingemans
et al. [78] to 77 patients with no aortic disease. Among dis-
section patients, there were few qualitative differences
between those with MFS and those without. MFS patients
had more diffuse findings. The findings consisted of multi-
ple, about 20 per dissected aorta, abrupt transverse tears in
morphologically normal lamellae that were thick and com-
pact rather than in thin, degenerated lamellae. Interestingly,
among the normal non-dissected aortas in individuals over
age 35, 40 such tears were found among 59 examined. Most
locations in dissected aortas had normal-appearing microfi-
brils except for focal areas with loss of microfibril extensions
to SMCs. The oldest MFS patients had the highest number of
absent or reduced elastic lamellar extension bridging to
SMCs. There were a higher number of irregularities and
interruptions of the layer of extracellular material enveloping
most cells in dissected aortas. Patient aortae contained many
matrix vesicles, at times being liberated from degenerating
SMCs, and there were fibrotic areas from which all cells had
disappeared and smooth elastic lamellae often persisted.
Inflammatory cells were scarce.

The pathology of ascending aortic aneurysms and dissec-
tions suggests an apoptotic mechanism for smooth muscle
cell loss and ultrastructural failure at a fibril or molecular
level without inflammatory tissue dissolution except in cases
of aortitis. The finding of a loss of elastic fiber connections to
SMCs, apparently increasing with age in MFS aortas, sug-
gests that loss of mechanosensation and mechanotransduc-

tion by SMCs may underlie a tendency for apoptosis and
elastolysis. In MFS patients, there would appear to be some
ongoing stimulus or signal to degrade previously intact SMC
elastic fiber connections. It is striking that the actual medial
tears detected in dissected aortas did not occur in degener-
ated nonelastic lamellae but in more normal lamellae. This
would imply that these more degenerated areas have been
remodeled to replace elastic tissue with collagen, making
focal regions of stiff, probably maximally stretched, tissue
that has a higher tensile strength than the more normal sur-
rounding areas. The lack of elastin in these areas produces a
marked loss of recoil and permanent extension of the affected
areas of the aortic wall leading to dilation and stiffness.

Mechanics of Ascending Aneurysm
and Dissection

One of the most important goals in understanding the
mechanics of ascending aneurysms is the ability to predict
the likelihood of rupture or dissection. It is now possible to
image the ascending aorta noninvasively by multiple tech-
niques including computerized tomography (CT), magnetic
resonance imaging (MRI), and echocardiography, providing
both a means of diagnosis and of making repeated measure-
ments over time. Prophylactic surgical replacement of
ascending aneurysms is generally recommended when the
diameter of the aneurysm exceeds 5.5 cm except where there
are known factors that increase the risk of rupture at a smaller
size such as symptoms, a family history of dissection, or a
known genetic defect predisposing to dissection. In a series
of patients from Yale accrued during the last century, the
median diameter at rupture or dissection in a group of oper-
ated patients was 5.9 cm [79], and later analysis of the data-
base demonstrated a growth rate of 0.1 cm per year among
all patients with enlarged ascending aortas. There was a
6.9% yearly rate of dissection or rupture and an 11.9% yearly
death rate for unoperated patients with ascending aortas
larger than 6 cm [80]. In a subsequent study by the same
group, surgical patients were evaluated by intraoperative epi-
aortic ultrasound examination [81]. Measurements were
made of normal and nonsyndromic aneurysmal ascending
aortas including wall thickness and diameter at end systole
and end diastole and corresponding blood pressures. For the
group of normal aortas, the mean circumferential wall stress
at a pressure of 85—-100 mmHg was 0.092 MPa, equivalent to
the values described above. For aneurysms greater than
6 cm, the mean wall stress increased to 0.377 MPa. The
incremental elastic modulus rose from 1.18 MPa in normal
aortas to a mean of 6.42 MPa in aneurysms larger than 6 cm
demonstrating a major increase in stiffness and loss of com-
pliance as well as dissolution of the ascending aortic contri-
bution to the Windkessel. Interestingly, for small aneurysms
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less than 4 cm, E,. actually dropped to 0.908 MPa indicating
a gain in compliance among the aortas in that group. Aortic
thickness was maintained among aortas up to the largest
group greater than 6 cm where the mean end diastolic thick-
ness fell to 0.16 cm compared to 0.26 cm in normals. Thus,
there is marked deterioration in ascending aortic strength and
mechanical properties once the diameter exceeds 6 cm in this
group of older adults (mean age 64), and this analysis clearly
supports the recommendation for elective repair of ascend-
ing aortas larger than 5.5 cm.

Unfortunately, there exists a major difficulty in using
the 5.5 cm criterion as a tool to reduce the occurrence of
type A dissection. That is the frequent finding of dissection
in patients with small aneurysms. Data from the
International Registry of Acute Aortic Dissection in 2009
demonstrated that nearly 60% of type A dissections
occurred in patients with ascending aortas less than 5.5 cm
in diameter and 40% of patients had diameters less than
5 cm [82]. Still, the overall population incidence of dissec-
tion at small aortic sizes is quite low given the huge
denominator of persons with small aortas. In a population
database of subjects with a mean age of 60.7 years, only
0.22% of subjects had an aorta greater than 4.5 cm, but the
risk for dissection among this group was 6305 times than
that of those who had an aorta less than 3.5 cm [83]. Still,
with an incidence of dissection in Western countries of
5-15/100,000 (0.005-0.015%) [2, 83] even at 0.22% of the
population, there are likely hundreds of thousands of peo-
ple in the United States with aortas greater than 4.5 cm
who will not suffer an aortic dissection. Thus, while there
is clearly a marked deterioration of ascending aortic
mechanical properties at 6 cm and prophylactic surgery is
definitely warranted to prevent that dimension from being
reached, additional strategies are required to identify and
manage the majority of patients who now present with
type A dissection and who fare much more poorly than
those operated prophylactically.

Additional anatomic features apparent on CT images
have now been suggested to elevate the risk of type A dissec-
tion. Ascending aortic curvature is associated with a calcu-
lated tenfold increase in the force acting on the aortic wall as
the degree of curvature increases toward a 90° bend [85]. A
clinical corollary is that measured ascending aortic elonga-
tion has been detected on CT images of patients preceding
and simultaneous with type A dissection. On sagittal images,
the direct distance between the sinotubular junction and the
brachiocephalic trunk was less than 85 mm in 75% of healthy
aortas and greater than 91 mm in 75% of dissected aortas
[86]. Aortic elongation is asymmetric, with pronounced
angulation on the greater curve side, which would increase
the aortic curvature. Since most entry tears in dissections are
transverse, supporting the concept that it is longitudinal
forces that provoke tissue failure [87], an analysis based pri-

marily on the calculation of circumferential stress alone is
inadequate, and other features such as elongation and curva-
ture should be considered.

As suggested above, aneurysm geometry plays a very
important role in the forces acting to cause deformation and
tissue failure. The ascending aorta, even when healthy, has a
complicated geometry extending from the aortic root to the
aortic arch with a constriction at the sinotubular junction,
varying degrees of rotation and curvature, and tethering by
the aortoventricular junction, coronary arteries, and arch ves-
sels. To analyze complex elastomeric shapes, a constitutive
mathematical model can be created. Several models take the
form of the strain energy function, W. A Fung-type strain
energy function associates the total strain energy in deforma-
tion to a series of material constants and small element
strains [88]. The material constants can be derived from
material testing data, and the elements can be obtained by
creating a three-dimensional model of the structure from
imaging data and subdividing the model into a mesh of small
finite elements. The stress predicted for each finite element
can then be computed (on a machine) and is often displayed
as a color map with colors corresponding to the stress mag-
nitudes. Using such an approach, Martin et al. have created a
more precise analysis of rupture risk for a series of patients
who had imaging data and corresponding surgical tissue
samples [89]. The mean predicted failure diameter in this
group was 51 mm in this series of elective surgical patients
with a mean systolic diameter of 51 mm for those with bicus-
pid valves and 45 mm for those with tricuspid valves. For the
highest-risk group, the predicted rupture blood pressure was
234 mmHg. The peak wall stress was often, but not always,
on the lesser curve at the level of maximum dilation. The
prediction of rupture was not different between bicuspid
valve patients and others. The risk of rupture was not associ-
ated with overall aortic diameter within this group of aneu-
rysm patients (Fig. 3.6).

A further enhancement of the finite element approach has
been made that incorporates the lamellar structure of the aor-
tic media including the mechanical characteristics of elastic
lamina and collagen fibers [90]. The fiber arrangement was
obtained from multiphoton microscopy images from aneu-
rysmal ascending aortas associated with bicuspid aortic
valves. Findings in the model included the expected J-shaped
stress/strain relationship and a markedly heterogenous stress
distribution in the elastic matrix when the fibers were ten-
sioned at higher applied stretch. A correlation was noted
between decreased local fiber density and increased inter-
laminar matrix stress in that local vicinity raising the poten-
tial for delamination in these regions, a finding that would
favor aortic dissection. While characteristics of these predic-
tion models are as expected from observed data, such as the
size at which dissection would be expected to occur, it is not
possible to empirically validate the predictions since tissue
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Fig. 3.6 Representative finite element results from Martin et al. In
patient A with a bovine aortic arch, the predicted site of rupture is just
proximal to the origin of the common trunk on the greater curvature,
and the predicted pressure at failure was 14 times the systolic pressure.
In patient B who had a bicuspid aortic valve, the predicted rupture site
was on the anterior ascending aorta above the sinotubular junction
extending around the lesser curve and occurring at six times the systolic
pressure. Patient C has a predicted rupture site on the lesser curve at a

specimens are not prospectively available in unoperated
patients and reliable means of predicting material properties
noninvasively remain to be developed. Prediction of the
point of tissue failure and mechanism based on imaging data
remains a work in progress.

Ascending Aorta Postulates

1. Dissection and rupture are associated with mechanical
failure due to qualitative or quantitative deficits in col-
lagen fibers. Interlamellar regions are less robustly rein-
forced radially with collagen than are the lamellae for
circumferential and axial stresses allowing for the for-
mation of dissection planes. Dissection is a disease of
collagen.

2. Tears that initiate dissection occur in apparently normal
areas of the media rather than in areas with degenerated
elastic fibers and apoptotic SMCs.

pressure of three times systolic and therefore appears to have had a
moderate risk of rupture. Patient D had a high risk of rupture at a site on
the lesser curve above the sinotubular junction at only one times the
systolic pressure. From this analysis, it appears that rupture is depen-
dent more on geometry and tissue characteristics than on diameter per
se. (From: Martin et al. [89]. Reprinted with permission from The
American Physiological Society)

3. Genetic defects with the greatest effect on collagen fiber
integrity are likely to be associated with dissections and
arterial rupture with lesser degrees of aortic dilation.
Type 4 EDS is the prime example of this phenomenon.
BGN mutations with abnormalities of the matrix proteo-
glycan biglycan also provide an example of impaired
collagen fibril formation and virulent aortopathy.

4. It is likely that intact SMC contractile proteins are
required for appropriate formation of durable collagen
and elastic fibers. ACTAII, MYHI11, MYLK, and
PRKG1 mutations all are associated with dissections at
smaller aortic sizes.

5. While associated with elastic fiber defects, mutations
involving TGFp pathways and fibrillin may also affect
collagen fiber durability, again manifesting aortic dis-
section with less aortic dilation, especially in the case of
LDS types.

6. Ascending aneurysms are largely a disease of elastic
fibers. The formation of ascending aneurysms is associ-
ated with elastic fiber degeneration and elastolysis.
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Fig. 3.7 Ascending
aneurysm formation. Most
aneurysms develop over time
and are associated with
microstructural changes in the
aortic media. In normal elastic
lamellae under normal blood
pressure conditions, collagen
fibers are slack, and elastic
fibers carry the load. The
normal microstructure
includes elastic fiber
extensions between the loaded
lamellae and SMCs to provide
mechanosensation and
mechanotransduction. With
inappropriate signaling and
uncoupling of SMCs, there
are matrix degradation,
apoptosis of SMCs, and
elastolysis. An intermediate
stage exists where elastic
lamellae may persist without
SMCs. The ultimate result is
that areas of the media lose
functional elastic fibers and
have no elastic recoil.
Collagen fibers are tensioned,
and the aortic diameter
necessarily increases, and the
wall thins. Tears that may lead
to dissection occur in the
more normal-appearing areas Elastic lamellae
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A large proportion of ascending aneurysms have a rec-
ognizable genetic defect that promotes this process.
Those defects associated with preservation of robust
collagen fibers are likely to present later in life with
larger aneurysms but remain subject to the mechanical
features of the degenerated 6 cm aorta. This group may
represent the majority of patients with aneurysms
(Fig. 3.7).

7. Impairment in canonical TGFf signaling is a cause of
aneurysms. Upregulation of noncanonical TGFp signal-
ing, possibly in response to deficient canonical path-
ways, may be the driving factor.

8. Loss of mechanosensation or mechanotransduction by
SMCs with loss of elastic fiber extensions to elastic
lamellae likely plays a major role in the pathogenesis of
both aneurysm and dissection.

9. The finding of microscopic transverse tears in the media
of “normal” aortas may indicate the presence of a sub-
clinical defect but also illustrates the dangers of uncon-
trolled hypertension where such a tear could provide a

nidus for dissection. Aneurysm and dissection are both
diseases of hypertension.

10. Accurate prediction of rupture and dissection requires
knowledge of the expected micromechanical properties
of a patient’s aorta as well as a precise morphologic
characterization. High-resolution, dynamic imaging
combined with genomic testing could result in improved
prediction methods.

Syndromic and Nonsyndromic Ascending
Aortic Disease

Syndromes of thoracic aneurysms and dissection, known as
TAAD, have a strong genetic component and, when inherited
by more than one member of a family, are often referred to as
familial TAAD (FTAAD). Descending thoracic aortic pathol-
ogy is associated with hypertension and known risk factors
for atherosclerosis. While these risk factors may play some
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Table 3.1 Catalog of genetic syndromes involving the ascending aorta

Gene Locus Altered protein Syndrome Inheritance
ECM proteins
FBN1 15g21.1 Fibrillin-1 Marfan syndrome AD
EFEMP2 11ql3.1 Fibulin-4 Cutis laxa type IB AR
ELN 7ql1.23 Elastin Cutis laxa AD
COL3A1 2q32.2 Collagen 3 alpha-1 Ehlers-Danlos syndrome type 4 AD
COL4A1 13q34 Collagen 4 alpha-1 Hereditary angiopathy with nephropathy, aneurysms, AD
muscle cramps (HANAC)
COL Xq22.3 Collagen 4 alpha-5 X-linked Alport syndrome X-linked
4A5
PLODI  1p36.22 Lysyl hydroxylase 1 Ehlers-Danlos syndrome type 6 AR
PLOD3  7q22 Lysyl hydroxylase 3 Bone fragility, contractures, arterial rupture, deafness AR
LOX 5q23.1 Lysyl oxidase FTAAD, (AAT10) AD
MFAPS5  12pl13.31 Microfibrillar associated protein 5 FTAAD, (AAT9) AD
(MAGP-2)
TGFp pathway proteins
TGFBR1 9q22.33 Transforming growth factor beta ~ Loeys-Dietz syndrome type 1, (AATY), AD
receptor 1
TGFBR2 3q24.1 Transforming growth factor beta Loeys-Dietz syndrome type 2, (AAT3) AD
receptor 2
TGFB2  1q41 Transforming growth factor beta2 Loeys-Dietz syndrome type 4 AD
TGFB3  14q24.3 Transforming growth factor beta 3 Loeys-Dietz syndrome type 5 AD
SMAD2 18q21.1 SMAD family 2 Aortic/peripheral arterial aneurysm/dissection
SMAD3  15q22.33 SMAD family 3 Aneurysms-osteoarthritis syndrome/Loeys-Dietz AD
syndrome type 3
SMAD4 18q21.2 SMAD family 4 Juvenile polyposis/hereditary hemorrhagic telangiectasia ~ AD
SKI 1p36.33-p36.32 SKI sarcoma oncogene homolog Shprintzen-Goldberg syndrome AD
Smooth muscle contractile unit proteins
ACTA2  10923.3 Smooth muscle cell alpha actin FTAAD (AAT6) Moyamoya disease AD
MYHI1 16pl3.11 Smooth muscle cell myosin heavy FTAAD (AAT4) AD
chain
FLNA Xq28 Filamin A Periventricular nodular heterotopia X-linked
dominant
MYLK  3q21.1 Myosin light chain kinase FTAAD (AAT7) AD
PRKGI  10ql1.2 cGMP-dependent protein kinase FTAAD (AATS) AD
type 1
Neural crest migration
NOTCH1 9q34.3 Notchl Bicuspid aortic valve with aneurysm AD
Undefined defect
11q23.3-24 FTAAD (AAT1)
5q13-q14 FTAAD (AAT2)

Data from: Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University
(Baltimore, MD). Updated October 19, 2017. World Wide Web URL: https://omim.org/

role in the development of ascending aortic pathology,
genetic factors appear to play a larger role. The genetic
aspects of ascending aortic pathology can be categorized as
syndromic and nonsyndromic. The term syndromic refers to
phenotypes of the genetic defect that involve other organ sys-
tems as well as the cardiovascular system and occur in recog-
nizable patterns. Nonsyndromic defects appear to be
primarily manifested within the aorta or occur as sporadic
cases. Syndromic aortic defects are more easily recognizable
clinically and include Marfan syndrome (MFS), Loeys-Dietz
syndrome (LDS), Ehlers-Danlos syndrome type 4 (EDS-1V),
Weill-Marchesani syndrome (WMS), aneurysm arthritis
syndrome, arterial tortuosity, and cutis laxa [91] (Table 3.1).

Marfan syndrome is an autosomal dominant disorder of
connective tissues most commonly due to a mutation in the
FBNI1 gene encoding for the protein fibrillin 1. Penetrance is
100%, but the phenotype can be variable. The phenotype
typically consists of skeletal abnormalities such as pectus
excavatum or carinatum, arachnodactyly, scoliosis, increased
joint laxity, mitral valve prolapse, ectopia lentis, striae of the
skin, and dural ectasia. The most deadly phenotypic manifes-
tation of this disorder is found in the dilation and degenera-
tive changes of the aortic root and ascending aorta, which
can lead to dissection and rupture.

Fibrillin mutations also are associated with the Weill-
Marchesani syndrome. While fibrillin mutations in MFS
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cause tall stature, arachnodactyly, hypermobile joints, and
hypomuscularity, the opposite phenotype appears in WMS
[49]. WMS patients have short stature, brachydactyly, stiff
joints, ectopia lentis, myopia, glaucoma, tight skin, hyper-
muscularity, and heart defects. WMS can be inherited in an
autosomal dominant or recessive fashion. The recessive type
has been linked to a gene on chromosome 19. ADAMTSI10,
a zinc-dependent protease, has been linked to autosomal
recessive forms of WMS. The autosomal dominant form has
been linked to the FBN1 gene. Cardiovascular defects that
affect people with WMS include mitral valve prolapse, aortic
and pulmonary valve stenosis, ventricular septal defects,
QTc prolongation, and ascending aortic dilation [91, 92].

Loeys-Dietz syndrome is associated primarily with TGF
signaling pathways. Patients with LDS inherit the phenotype
in an autosomal dominant pattern and have chest wall defor-
mities such as pectus carinatum or pectus excavatum, a high
arched or cleft palate, pes planus, clubfoot, scoliosis, bifid
uvula, hypertelorism, widespread arterial tortuosity, and spe-
cifically aortic root aneurysms. They are similar in pheno-
type to MES patients, except that the arteriopathy that occurs
in LDS seems to be more widespread and occurs in periph-
eral arteries as well as the aorta. There are five types of
Loeys-Dietz syndrome. Type 1 is caused by mutations in the
TGFBRI1 gene, which encodes for the TGFf receptor 1. Type
2 is caused by mutations in TGFBR2 [93]. Type 2 patients
tend to have joint laxity, easy bruising, velvety skin, diffuse
arterial aneurysms and dissections, and near translucent skin
[94]. Type 3 mutations are caused by mutations of the
SMAD3 gene. Type 4 LDS is caused by a mutation involving
the TGFp 2 ligand [93]. Type 5 LDS is caused by a mutation
in the gene encoding for TGFp 3 ligand. As with MFS, the
greatest clinical danger with LDS is the presence of severe
cardiovascular defects. LDS is associated with aortic dissec-
tion, occasionally with no warning and no apparent dilation.
The mean age of first vascular events tends to occur at a
younger age, at around 30 years old.

Vascular Ehlers-Danlos syndrome type 4 (EDS-IV) is a
connective tissue disorder that affects type 3 collagen. There
are more than ten types of EDS, each with a different pheno-
type. Most phenotypes share similarities in regard to joint
hypermobility, cutaneous fragility, and hyperextensibility.
Type 4 is generally an autosomal dominant inherited disor-
der although autosomal recessive forms have also been
described. There is significant phenotypic overlap between
LDS and EDS-IV. EDS-IV patients are often short and have
translucent skin. Their joint hyperextensibility is less pro-
nounced than other EDS types. In addition to frequent arte-
rial rupture, EDS-IV patients are found to have valvular
prolapse and frequent spontaneous pneumothorax. Type 3
collagen is deficient in EDS type 4 due to a defect in the
COL3AI1 gene. This causes markedly increased fragility of
connective tissues that may lead to uterine rupture in preg-

nancy, intestinal perforation, as well as aortic dilation, dis-
section, and rupture. EDS-IV affects about 6% of EDS
patients and is the most lethal form of EDS [95].

Shprintzen-Goldberg syndrome (SGS) is another syn-
drome with a phenotype similar to LDS and MFS, but the
arteriopathy is less severe. SGS phenotypes can include cra-
niosynostosis, arachnodactyly, exophthalmos, hypertelorism,
maxillary and mandibular hypoplasia, low set ears, abdomi-
nal hernias, pectus deformity, scoliosis, Chiari I malforma-
tions, and aortic dilation. Functionally, these individuals
suffer from developmental delay, mental retardation, and
obstructive sleep apnea. These patients can appear to have a
Marfanoid habitus [96]. This syndrome is typically inherited
in an autosomal dominant pattern, but there must be a caus-
ative event that activates the mutation or some germline
mosaicism for the mutation to be expressed. Mutations found
in the SKI gene appear to cause aortic dilation that can lead
to aneurysmal disease. SKI is a SnoN protein that is nor-
mally a TGFp repressor by inhibiting SMAD. SKI competes
with a p300/CBP transcription factor for SMAD binding.
When SKI binds, it converts chromatin into a repressive
state. SKI binds the MH2 domain of the SMAD2/SMAD3
complex, thereby preventing the transcription of TGFf.
However, when it becomes mutated, there is overexpression
of TGFp. The upregulation of TGFp causes increased signal-
ing events, but due to the presence of other repressors of the
TGFp pathway, the vascular phenotype is less severe than
that of LDS [97].

Turner’s syndrome (TS) occurs in roughly 1 in every 2000
live female births. Characterized by short stature, webbed
neck, and premature ovarian failure, these women have nor-
mal intelligence. The genotype and phenotype are due to
complete or partial monosomy of the X chromosome. The
most common causes of early fetal demise or later complica-
tions are cardiovascular defects. Babies with in utero fetal
demise are typically found to have hypoplastic left heart syn-
drome. Common cardiovascular manifestations of TS
include bicuspid aortic valves and aortic coarctation [98].
Some develop ascending aortic dilation, dissection, and rup-
ture that are not always associated with bicuspid aortic
valves.

TS is one of the most common causes for aortic dissection
in women. Difficulties in diagnosing aortic dilation and pre-
dicting rupture may be due in part to the sizing of aortic
diameters in short statured women. Adjustment of aortic
diameter for height or body surface area indicates significant
aortic dilation in up to 1/3 of women with TS [105]. Two-
thirds of TS dissections occur in the ascending aorta (see big-
lycan discussion above).

X-linked Alport syndrome is a familial inherited disorder
of collagen that affects the alpha-5 chain of type 4 collagen.
Type 4 collagen is an important part of basement membranes.
This defect affects the glomeruli of the kidneys leading to
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renal fibrosis as well as the cochlea leading to sensorineural
hearing loss. Case reports have identified aortic pathology in
males with X-linked Alport syndrome. Most of the cases
reported involve dissection in young males between the ages
of 20 and 30 years. Vascular complications are uncommon in
Alport syndrome but arise due to a lack of appropriate pro-
collagen trimers in the type 4 collagen fibers of lamellar
basement membranes in the aortic media. This is caused by
the absence of alpha-5 chains [100].

Cutis laxa, or elastolysis, comprises a group of connective
tissue elastic fiber disorders characterized by loose, redundant
skin and may be congenital or acquired. Congenital cutis laxa
syndromes present with variable phenotypes and extracutane-
ous manifestations including ascending aortic aneurysm, geni-
tourinary and gastrointestinal diverticula, diaphragmatic
hernia, and emphysema that may lead to cor pulmonale and
death in early life. The autosomal dominant form is caused by
a defect in ELN that encodes for elastin and has less severe
involvement of internal organs and vasculature. Autosomal
recessive forms present a more virulent phenotype and are
associated with mutations in FBLN4 and FBLNS5. An X-linked
recessive form, now classified with copper deficiency syn-
dromes, is caused by a defect in ATP7A [106].

Nonsyndromic FTAADS include a growing number of
conditions with identifiable mutations as well as aneurysms
associated with bicuspid aortic valves. The MYHI11 gene
and the ACTA2 gene encode for smooth muscle myosin and
actin proteins. Both genes encode muscular elements, and
the mutations have been thought to be associated with upreg-
ulation of TGFf signaling. MYHI11 encodes a smooth
muscle myosin heavy chain isoform. The MYHI1 gene
mutation is associated with a high penetrance of coexistent
persistent patent ductus arteriosus. ACTA2 encodes for
smooth muscle alpha actin that is also coincidentally
expressed during inflammation and is a transcriptional target
of TGFp signaling [97].

Moyamoya disease is an occlusive vascular disease asso-
ciated with smooth muscle cell proliferation. This disease
has incomplete penetrance and is more common in persons
of Asian descent. The proliferative arteriopathy in this dis-
ease leads to the formation of abnormal collateral vessels in
the brain. These arise to compensate for diminished blood
flow in narrowed internal carotid arteries. These collateral
vessels eventually occlude due to intimal hyperplasia, despite
atrophy of the media layer. There also appear to be defects in
the elastic lamellae of the arteries as well; however, this is
less well characterized [101]. Moyamoya is associated with
FTAADS in individuals with ACTA2 mutations [107].

FTAADs have been primarily found through genome
sequencing in families with a history of aneurysmal disease.
Sequencing reveals deletions and other probable disease
causing mutations, as well as variants of unknown signifi-
cance. Variants of unknown significance are typically found

in coding regions of known genes for fibrillin, TGF path-
way constituents, and SM. While current surgical indications
are primarily based on aortic diameter, the association of
specific mutations with phenotypes prone to dissection and
aneurysm formation will allow more effective risk stratifica-
tion. Some patients will benefit from early prophylactic sur-
gery based on their genotype and not size criteria [91].

Bicuspid Aortic Valves

Bicuspid aortic valves (BAV) are the most common congeni-
tal cardiac malformation, occurring at a rate of 1-2% [102].
The normal aortic valve consists of three leaflets, and bicus-
pid valves have two leaflets often with a raphe fusing adja-
cent, conjoined leaflets. Multiple classification systems exist
based on the number of raphes, the position of the cusps/
raphes, and the functional status of the valve. One such clas-
sification system by Sievers and Schmidtke classified bicus-
pid valves based on the number of raphe. Type 0 has no
raphe, type 1 has one raphe, and type 2 has two raphes. Type
2 bicuspid valves are associated with the highest incidence of
ascending aneurysms according to one study of 304 surgical
patients [103]. The formation of ascending aneurysms in
BAV patients may be caused by the flow dynamics of blood
as it passes through a reduced aortic valve opening. Due to
the position of the cusps, a high velocity jet is continuously
directed toward the convexity of the ascending aorta, eventu-
ally causing dilation and dissection or aneurysm [102, 103].
Russo classified bicuspid valves based on where the fusion
of the cusps occurred [104]. Type A valves had fusion of the
left and right coronary cusps. Type B valves had fusion of the
right and noncoronary cusps, and type C valves had fusion of
the left coronary and noncoronary cusps. Russo found that
type A cusps were the most common. Type A cusps affected
a younger subset of patients with a larger mean aortic root
diameter. Based on the histopathology of aortic specimens,
type A valves and their associated aortas had a higher preva-
lence of fibrosis, medial necrosis, elastic fragmentation, and
inflammation compared to type B valves. This study also
found a direct correlation between the degree of aortic wall
degeneration and the ascending aortic diameter [104].

Patients with bicuspid aortic valves tend to have increased
arterial stiffness due to the degradation of elastin fibers
within the aortic wall. There also appears to be abnormal
endothelial cell function with downregulation of endothelial
nitric oxide synthase (eNOS). Due to the downregulation of
eNOS, nitric oxide bioactivity is increased, which subse-
quently increases MMP2 expression. Increased wall stiffness
in the aorta is thought to be mediated by multiple factors and
cytokines, but specifically matrix metalloproteinases like
MMP2. These aortas are then remodeled leading to dilation
of the aortic walls [102].
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Pathology of the Aorta: Inflammatory
and Noninflammatory Conditions
Predisposing to Aneurysm Formation,
Dissection, and Rupture

Jessica Gulliver and Erin G. Brooks

Introduction

The aorta is an elastic artery with a caliber that expands with
systole and recoils during diastole. In adults, it extends an
average of 490 cm in length from thoracic initiation to pelvic
bifurcation, and it is anatomically divided into three layers,
i.e. the tunica intima, tunica media, and tunica adventitia
(Fig. 4.1) [1]. The tunica intima is the layer closest to the
aortic lumen and is composed of extracellular matrix proteins
and a few multipotent stromal cells [1, 2]. It includes an endo-
thelial cell layer and extends to the internal elastic lamina
(IEL). The IEL delimits the tunica intima from tunica media
and consists of elastic fibers that form a barrier between large
molecules within the circulating blood (e.g. cholesterol) and
the underlying layers of the aortic wall. In newborns, the inti-
mal layer is quite thin with the endothelial cells closely
approximated to the IEL; with “wear-and-tear” aging, intimal
thickness increases due to deposition of extracellular matrix
proteins [3]. The tunica media extends to the external elastic
lamina (EEL) and is the thickest layer of the aorta. Its compo-
nents are concentrically arranged into lamellar units with
each lamellar unit being composed of a layer of elastic fibers
with subjacent smooth muscle cells and some embedded
extracellular matrix including collagen fibers and ground sub-
stance [1, 2]. In newborns, the number of stacked lamellar
units is only about 35; however, by adulthood, this has gener-
ally increased to 50-60 lamellar units [3]. The tunica adven-
titia is the outermost layer of the aortic wall and is composed
of connective tissue, adipocytes, lymphatic channels, and the
vasa vasorum. Given the width of the aortic wall, a special-
ized vascular system is needed to supply oxygen and other
nutrients to the parts of the aortic wall furthest from the blood
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flowing within the aortic lumen; thus, the vasa vasorum sup-
plies oxygen and nutrients to the outer third of the tunica
media. Disruption to the normal layers of the aortic wall due
to a variety of diseases can result in significant morbidity and
mortality. Thus, familiarity with clinicopathologic features
supportive of particular disease processes is advised.

Overview of Aortic Disease

The recent consensus statement on surgical pathology of the
aorta from the Society for Cardiovascular Pathology recom-
mends that aortic diseases detected in surgical pathology
specimens be categorized as either inflammatory or nonin-
flammatory processes and offers a standardized approach to
the processing of specimens, disease grading, and disease
nomenclature [3, 4]. It is anticipated that such standardization
will result in enhanced understanding of aortic diseases and
improved patient care. Either inflammatory or noninflamma-
tory aortic disease may ultimately result in serious sequelae
such as aortic aneurysm formation, acute aortic dissection, or
aortic rupture. A brief overview of the pathogenesis and epi-
demiologic features of aortic aneurysms and aortic dissec-
tions is followed by a review of the distinct inflammatory and
noninflammatory disease processes that may lead to such
phenomena.

Aortic Aneurysm

Pathologically, a true aortic aneurysm is defined as a local-
ized dilatation involving the entire thickness of the wall; it
may be congenital or acquired [5]. A false or pseudoaneu-
rysm, in contrast, is defined as a ruptured arterial wall in
which blood is confined by surrounding tissues forming an
extravascular hematoma [5]. In the United States, true tho-
racic and abdominal aortic aneurysms represent the 15th
leading cause of death in people greater than age 55 and are
the 19th overall leading cause of death [6].
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Fig. 4.1 (a) Normal layers of the aortic wall with the tunica intima,
tunica media, and tunica adventitia. (b) There is no medial degeneration
present (Alcian Blue/PAS stain). (¢) The normal aorta contains elastic
fibers in an organized pattern (Elastic stain). (d) Organized elastic fibers

without any degenerative changes (Movat’s pentachrome stain). (e)
Medial degeneration within the aortic wall (arrowhead). (f) Elastic fiber
fragmentation and loss (arrowheads). (g) Increased extracellular matrix
material (arrowheads)
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Thoracic Aortic Aneurysm

More than 95% of thoracic aortic aneurysms (TAAs) are
asymptomatic; the prevalence of clinically silent TAAs is
estimated to fall between 0.16% and 0.34% [6]. TAAs are
more common in men compared to women [6, 7]. The
TAA distribution in 60% occur in the root or ascending
aorta, 10% in the arch, 40% in the descending aorta, and
10% in the thoracoabdominal aorta (Fig. 4.2). The inci-
dence of TAAs appears to be increasing [6, 7]. There seems
to be a genetic component to TAAs with 21% of patients
with a TAA having a family member with some sort of
aneurysm. Genetic syndromes such as Marfan syndrome,
Ehlers-Danlos syndrome, Loeys-Dietz syndrome, and
Turner syndrome can have TAAs as part of their clinical
manifestations of the genetic abnormality [6]. Other risk
factors for development of thoracic aortic aneurysm
include aging, systemic hypertension, and bicuspid aortic
valve [7].

Histologically, medial degeneration is commonly seen
in thoracic aortic aneurysm resections. Medial degenera-
tion leads to a weakened aortic wall which predisposes to
dilatation and eventual aneurysm formation. Mucoid extra-
cellular matrix accumulation, loss of smooth muscle cells
with disarray, elastic fiber degeneration, and disorderly
arrangement are some features of medial degeneration [3,
7]. In patients with Marfan syndrome, mutations in fibril-
lin-1 are found. Fibrillin-1 is important to the construction
of microfibrils in the extracellular matrix. Medial degen-
eration is often significant in patients with Marfan syn-
drome [7].

Fig. 4.2 Thoracic Aortic Aneurysm Rupture with hemorrhage (arrow
demonstrating aortic arch rupture). Brachiocephalic Artery, Left
Common Carotid Artery, and Left Subclavian Artery are adjacent to
area of rupture

Abdominal Aortic Aneurysm

Abdominal aortic aneurysms (AAAs) are more common in
occurrence when compared to TAAs; up to 80% of aortic
aneurysms occur below the renal arteries [7]. Most are due to
atherosclerosis, but other causes such as inflammatory aneu-
rysm, tuberculous aneurysm, medial degeneration, or infec-
tious aneurysm are possible [7]. Risk factors for AAAs
include smoking, increasing age, greater height, coronary
artery disease, atherosclerosis, hypercholesterolemia, and
hypertension [7, 8]. Like thoracic aortic aneurysms, genetics
also can play a role in AAAs with 12-19% of those patients
having an abdominal aneurysm repair being related to a first
degree relative with an AAA [8]. In addition, patients with
Ehlers-Danlos type IV who have a defect in their type III
collagen synthesis are at an increased risk of AAA [8].

Atherosclerotic plaques play a role in development of
AAAs. Significant inflammatory infiltrates including numer-
ous macrophages and lymphocytes are common in AAAs
which may contribute to extracellular matrix degeneration.
Histologically, elastic fiber loss, medial smooth muscle cell
degeneration, and fibrosis can be seen. Another common
finding is thrombus formation within the aortic lumen asso-
ciated with the aneurysm. Enzymes such as collagenase and
elastase may be upregulated contributing to aneurysmal dila-
tation [7].

Aortic Dissection

Approximately 3/100, 000 persons/year develop an aortic dis-
section with a slight male predominance. Risk factors for an
aortic dissection include age, inherited genetic connective tis-
sue diseases such as Marfan syndrome and Ehlers-Danlos syn-
drome, hypertension, aortic valvular disease such as bicuspid
aortic valve, trauma, prior aortic operations, and cocaine
abuse. The most common symptoms are back, abdominal, or
chest pain [9]. An aortic dissection occurs when a tear devel-
ops in the intimal layer allowing blood to enter into the tunica
media layer creating a true lumen and a false lumen (Figs. 4.3,
4.4, and 4.5). In cases related to an intimal tear, 60% occur in
the ascending aorta, 25% in the descending aorta, and 10% in
the arch and abdominal aorta [9]. Other causes of aortic dis-
section could be bleeding from the vasa vasorum in the tunica
adventitia into a weakened tunica media layer.

Aortic dissections are often classified into two types:
Stanford Type A which occurs in the ascending aorta and
Stanford Type B which originates in the descending aorta
[9]. Approximately 60% of patients develop Type A dissec-
tions with the incidence peaking between 50-60 years of age
[9]. In patients with inherited connective tissue diseases, a
common histological finding is medial degeneration which is
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Fig.4.3 Aortic dissection with true lumen and false lumen (arrow indi-
cating false lumen)

Fig. 4.4 Aortic dissection with hemorrhage (arrow) present within the
separating tunica media

|

Fig. 4.5 Aortic dissection with elastic fibers stained with an elastic
stain showing dividing layers of tunica media as hemorrhage accumu-
lates within the tunica media

characterized by loss of elastic fibers in the tunica media,
decrease in smooth muscle cells, and an increase in proteo-
glycans, glycosylated proteins [3, 9, 10]. In patients without
connective tissue diseases, medial degeneration may be
milder or less common. Electron microscopy of the layers of
the aortic wall has shown in normal aortic walls elastic fibers
are organized longitudinally but also with connections
between the longitudinal elastic fibers. In patients without a
connective tissue disease, it is possible that loss of connec-
tion between longitudinal elastic fibers is a mechanism in the
pathogenesis of aortic dissection [10].

Noninflammatory Conditions of the Aorta

Degenerative changes of the aortic wall can result from a
variety of noninflammatory conditions such as aging, hyper-
tension, genetic syndromes, and congenital anomalies.
Histologically, they may show medial degeneration. Medial
degeneration includes mucoid extracellular matrix accumu-
lation, elastic fiber fragmentation, thinning, and disorganiza-
tion, smooth muscle cell nuclei loss and disorganization,
laminar medial collapse, and medial fibrosis (Figs. 4.6 and
4.7) [1, 3]. Each of these subcategories are components of
medial degeneration and can be graded as mild, moderate,
and severe to contribute to the overall grading of medial
degeneration as mild, moderate, and severe [3]. Aging,
genetic syndromes, congenital diseases, hypertension,
cocaine, intense physical exertion, and pregnancy can be
associated with degenerative changes within the tunica
media [1, 3]. Attempting to streamline the pathologic termi-
nology used to describe abnormalities within the aortic wall
may improve understanding of the common histologic
appearance of the various causes of aortic pathology [3].

Fig.4.6 Elastic fiber fragmentation as seen in aging and noninflamma-
tory conditions of the aorta previously described
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Fig.4.7 Medial degeneration as previously described in noninflamma-
tory conditions of the aorta

Aortic Disease in the Elderly

As individuals age, the aorta becomes less pliable and
enlarges placing them at risk for aneurysm and dissection.
Within the thoracic aorta, the diameter changes as people
age. However, in the abdominal aorta, the most significant
change is an increase in stiffness [1]. Elastin decreases and
becomes more fragmented. In addition, there is intimal pro-
liferation and increased disorganized collagen. Smooth mus-
cle cells become less prevalent. Each of these changes
presents a challenge for the aorta to repair itself when injury
occurs [1].

Aortic Disease in the Young

Genetic syndromes such as Marfan syndrome, Loeys-Dietz
syndrome, Turner syndrome, Ehlers-Danlos syndrome,
Familial thoracic aortic aneurysm and dissection, Arterial
tortuosity syndrome, Shprintzen-Goldberg, and autosomal
dominant polycystic kidney disease can demonstrate elastic
fiber fragmentation and loss [1, 3]. Marfan syndrome (MFS)
results from a genetic abnormality in the fibrillin-1 gene
which predisposes 68—80% of individuals to aortic root dila-
tation by age 19 [11]. Individuals with this syndrome may
have pectus excavatum, arachnodactyly, tall stature, lens
ectopia, and mitral valve prolapse [1, 11]. At autopsy, annu-
loaortic ectasia where both the aortic annulus and ascending
aorta are enlarged with a flask-like shape may be seen.
Histologically, elastic fiber fragmentation and medial degen-
eration are observed [1, 3, 11].

In Turner syndrome, a sex aneuploidy syndrome where
individuals have a single X chromosome, 1.5% of individu-
als have aortic dilation along with other cardiac abnormali-

ties such as bicuspid aortic valve and coarctation [11]. Other
manifestations of Turner syndrome include webbed-neck,
short stature, and lymphedema [1]. By contrast, individuals
with Ehlers-Danlos syndrome type IV have an abnormality
in their collagen, type III, alpha-1 (COL3A) gene which
encodes type III 1 collagen found in skin, vessel walls, and
hollow organs [11]. Individuals may have thin skin, a thin
pinched nose, thin lips, prominent ears, and be prone to
bruising [1]. Rupture and dissection tend to be more com-
mon than aortic aneurysm formation.

In individuals with autosomal dominant polycystic kid-
ney disease, a mutation found in polycystic kidney disease
(PKD) 1 gene, can result in saccular intracranial aneu-
rysms and at times abdominal aortic aneurysm or thoracic
aortic aneurysm rupture [1, 11]. Other manifestations
include renal cysts and renal failure [11]. Aneurysm rup-
ture could be related to hypertension within these individ-
uals. About 20% of patients being seen for thoracic
aneurysm repair have clustering of thoracic aneurysms in
their family. Inheritance is usually autosomal dominant
and can be caused by a number of different genetic muta-
tions [1, 11].

Loeys-Dietz syndrome, a disorder of connective tissue
diseases, shares some features with MFS and vascular type
of Ehlers-Danlos syndrome [1, 11]. Individuals may have
hypertelorism, changes to their uvula, cleft palate, cranio-
synostosis, and be at risk for visceral rupture as well as easy
bruising [1].

Aortic tortuosity syndrome can occur due to a mutation in
solute carrier family 2 member 10 gene which encodes a glu-
cose transporter (GLUT10) [11]. Medial degeneration, spe-
cifically, elastic fiber fragmentation may be observed
histologically [1].

Congenital

Bicuspid aortic valve affects approximately 2% of the popu-
lation and is the most common congenital heart abnormality.
The cause of bicuspid aortic valve is mostly unknown. About
50% of young men with bicuspid aortic valve have aortic
dimensions fitting with an aneurysm and 5% develop an aor-
tic dissection [11]. NOTCH-1 mutations can be seen in those
with bicuspid aortic valve [1]. Individuals may develop an
aneurysm of the aortic root which is associated with a sixfold
increased dissection risk [1]. Medial degeneration within
these aortas can range from mild to severe [1]. Other con-
genital anomalies, such as coarctation of the aorta and nar-
rowing of the aorta distal to the left subclavian artery, can be
associated with bicuspid aortic valve and rarely aortic dis-
section. Histologically, mucoid extracellular matrix accumu-
lation and elastic fiber fragmentation may be observed.
Finally, most patients with tetralogy of Fallot undergo repair
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but can develop aortic root dilatation as they age. Pathology
often demonstrates medial degeneration with lack of lamel-
lar units, elastic fiber fragmentation, mucoid extracellular
matrix accumulation, and medial fibrosis [1].

Other Noninflammatory Causes of Aortic
Aneurysm and Dissection

Systemic hypertension is one of the most important risk
factors for medial degeneration and development of aortic
aneurysm and dissection [1, 3]. In a Mayo Clinic study of
513 patients requiring resection of a thoracic aortic aneu-
rysm, 54.4% had a history of hypertension [12].
Hypertension may accelerate the aortic aging process
through altered hemodynamic forces which greatly affect
the aortic media [1, 12].

Cocaine abuse is associated with multiple cardiovascu-
lar abnormalities including aortic dissection. Cocaine
causes release of catecholamines which stimulate alpha-
and beta-adrenergic receptors which can lead to vasocon-
striction and arterial spasm. Chronically, cocaine leads to
increased diastolic aortic diameter, loss of aortic elasticity,
and increased aortic stiffness [11]. Histologically, resected
aortas can demonstrate mucoid extracellular matrix accu-
mulation [1]. When combined with uncontrolled hyperten-
sion and smoking, these individuals can be at risk for aortic
dissection [11].

Aortic dissection can be seen in weightlifting and severe
physical exertion. Typically, patients have preexisting mod-
erately enlarged aortas. The cause of the aortic dissection in
this situation could be related to a rapid and extreme eleva-
tion in blood pressure during significant exertion against an
already dilated aorta [11]. Intense physical exertion can ele-
vate blood pressure over 300 mmHg which increases wall
stress [3]. Microscopically, mucoid extracellular matrix
accumulation has been seen. The stress on the aortic wall
may lead to aortic rupture [3].

Pregnancy can also affect the aortic wall. In women with
genetic predisposition to an aortic dissection, such as indi-
viduals with MFS, bicuspid aortic valve, an existing aneu-
rysm, or an aortic diameter greater than 4 cm, there is a risk
for aortic dissection. The etiology is thought to be from hor-
monal influences leading to elastic fiber fragmentation and a
decrease in aortic wall mucopolysaccharides [3].

Inflammatory Conditions of the Aorta

Inflammatory conditions of the aorta include atherosclerosis,
aortitis, and periaortitis [2, 4]. Inflammation of the aorta can
result in aneurysm, aortic wall rupture, acute dissection, and
obstruction of the aortic lumen [4].

Atherosclerosis

Atherosclerosis is a pathologic process that may cause dis-
ease of the cerebral, coronary, mesenteric, and peripheral
arteries. Men and women aged 15-34 years of age have been
found to have the earliest form of atherosclerosis known as
fatty streaks. Risk factors for atherosclerosis include smok-
ing, diabetes mellitus, dyslipidemia, and hypertension. The
presence of aortic atherosclerosis indicates systemic athero-
sclerosis is present.

The pathophysiology of atherosclerosis involves lipid dis-
turbances, platelet activation, thrombosis, endothelial abnor-
malities, inflammatory responses, oxidative stress, smooth
muscle cell proliferation, vascular remodeling, and genetic
characteristics.

Classification of degree of severity of atherosclerosis
within the aorta appears to differ from classification schemes
used in the coronary arteries [4]. Most classification models
are based on changes within the tunica intima, but within the
aorta the consequences of atherosclerosis are mainly based
on changes within the tunica media [4]. Within the aorta, ath-
erosclerosis is categorized as mild, moderate, or severe [4].
No significant atherosclerosis consists of normal or fatty
streaks with intimal thickening or hyperplasia and foam cells
and lymphocytes seen histologically. Mild atherosclerosis
consists grossly of raised plaques and extracellular lipid
deposition without fibrosis microscopically. Moderate ath-
erosclerosis consists of raised or confluent plaques which
has extracellular lipid deposition and fibrosis as well as
destruction of the media up to 1/3 of thickness. Severe ath-
erosclerosis also consists of raised or confluent plaques on
gross examination as well as extracellular lipid deposition
with fibrosis, but media destruction constitutes more than 1/3
of the thickness. Importantly, pathologists must also com-
ment if plaque disruption, luminal thrombus, or if the plaque
is calcified. Noting the presence of thrombus is important for
possible embolic events [4].

Atherosclerosis begins as a fatty streak (Fig. 4.8). The
fatty streak develops when foam cells (macrophages filled
with lipids) accumulate in the intima of an artery. Smooth
muscle cells are also present in the intimal layer of arteries
and begin to collect. Smooth muscles cells may undergo
apoptosis as they increase in the intimal layer which attracts
additional macrophages with microvesicles capable of
calcifying. This process may facilitate transition of the fatty
streak to an atherosclerotic plaque [13].

Once an atherosclerotic plaque develops, there is risk of
plaque ulceration or thrombosis (Fig. 4.9). As plaques
develop, an extracellular lipid core accumulates covered by a
fibrous cap which contains smooth muscle cells and macro-
phages forming an atheroma (Fig. 4.10) [13, 14]. In plaques
with the volume composed predominantly of extracellular
lipid and a fibrous cap made largely of macrophages instead
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Fig. 4.8 Mild atherosclerosis with both fatty streaks (arrow) and ath-
erosclerotic plaques (arrow head) present

Fig. 4.9 Severe atherosclerosis with ulceration of atherosclerotic
plaques (arrow) and shrunken kidneys bilaterally. Graft present superior
to area of atherosclerotic plaque ulceration

Fig.4.10 Atheroma within the aortic wall (arrow indicating atheroma
and disruption of tunica media)

of smooth muscle cells, thrombosis and ulceration can be
seen [14]. Lymphocytes can be observed in the intima,
media, and/or adventitia which are mainly CD3+ T-cells, but
CD20+ B-cells and plasma cells can also be seen [4].
Disrupted plaques may contain surface thrombus, or if the
plaque has existed for a long time, organizing thrombus may
be observed. In addition, at the site of disruption, neutrophils
can be identified. Cholesterol clefts can cause a giant cell
reaction [4].

Some moderate to severe cases of atherosclerosis can
have an unusually intense inflammatory infiltrate. Neutrophils
can concentrate around the disrupted plaque. Differentiating
from bacterial infection can be done by noting absence of
necrosis except for in the lipid atherosclerotic core and
absence of microorganisms. Gram stain, Grocott-Gomori
methenamine silver stain, Steiner, or Warthin-Starry stain
may be helpful in identifying infectious causes [4].

Severe atherosclerosis can be associated with an inflam-
matory atherosclerotic aneurysm especially within the
abdominal aorta. Histologically, a lymphocytic, plasma cell,
and possibly eosinophilic inflammatory infiltrate is observed
within the aortic adventitia along with a severe atheroscle-
rotic lesion. Lack of granulomas, IgG4+ plasma cells, puru-
lent inflammation, or significant necrosis helps distinguish
inflammatory atherosclerotic aneurysm from periaortitis.

Aortitis

Ascending aortitis can be a cause of aortic aneurysm.
Inflammation of the adventitia and media with giant cells can
occur in diseases such as Takayasu arteritis, giant cell arteri-
tis, and isolated arteritis. Takayasu arteritis typically affects
individuals between 10 and 30 years of age with a female
predominance [2]. Grossly, the aorta appears thickened and
rigid due to transmural fibrosis. Areas of narrowing alternat-
ing with dilatations can be observed. Histologically, inflam-
mation can be seen in the vasa vasorum initially consisting
mainly of T cells. Eventually, inflammation extends to the
media and adjacent adventitia. The tunica media can have
infiltrates of inflammatory cells including giant cells which
lead to elastic fiber and smooth muscle cell loss. When there
is destruction of the media, aneurysms can develop. Up to
45% of patients develop aneurysms most commonly in the
ascending aorta and aortic arch [11].

Giant Cell Arteritis

Giant cell arteritis is the most common systemic vasculitis to
affect the aorta. Patients who develop giant cell aortitis typi-
cally lack systemic symptoms usually associated with giant
cell arteritis such as unilateral headache, jaw claudication,
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Fig.4.11 Giant cell aortitis with giant cells and lymphocytic infiltrate
(arrow indicating giant cell and surrounding lymphocytic infiltrate
within the tunica media of the aorta)

and visual impairment [4]. Aortic intima begins to appear
like tree bark due to medial damage, tissue edema, and inher-
ent elastic properties of the vessel itself. Granulomatous
inflammatory cells with multinucleated giant cells are seen
in the tunica media (Fig. 4.11) [2]. The inner half of the
media is predominantly affected [4]. Medial injury results in
a moth eaten appearance on elastic stain of the tunica media.
When the vasa vasora are involved, the media may infarct
and lead to laminar medial necrosis which is seen in both
inflammatory and noninflammatory aneurysms [2]. Within
the adventitia, a lymphoplasmacytic infiltrate can develop
[4]. Those who develop biopsy-proven giant cell arteritis
involving temporal or occipital arteries are seventeen times
more likely to develop a thoracic aortic aneurysm compared
to their healthy age- and sex-matched individuals [2]. In one
study, 4% of patients with giant cell arteritis on biopsy devel-
oped an aortic dissection.

Takayasu Arteritis

For individuals under the age of 50, particularly adolescent
girls and women in their twenties and thirties, Takayasu arte-
ritis is the systemic vasculitis typically affecting the aorta.

The disease targets large elastic arteries. Symptoms can be
mild such as impalpable pulses or more severe such as sub-
clavian steal syndrome and cerebrovascular events.
Geographically, countries such as Japan, Southeast Asia,
India, and Mexico have more disease prevalence. Grossly,
the aorta may dilate, develop aneurysms, or thrombosis.
Inflammatory infiltrates made of granulomas, lymphocytes,
plasma cells, and eosinophils can be seen. Medial necrosis
with adventitial fibrosis is a common histologic pattern.
Giant cell arteritis may appear similarly to Takayasu arteritis.
However, Takayasu arteritis typically has a greater aortic
wall thickness, and giant cell arteritis usually lacks severe
adventitial scarring and inflammation predominantly affects
the inner tunica media [4].

Syphilitic Aortitis

Syphilitic aortitis commonly involves the thoracic and
ascending aorta with lymphoplasmacytic infiltrates seen in
the media and adventitia with obliterative endarteritis in the
vasa vasora at times [4]. Warthin-Starry stain can be helpful
in identifying the Treponema pallidum microorganisms [2].
Aneurysms caused by syphilitic aortitis can erode into
nearby tissue whether aortic rupture or dissection is present
or not.

Pyogenic Aortitis

Pyogenic aortitis results when bacteria implant on the inti-
mal layer of the aorta which can occur when a patient has
bacteremia or endocarditis. Aortic graft placement, spread
from an extravascular infection, traumatic inoculation, or
embolization of bacteria to the vaso vasora can also result
in pyogenic aortitis. Staphylococcus aureus, Streptococcus
species, Salmonella species, Gram negative rods, and fungi
have been seen in infectious aneurysms. Neutrophils can be
seen within the wall of the aorta. Staining for bacteria and
fungi can be done, but intraoperative cultures are preferable
for diagnosis [2]. If fresh tissue or purulent material was
not sent for culture from the operating room, then it is best
to send fresh sterile tissue as soon as possible [4].
Additionally, fresh sterile tissue can be used to identify
microorganisms by DNA amplification and sequencing.
When received, the fresh sterile tissue can be frozen in
order to accomplish this [4].

Aneurysm can result from all types of inflammatory aor-
tic disease. Infectious causes usually produce non-
circumferential aneurysms that may affect multiple areas of
the aorta [2]. Quickly addressing the infection with debride-
ment or an operation could lower the risk of the patient
developing a dissection or rupture [2].
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Surgical Pathology Processing of the Aorta

When grossing an aortic specimen, it is important when
aortic tissue is received to orient, measure, and photo-
graph the specimen. The diameter should be measured
and examined for the presence of dissection, intimal
tears, presence of atherosclerotic plaques, intimal thick-
ening, evidence of prior operation, and the presence
or absence of thrombus material. Decalcification of
greatly calcified areas should be done. If Ehlers-Danlos
syndrome type IV is suspected, the aortic media should
be put in glutaraldehyde for inspection. A minimum of
six full thickness sections perpendicular to the lumen
should be taken. Evaluation should include a hematoxylin-
eosin slide and elastic stain to evaluate the elastic fibers
within the aorta. A collagen stain and an Alcian blue peri-
odic acid Schiff stain can be helpful in identifying scar-
ring or accumulation of collagen, proteoglycans, and
mucopolysaccharides [11]. If aortitis is suspected, it is
recommended to submit at least 1 section of tissue per
centimeter or 12 blocks of tissue and to section the
specimen perpendicular to the longitudinal axis of the
aorta [4].

Conclusion

In summary, it is important for Pathologists and Surgeons to
collaborate about the clinical suspicions, findings at the time
of operation, identified gross abnormalities, and ultimately
the microscopic findings of the aortic pathology. Both nonin-
flammatory conditions and inflammatory conditions of the
aorta may lead to aortic aneurysm, aortic dissection, and aor-
tic wall rupture. The most complete understanding of the
underlying disease process and etiology of the patient’s pre-
sentation develops from understanding both the anatomy and
histology of the aortic pathology and ultimately using this
understanding to guide diagnosis and management of the
patient’s disease.
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Introduction

The clinically most important aortic diseases are those that
cause aneurysms and dissections in the aortic wall. Aortic
aneurysms and/or dissections are sometimes subject to sudden
rupture, which often causes sudden death. Currently the big-
gest problem in addressing sudden rupture is, that early stage
aneurysm, which can be successfully treated by surgery,
remains usually undetected because it is not associated with
clearly detectable symptoms.

Aortic aneurysmal diseases include thoracic aortic aneu-
rysms (TAAs) and abdominal aortic aneurysms (AAAS).
TAAs have a strong and well-characterized genetic compo-
nent. In the western world, TAA occurs with an incidence of
about 12 per 100,000 per year in all age groups, shows little
gender bias, and does not show strict association with cardio-
vascular risk factors [1]. In contrast, AAA is generally diag-
nosed in people over the age of 65, has a prevalence rate of
about 8% for men and 1% for women [2] and shows strong
association with male gender, smoking and cardiovascular
disease. The genetics of TAA is well defined, and more than
20 genes have been found that, when mutated, directly cause
TAA in an autosomal dominant Mendelian manner. The
genetics of AAA is less well understood, mostly because all
genes that have so far been associated with AAA seem to

cause a phenotype in concert with environmental factors. In
general, the observed prevalence of abdominal aortic aneu-
rysm is likely below its actual occurrence because many
cases may go undiagnosed. Combined, all aortic diseases,
including inherited and non-inherited, are the 18th most
common cause of death and are responsible for 1-2% of all
deaths in industrialized nations [3].

At least 20% of all TAA are familial and directly caused
by well-characterized mutations which are inherited in an
autosomal dominant manner with high penetrance [4-8].
Familial TAAs are abbreviated often as TAAD or FTAAD
where F stands for familial and D for dissections.

AAA differs from TAA as it does not usually feature strict
Mendelian inheritance due to directly causative mutations.
However, in the past several years, it became abundantly
clear that AAA is indeed strongly associated with known
genetic loci, although in all cases mutations in these loci
predispose to AAA and cause AAA only in the context of
additional environmental factors [1, 2, 9—11].

With the advent of gene targeting in mice more than
20 years ago that most recently was dramatically facilitated
by the new CRISPR technology, it became possible to intro-
duce any type of precise amino acid change into any endog-
enous gene of the mouse (e.g. [12-14]), and to date, several
mutations found in genes of patients with aortic disease have
been introduced by gene targeting into the mouse homo-
logues of these genes. This has allowed the generation of
experimental mouse models for several genetic types of
TAAD and AAA, and these will be discussed below in detail
together with the corresponding specific diseases.

The most recent discoveries of genes causing both TAAD
and AAA suggest that any patient with TAA or with AAA
should undergo genetic screening. If a known aneurysm-
associated mutation is found — for TAA, usually a mutation
that changes amino acid(s) of a protein coded for by a single
gene and for AAA a single nucleotide polymorphism (SNP)
usually located in intergenic regions — blood relatives should
also be screened for such mutations. Without a doubt this
will aid in early detection and therapy of aortic aneurysms
and should significantly reduce ruptured TAA and AAA in
family members.

Developmental biology has firmly established that the
aortic root develops from the secondary heart field, the
ascending aorta from the neural crest, and the descending
aorta from the paraxial/somitic mesoderm and that the cor-
responding vascular smooth muscle cells (VSMCs) feature
different proliferative and secretory responses to cytokines
and produce different types of extra cellular matrix (ECM) in
the aortic media [15]. This is consistent with the fact that
generation of TAADs and AAAs is mechanistically clearly
distinct and, as we describe in the paragraphs below, many of
the genes involved in their generation are different. In
addition, the cellular pathologies of the dilated aortic wall in
TAA and AAA patients are distinct, although they share
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some features [16]. A prominent difference is the paucity of
atherosclerotic plaques and calcification found in the dilated
thoracic aortic wall compared to the undilated and dilated
abdominal aortic wall, as well as the distinct Thl-specific
immune response for TAA compared to the predominantly
observed Th2 immune response for AAA [16]. In addition,
intraluminal thrombus is common in AAA but not TAA [17].
On the other hand, for both thoracic and abdominal aortic
aneurysms, the aortic media is the predominant location of
the causative injury which consists of infiltration of multiple
types of inflammatory cells, destruction of the elastic fibers,
and loss of VSMC which together lead to structural weak-
ness. The exact proportion of the contribution of inflamma-
tory cells, elastic fiber remodeling, and VSMC metabolism
in Mendelian and non-Mendelian forms of TAA as well as
AAA is subject of intense research.

Importantly, the knowledge gained from the molecular
pathology of inherited aneurysms may also inform how to
prevent aneurysms that are not genetically determined,
which would be significant as these are the most frequent
aneurysms: Indeed several important pathological pathways
have already been discovered by genetic linkage analysis and
extensively confirmed by animal studies — the TGF-beta
pathway was discovered in 2006 to be involved in TAA [18],
and this was confirmed extensively [7, 10, 19, 20].
Importantly, this pathway has originally been known to play
important roles in the embryonal development of many types
of tissues, including the thoracic and abdominal aorta and in
the occurrence of many types of cancer — more recently it has
been found that it may also be involved in AAA formation
[20]. In the past several years, multiple genes regulating the
lipid metabolism were found to be involved in AAA [1]. In
addition, several genes regulating infiltration of immune
cells into the aortic media or affecting extracellular matrix
remodeling or proliferation of vascular smooth muscle cells
in the media were found to be crucial for development of
AAA 1, 21].

The currently known contributions of specific genetic loci
to the two main classes of inherited aortic aneurysms, famil-
ial thoracic aortic aneurysms and dissections (FTAADs) and
abdominal aortic aneurysms (AAAS), are described below.

Familial Thoracic Aortic Aneurysms
and Dissections (FTAADs)

The first genetic condition and first familial disease observed
to cause TAA is Marfan syndrome, a disease characterized
by early TAA-induced cardiac death and characteristically
long limbs. Marfan syndrome was also the first familial TAA
syndrome shown to be caused by mutations in a specific
gene, the fibrillin 1 (FBN1) gene [22]. Later, additional
mutations in more than 20 genes causing FTAAD were dis-
covered, and these cause Loeys—Dietz syndrome, vascular

Ehlers—Danlos syndrome, Arterial Tortuosity Syndrome, as
well as multiple types of non-syndromic familial TAA
(FTAAD).

Indeed, familial thoracic aortic diseases are usually classi-
fied as either syndromic FTAADs or non-syndromic FTAADs,
respectively. Syndromic FTAADs are also referred some-
times simply as syndromic TAADs. Non-syndromic FTAADs
are often known simply as FTAADs or even just as TAADs.
D for “dissections” is sometimes omitted for brevity. However,
if the letter F for “familiar” is not included, the abbreviations
can be mixed up with sporadic TAA/TAAD that may lack a
genetic cause but indeed comprise the majority (~70+%) of
all TAADs. To what degree their molecular pathology is dif-
ferent from that of FTAADs is subject to intense research. For
clarity, we will here always include the F for all familial dis-
eases, both syndromic and non-syndromic.

Syndromic FTAADs are characterized by inherited tho-
racic aortic disease with additional extensive non-aortic-
related symptoms, such as long limbs for Marfan disease,
while non-syndromic FTAADs have been defined by a lack
of additional symptoms. In some cases FTAADs can present
as either non-syndromic or syndromic, depending on the age
of the patient or the exact position and type of mutation
within a given gene, such as for FTAAD caused by mutations
in the ACTA?2 gene (see below). Each of these inherited aor-
tic diseases is caused by a single mutation in a single differ-
ent and characteristic genetic locus, and remarkably, at the
time of submission of this article, both syndromic and non-
syndromic FTAADs are associated with a growing list of
genetic mutations in more than 20 different genes. The
majority of these mutations are already known to be func-
tionally responsible for FTAAD, based on a combination of
family studies and genetic mouse models. Importantly, most
of these genetic loci are not involved in AAA, strongly
underscoring the functionally distinct pathology of FTAADs.

Among all thoracic aortic aneurysms (inherited plus non-
inherited), about 20% are familial and are usually inherited
in a classic autosomal dominant manner with high or com-
plete penetrance [4-8]. Due to major recent advances in
next-generation DNA sequencing (NGS), new inherited
mutations associated with FTAADs are found continuously,
and it is likely that the real percentage of FTAADs among all
TAAs significantly exceeds 20%. Similar to most forms of
AAA, FTAADs typically show distinct and extensive remod-
eling of the aortic media, characterized by significantly
reduced numbers of vascular smooth muscle cells (VSMCs),
fragmentation of the elastic fibers in the extracellular matrix
(ECM), and inflammatory infiltration of lymphocytes that
usually invade from the micro vessels of the adventitia.
However, a major difference to AAA is the relative absence
of atherosclerotic plaques in the aortic wall of TAA patients
[23] (see also Table 5.1).

Since the 1990s, preventative genetic screening of blood
relatives of familial syndromic or non-syndromic FTAAD
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Table 5.1 Characteristic features of familial TAAD and familial AAA

FTAAD

At least 20% of all cases

Aortic root: Secondary heart field

Ascending aorta: Neural Crest

Descending aorta: Somatic mesoderm

Somewhat influenced by non-genetic factors

Little or no atherosclerosis

Intraluminal thrombus usually absent

Extensive fragmentation of elastic fibers in the media - the normal
thoracic media is significantly thicker and contains many more
elastic lamina than the abdominal media

Loss/apoptosis of vascular smooth muscle cells in the media
accumulation of proteoglycans, no cyst formation, or overt necrosis
(the original diagnosis of cystic medial necrosis is a misnomer)
Infiltration of Th-1 inflammatory cells and macrophages through
the adventitia into the media. The T-cells have an unusual flattened
appearance and thus were not recognized for decades.

elevated INFy, IL2, IL12 and IL18

elevated MMP2 and MMP9

Prevalence of familial disease

Developmental origin of aortic
section

Pathological features as reviewed
in [16], for more details on
inflammatory cells see [171-174]

Types of Syndromic FTAAD all
caused by mutations in exons

Caused be mutations in exons of the indicated genes:
Marfan syndrome (MFS)

FBN1

Loeys-Dietz syndrome (LDS)
TGFBR1,TGFBR2,SMAD3,TGFB2,

TGFB3

Vascular Ehlers-Danlos Syndrome (VEDS)

Col3A1

Bicuspid valve syndrome

SMAD6

Arterial tortuosity syndrome (ATS)

SLC2A10

Syndromic ACTA2 FTAAD

ACTA2

Caused by mutations in exons of the indicated genes that affect the:
VSMC extracellular matrix
FBN1,ELN,FBLN4,MFAP5

VSMC cytoskeleton

MYHI11, ACTA2 (e.g., Arg39Cys, Arg258 Hi/Cys mutation),
MYLK,PRKGI,

TGF beta pathway, cell proliferation
TGFBR1,TGFBR2,SMAD2, TGFB2, TGFB3,
Other pathways

LOX, FOXE3, 11g23, 5q13-14

Types of non-syndromic FTAAD
all caused by mutations in exons

Types of familial AAA all caused
by specific mutations outside of
exons but close to the indicated
specific genes

Familial AAA
15-20% of all cases
Somatic mesoderm

Strongly influenced by non-genetic
factors, especially atherosclerosis,
smoking and hypertension
Frequent/extensive atherosclerosis
Intraluminal thrombus is common
Fragmentation of elastic fibers in the
media

Loss/apoptosis of vascular smooth
muscle cells in the media

Infiltration of Th-2 inflammatory
cells through the adventitia into the
media as well as NK and NKT cells
and macrophages

elevated IL4, IL5, IL10, IL12, IL18
and INFy

elevated MMP1, MMP2, MMP3 and
MMP9

Caused by predisposing mutations
indirectly affecting expression of the
indicated genes involved in:

Lipid metabolism

LDLR, SORT1

Immune response

IL6R

VSMC proliferation
9p21/ANRIL, DAB2IP, ERG,
SMYD2, LINC00540
Extracellular matrix remodeling
MMP9
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patients has become routine clinical practice. To date in the
USA, most routine genetic tests performed for all individuals
with aortic aneurisms assess the presence of mutations in at
least 20 separate loci, such as the commercially available
Ambry Genetics TAADNext test which assesses 22 loci.
This has allowed early treatment of at-risk family members
with beta-blockers or blood pressure drugs, regular screen-
ing for aneurysms, and/or corrective surgery. A striking
example of progress is Marfan syndrome where the average
life expectancy has dramatically increased with modern
diagnosis, monitoring, and treatment (for details see also
section describing MFS below).

Syndromic Familial Thoracic Aneurysms
and Dissections (Syndromic FTAADs)

The most well-understood syndromic FTAADs include the
dominantly inherited Marfan syndrome (MFES), Loeys—Dietz
syndrome (LDS), vascular Ehlers—Danlos syndrome (VEDS),
and arterial tortuosity syndrome (ATS) [24]. They are all
characterized by acute thoracic aortic dissections and rup-
tures, which cause sudden cardiac death. In addition they
exhibit characteristic features unrelated to the aorta, such as
long limbs in the case of MFS and widely spaced eyes for
LDS. The first of these syndromic FTAADs was MFS. In
1991, MFS was found to be caused by mutations in the fibril-
lin 1 gene (FBN1) [22, 25, 26]. Since then, LDS, vEDS, and
ATS as well as BAV have been defined by causative muta-
tions in specific genes, and all FTAADs together are now
either known or being suspected to be caused by inherited
mutations in an increasing number of different genetic loci
(currently more than 20), with a few loci being affected most
frequently.

Early theories of the causes of human aneurysm mostly
focused on inherited or acquired defects in components of
the extracellular matrix in the aorta. Although several muta-
tions in the genes encoding extracellular matrix proteins
have been recognized, more recent discoveries have also
shown important perturbations in cytokine signaling cas-
cades and intracellular components of the smooth muscle
contractile apparatus.

There is great utility of genetic diagnostics in the manage-
ment of syndromic FTAAD, and often essential conclusions
for optimal downstream treatment can be drawn since the
optimal clinical management of individual FTAADs can be
quite distinct. More fundamentally, genetic diagnostics is
necessary to diagnose syndromic FTAAD, to exclude syn-
dromic FTAAD and to specify disease types. Combining
phenotype with genotype information maximizes the pre-
dictability of the course of disease and contributes to a better
timing of elective surgery and to a better choice of proce-
dures. Perhaps most importantly, with genetic diagnostics it

is possible to predict the birth of children with causative
mutations for syndromic FTAAD and to initiate timely drug
therapy to prevent the onset of aortic dilatation or to slow
down its progression to aortic aneurysm. For all these rea-
sons, it is now standard procedure to apply genetic diagnos-
tics to all new patients with aortic disease.

Marfan Syndrome (MFS)

MES is a Mendelian disorder of the connective tissue clearly
shown to be familial and autosomal dominant in 1931 [27].
MES is associated with many striking features including
long limbs and the presence of dislocated ocular lenses
(ectopia lentis). In 1943, it also was shown to be the first
Mendelian disorder to cause TAA [28]. In 1991, MFS was
shown to be caused by mutations in a specific gene, the
fibrillin 1 (FBN1) gene [22]. It is by far the most prevalent
Mendelian disease of the aorta and occurs in about 1 of
3000-5000 individuals [29]. The name is a misnomer
because the disease originally discovered in 1896 by the
French physician Antoine Marfan was almost certainly not
MES but a related disease with similar skeletal malforma-
tions, named congenital contractural arachnodactyly
(Beals—Hecht syndrome) [30]. MFS is a heritable disorder
of fibrous connective tissue and shows highly variable but
strongly systemic pathology in the skeletal, ocular, and car-
diovascular systems [31, 32]. The current international stan-
dard for diagnosis of MFS is documented in the revised
Ghent criteria [33]: two of the following four major criteria
are needed to diagnose MFS — (1) the presence of dislocated
ocular lenses (ectopia lentis), (2) the dilatation or dissection
of the aortic root, (3) the presence of a mutation in the FBN1
gene, and (4) the sum of several other features, such as
increased height, disproportionately long limbs and digits,
anterior chest deformity, mild to moderate joint laxity, and
vertebral column deformity (scoliosis and thoracic lordosis)
as well as highly arched palate with crowding of the teeth
and overbite [34].

In addition to ectopia lentis, myopia, increased axial
globe length and corneal flatness are frequent ocular findings
[31]. Besides aortic root dilatation and dissection, mitral
valve prolapse, mitral regurgitation, and aortic regurgitation
are cardiovascular features and together represent the major
life-threatening conditions of Marfan patients [31, 35].

Other common manifestations are striae distensae, pul-
monary blebs (which predispose to spontaneous pneumo-
thorax), and spinal arachnoid cysts or diverticula [36-38].
By CT scanning, widening of the lumbosacral spinal canal
(dural ectasia) was found in 36 of 57 patients with the
Marfan syndrome and in none of 57 age- and sex-matched
non-Marfan control patients [39]. Severe changes were
present in 13 patients, 2 of whom had associated neurologic
signs, and included meningoceles or near-total erosion of a
pedicle [39].
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Due to improved diagnosis, monitoring and treatment,
life expectancy for MFS patients has increased from about
44 (men) and 47 years (women) in 1972 to an almost normal
life-span as of today as mentioned on website of the Marfan
Foundation (https://www.marfan.org/). As a consequence,
new MFS features have emerged. These include aortic dilata-
tion beyond the root, type B aortic dissection, aneurysms in
arterial branches of the aorta, and cardiomyopathy, as well as
cataracts, glaucoma, obstructive sleep apnea, hepatic and
renal cysts, degenerative arthritis, osteoporosis, myopathy,
and truncal obesity. These new features are an important
field of future clinical research.

The fibrillin gene (FBN1) Mutations in the FBN1 gene are
the cause of Marfan syndrome, and most FBNI1-mutant
alleles lead to Marfan syndrome through a dominant nega-
tive effect [40, 41]. While the majority of FBN1 mutations
cause MFS, a few of the mutations in the FBN1 gene do not
cause syndromic disease but asymptomatic FTAAD
(OMIM#132900), ectopia lentis (OMIM #129600), or sev-
eral other very rare conditions. Interestingly, about one-
quarter of FBN1 mutations arise spontaneously, but most are
inherited from one parent in an autosomal dominant fashion
with high penetrance.

The FBN1 gene codes for the extracellular protein fibril-
lin 1 which is the main and essential component for genera-
tion and maintenance of extracellular microfibrils. It is found
in connective tissue throughout the body and is a major com-
ponent of the extracellular matrix (ECM) of the aortic media.

The large size of the FBN1 gene (~200kB) and corre-
sponding fibrillin 1 protein (~350kD) helps explain why
more than 1800 different pathogenic mutations, about 1200
of these single nucleotide polymorphisms (SNPs), have been
found in the gene, affecting all areas of the corresponding
long and repetitive fibrillin 1 protein, according to the cur-
rent status of the FBN1 Universal Mutation Database that
was founded in 2003 [42].

Clearly different functional classes of mutations are seen,
although the exact cause and effect relationship is not well
understood: 54% of the Marfan patients listed had ectopia
lentis, and a higher probability of ectopia lentis was found
for patients with a missense mutation substituting or produc-
ing a cysteine, when compared with other missense muta-
tions. In addition, patients with a premature termination
codon had a more severe skeletal and skin phenotype than
did patients with an in-frame mutation. Mutations in exons
24 through 32 were associated with a more severe and com-
plete phenotype, including younger age at diagnosis of type
I fibrillinopathy and higher probability of developing ectopia
lentis, ascending aortic dilatation, aortic surgery, mitral valve
abnormalities, scoliosis, and shorter survival; most of these
results were replicated even when cases of neonatal MFS
were excluded (FBN1 Universal Mutation Database) [42].

Animal models and molecular pathology of Marfan
disease Human MFS affects primarily the aortic root,
usually starting with aortic root dilatation.

Indeed, mouse models with mutated FBN1 show overlap-
ping but distinct pathological mechanisms compared to
mouse models of AAA. Historically one of the originally
most important MFS animal models is the fibrillin 1 mutant
mouse used by the Dietz lab to show that either anti TGF-
beta neutralizing antibody or angiotensin type 1 receptor
blocker losartan reduces aneurysm formation [43]. The
potential explanation for this effect was that fibrillin 1 binds
to inactive forms of TGF-beta and acts normally as a sump to
keep TGF-beta inactive, while mutations in fibrillin 1 protein
would set free a pathologically high amount of TGF causing
many of the syndromic effects of MFS not only in the aorta
but the rest of the body. This finding resulted in the use of
losartan (a presumed anti TGF-beta agent) in human subjects
of MFS with existing aneurysm (see below). Paradoxically,
more recently, using the Angiotensin II-induced mouse
model of AAA, TGF-beta inhibition by neutralizing antibod-
ies did not prevent but instead significantly augmented AAA
formation mice [44], indicating that perhaps generation and
progression of TAA requires different TGF-beta-related
stimulation.

Even more intriguing, a more recent mouse model of
MES, the FBN1 C1039G mouse model, altogether questions
the original idea that increased TGF-beta levels and thus
increased TGF-beta-signaling cause MFS. This is based on
the discovery that smooth muscle cell-specific deletion of the
TGF-beta receptor TGFBR2 in neonatal FBN1 C1039G
mice, which should decrease TGF-beta signaling, actually
accelerates, rather than diminishes, aortopathy [45]. In addi-
tion, deletion of TGFBR1 (which forms a complex with
TGFBR2) in smooth muscle cells of normal adult mice
which should diminish TGF-beta signaling causes TAA with
100% penetrance [46]. Losartan, a blocker of the angiotensin
receptor, fully rescues this mutation and prevents TAA for-
mation in this mouse model [46], and this is consistent with
the fact that the renin angiotensin signaling pathway is
upregulated in these mice.

Another twist in the search for novel drug candidates for
treatment of TAA was presented by a study in 2016 showing
that resveratrol can inhibit specifically TAA progression in
the FBN1 C1039G mouse model [47]: resveratrol was
administered for 2 months to FBN1 C1039G mice with
already existing small TAA, and intriguingly, this completely
reversed the TAA to no aneurysm and thus achieved com-
plete cure. Resveratrol promoted extracellular matrix integ-
rity and smooth muscle cell survival and also downregulated
the aneurysm-related micro RNA 29b in the aorta [47].

In summary, despite intense efforts using sophisticated
genetically engineered mouse models to find new drug tar-
gets for MFS, further research will still be necessary. Both
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animal models and human genetics of MFS clearly impli-
cate crucial genes of the TGF-beta pathway in TAA forma-
tion. While it is clear that in normal mice TGF-beta signaling
is necessary for normal early development of arteries includ-
ing the aorta, it is at present still unclear how the causative
FBNI1 mutation causes TGF-beta pathway-dependent or
-independent development and long-term progression of
TAA.

Clinical trials of MFS Multiple clinical trials have been fin-
ished, and several are ongoing that are testing angiotensin
receptor blockers and/or beta-blockers. Unfortunately, even if
a reduction of enlargement of TAA was present due to such
treatment, neither beta-blockers nor losartan has so far con-
vincingly changed rates of aortic root surgery, dissection, or
death [48]. Several recent trials failed to show a clear positive
effect of losartan, the most widely used angiotensin receptor
inhibitor, or of any beta-blockers, and careful meta-analysis
of all major trials, as well as additional recruitment of patients,
may be needed to get a better idea of benefit. Interestingly, the
beneficial effect of losartan may depend on the exact nature
and location of the causative mutation within the large fibril-
lin 1 gene as reported for a clinical trial in 2015 [49, 50].
Specifically, losartan alone could very significantly slow
down TAA diameter growth in patients with fibrillin 1 muta-
tions that cause haploinsufficiency but no effect at all in
patients with dominant negative fibrillin 1 mutations [49, 50].
Indeed, these two types of mutations are functionally distinct
as only the dominant negative mutation generates a novel
type of fibrillin 1 protein, whose function is not yet well
understood, while haplo-insufficient mutations do not change
the fibrillin 1 protein but instead cause the fibrillin 1 protein
level to fall by about 50% in all tissues.

Additional trials are underway testing more potent ver-
sions of angiotensin-receptor blockers [51] such as telmisar-
tan [52]. Truly effective and curative medication for TAA has
yet to be discovered, and the multiple recent genetically
engineered mouse animal models of TAA will no doubt
result in novel candidate drugs to be tested in clinical trials.
The recent discovery that resveratrol inhibits TAA expansion
in mice is an example of such a new candidate drug [47]. Of
note, resveratrol has already shown some positive effects on
lipid profiles, body fat, blood pressure, inflammation, and
glucose metabolism in some clinical trials [47].

Loeys-Dietz Syndrome (LDS)

LDS was first described in 2005 [53], is exceedingly rare
(Iess than 3 in 100,000 individuals), and is characterized by
an aortic pathology similar to Marfan syndrome but lacking
a mutation in the FBN1 gene. LDS is an autosomal dominant
connective tissue disorder characterized by rapidly progres-
sive thoracic aortic aneurysmal disease, generalized arterial
elongation with abnormal twists and turns (vascular tortuos-

ity), increased distance between the eyes (hypertelorism) and
bifid/broad uvula or cleft palate [53, 54]. While LDS is simi-
lar to MFES in some respects, there are important differences:
hypertelorism, cleft palate/bifid uvula, and arterial tortuosity
are associated with most forms of LDS but are absent in
MEFS. Reversely, ectopia lentis (misplacement of the lens) is
exclusive to MES and perhaps directly caused by misfolding
or haploinsufficiency of fibrillin 1 which is likely part of the
ECM components that hold the lens of the eye in its correct
location. Thus ectopia lentis is routinely used to distinguish
MES from LDS and other FTAADs [54].

Based on the most recent genetic studies, mutations in
five genes, TGFBR1, TGFBR2, SMAD3, TGFB2 and
TGFB3, have been recognized to cause LDS [54, 55] (OMIM
database https://www.omim.org/). A single mutation in any
one of these genes can be sufficient for full expression of the
syndrome. However, not all types of mutations found in
these genes cause an “LDS-type” syndrome with the above
strong phenotype, and indeed several mutations in these
genes have been found that cause only mild symptoms
including mild aortic phenotype [56]. This finding highlights
the fact that specific mutations in the same gene can have
different phenotypes and can cause indeed different diseases.
Interestingly, all of the above five genes are involved in the
TGF beta pathway that regulates multiple developmental
processes including the development of the cardiovascular
system and potentially the progression of aneurysmal dis-
ease, even perhaps in MES, as described above. While some
of the reported LDS mutations are expected to downregulate
TGF beta signaling, as they reduce activity of the corre-
sponding genes, they are not autosomal recessive but autoso-
mal dominant. Whether simple haploinsufficiency or a novel
pathological pathway is generated by the different dominant
mutations causing LDS must still be determined by further
research.

While mutations in the five genes mentioned above can
all cause severe TAA, they often do exhibit somewhat differ-
ent syndromic pathologies. For example, TGFB3 mutations
may not cause arterial tortuosity in contrast to mutations in
the other four genes [55, 57]. For the characteristic pheno-
types of LDS patients with TGFBR1 and TGFBR2 muta-
tions, the Montalcino Aortic Consortium published updated
criteria in 2016 [57].

Animal models A recent animal model of LDS confirmed
that mutations of Tgfbrl or Tgfbr2 that are analogous to
human mutations (TGFBR1 M318R and TGFBR2 G357W)
act in a dominant negative way to contribute to LDS-like
symptoms in mice — mostly TAA but not any of the other
syndrome-like features [58]. Another study confirmed the
importance of Tgfbr2 in TAA development by deleting
TGFBR2 specifically in postnatal VSMC, which caused
aortic damage, including moderate TAA [59]. On the other
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hand, TGFBR1 deletion in VSMC caused severe aortic
damage including severe TAA with 100% penetrance,
strongly confirming its importance in LDS [46]. Loss of
TGFBRI1 seems to act through multiple pathways including
the TGFBR2, the ERK (extracellular signal-regulated
kinases), and the angiotensin receptor AT1R pathways [46].
These data suggest that multiple pathological pathways can
be expected for generation of TAA in humans as well.
SMAD?3 is a downstream target of TGFBR1 and TGFBR2,
and some SMAD3 mutations cause LDS in humans and
indeed cause severe TAA in SMAD3—/— mice, leading to
sudden rupture at death after 6-30 weeks of age [60]. In
addition, TGFB2 (transforming growth factor beta 2) haplo-
insufficiency in mice leads to TAA confirming the finding in
LDS patients [61].

At this time it is still too early to make conclusions about
the proposed exact molecular mechanisms in LDS and MFS
pathogenesis, especially as there are apparently contradic-
tory findings about the importance of TGF beta signaling, as
discussed above. It is also possible that some of the discrep-
ancies are simply a consequence of incomplete analysis of
the molecular pathology often relying on only one or two
maker proteins supposedly proving one type of signaling
over another. Thus, it may be beneficial if researchers revisit
the various existing animal models to study additional com-
ponents of possible signaling pathways (TGF beta, SMAD?3,
ERK, and angiotensin signaling). This could be facilitated by
the use of functional genomic techniques such as RNAseq of
the aortic tissues to generate unbiased whole genome mRNA
expression profiles.

Clinical trials Because LDS is exceedingly rare and it is
very difficult to recruit enough LDS patients to reach statisti-
cal power, clinical trials of LDS have been performed mostly
in form of sub-studies of Marfan clinical trials (see above)
and using MFS-specific medications, such as losartan and
beta-blockers.

Vascular Ehlers-Danlos Syndrome (VEDS)

Vascular Ehlers—Danlos syndrome (VEDS), also called EDS
type 1V, is an autosomal dominant disorder caused by muta-
tions in the COL3A1 gene [62, 63]. All EDS types together
occur at a frequency of about 1 in 5000, and they are distin-
guished by the exact type of collagen gene that is mutated
(COL1A1, COL1A2, COL3Al, COL5A1, or COL5A2). In
the 1920s, individuals with EDS, such as the Indian rubber
man and other circus performers, showed off the extreme
elasticity of their skin and ligaments common for many types
of EDS. vEDS is rare and occurs only in about 1 out of
100,000 people [63]. It is distinct from other EDS types by
its arterial complications and therefore included in the syn-
dromic FTAAD conditions. Unlike other FTAAD syn-

dromes, large aneurysms in the aorta are rare but nevertheless
ruptures occur with high frequency even in small diameter
aneurysms indicating a much more fragile vessel wall than
that in MFS and LDS patients [63]. Importantly, not only the
aorta but many other types of arterial vessels are often
affected already at a young age and therefore VEDS features
a significantly more severe pathology than MFS or LDS. In
addition dangerous perforations of other hollow organs,
especially the sigmoid colon, are common [64].

The median life expectancy for patients with vascular
EDS is 40-50 years [63]. Death is most frequently due to
complications associated with vascular and hollow organ
rupture. Surgical intervention, especially stent grafting, has
only limited value in VEDS patients. Indeed, vascular stents
and endografts are not often used, as the long-term durability
of these repairs often is poor due to suboptimal graft—aortic
wall interaction caused by the underlying connective tissue
disease and vessel fragility. Unfortunately, even minimally
invasive, relatively simple therapeutic interventions can have
adverse events — even with standard tools, such as catheters
and guide wires — and the need for careful intravascular
manipulation cannot be stressed strongly enough.

The COL3A1 gene Mutations in this gene are inherited in
an autosomal dominant manner. Interestingly, approximately
50% of cases represent new mutations that occur sporadi-
cally and lack a family history of disease but are then inher-
ited to the next generation. The other half inherits the
COL3A 1 mutation from at least one parent. Women and men
seem to be affected with comparable frequency. As with
MES and LDS, pregnancy can be associated with severe
complication in VEDS women.

To date, more than 1000 COL3A1 mutations have been
identified, and more are being added continuously, and they
all can be accessed free of charge from the COL3A1 section
of the online Ehlers—Danlos Syndrome Variant Database
(https://eds.gene.le.ac.uk/home.php?select_db=COL3A1).
This is an invaluable and very detailed resource that allows
stratification for types of mutations, frequencies of occur-
rence, and known pathogenic effect. Most pathogenic muta-
tions are missense mutations leading to substitutions for one
of the glycine residues that are part of the many repeating G
XY (G = Glycine, X and Y representing any amino acid)
triple repeats in the long triple helical region of the collagen
molecule [65-67].

Animal models One of the more informative of the few ani-
mal models of VEDS shows that mice haploinsufficient for
COL3A1 develop thoracic aortic aneurysms at high rate if
infused with Angll by implanted pump, the same procedure
used to model TAA and AAA in hyperlipidemic mice [68,
69]. This certainly confirms the crucial role of COL3A1 in
aneurysm and rupture seen in VEDS patients, although the
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mutation is different from those usually found in patients,
which are single amino acid changes that confer a dominant
negative phenotype. At this early stage, it is premature to
make any definitive statements about candidate drug targets
deduced from the known molecular pathology of VEDS.

Clinical trials Because of the paucity of patients, it is not
surprising that few clinical trial data describing beneficial
effects of candidate drugs were done, despite the great need
due to the major perioperative problems associated with sur-
gical procedures. So far only one trial has shown positive
pharmacological effect for VEDS patients. It was performed
in France involving 53 VEDS patients and shows beneficial
effect of a beta-blocker, celiprolol, which interestingly may
not act primarily through lowering of blood pressure but
through stabilization of the arterial wall [70]. The originally
planned 5-year study was stopped already after 5 months due
to an unexpected positive effect so that all patients, including
control group patients, could benefit from celiprolol [70].

Bicuspid Aortic Valve Syndrome (BAV)

Bicuspid aortic valve syndrome [24] describes an aortic
valve with two rather than three leaflets [24, 71]. It is the
most frequent congenital heart defect and is present in 1-2%
of the population. It is also highly heritable, but so far eluci-
dation of the mutated genes responsible has explained only a
few percent of total heritability, and additional mutated loci
are expected to be identified in the future.

BAV is frequently followed by aortic valve stenosis or
insufficiency. Valve calcification is also observed frequently.
About 20% of BAV patients develop TAAD, a significant
number, given the high overall frequency of BAV.

Mutations in the signaling and transcription regulator
NOTCHI1 may cause an early developmental defect leading
to BAV according to some genetic linkage analysis studies
and functional mouse studies [72]. It is well documented that
the few BAV individuals that also carry a NOTCH 1 muta-
tion are either asymptomatic or feature valve calcification,
aortic valve stenosis, coarctation, and/or hypoplastic left
heart but do not usually develop TAA [24]. Further studies
are needed to determine if NOTCHI signaling plays any role
in development of TAA in BAV patients.

A recent extensive large genetic linkage study testing
more than 20 genes previously associated with BAV with or
without TAA through numerous, mostly small, genetic link-
age studies and/or animal models yielded intriguing results:
based on 441 BAV patients that also had TAA, and 183 con-
trols, only one clear genetic association with BAV/TAA syn-
drome could be confirmed, namely, mutations in the
functionally important MH1 and MH2 domains of the tran-
scription factor SMADG6, which could explain the molecular
pathology in 2.5% of the BAV/TAA patients in the study

population [24]. The NOTCH 1 gene could not be confirmed
in this study to be associated with BAV/TAA [24].
Remarkably, mice lacking the mouse SMAD6 homologue
also present with misplaced septation, thickening of the car-
diac valves, and ossification of the outflow tract, although
TAA was not yet documented [73].

Because of the considerable uncertainty about the involve-
ment of additional proposed candidate genes that may con-
tribute to inheritance of BAV with and without TAA, we will
not discuss these here further and instead refer to recent
detailed reviews of the subject [74-76].

Arterial Tortuosity Syndrome (ATS)

This very rare syndrome with autosomal recessive inheritance
is caused by mutations in the SLC2A10 gene which codes for
glucose transporter 10 (GLUT10) protein [77]. It is usually
diagnosed in infants and consists primarily of tortuosity of the
aorta and of other arteries throughout the body, such as in the
pulmonary, subclavian, and renal arteries, and all of these are
subject to sudden rupture. Additional clinical features in some
of these patients are hyperlax skin and joints and/or dilation of
the ascending aorta, thoracic aortic aneurysms, and stenosis of
the ascending aorta and/or the pulmonary arteries.

ACTA2 (Alpha 2 Actin, VSMC-Specific) Syndromic
FTAAD (OMIM#611788)

Mutations in the ACTA2 gene, which codes for the VSMC-
specific actin, inherit in dominant fashion and cause severe
early-onset FTAAD, often in children [78]. Interestingly,
mutations in this gene also often cause coronary artery dis-
ease and stroke. Indeed, like other genes causing TAA,
ACTA2 can cause both syndromic and non-syndromic
FTAADs (see also below), depending on the exact mutation
in the gene. ACTA2 missense mutations that disrupt arginine
179 lead to a syndromic FTAAD with distinctive smooth
muscle dysfunction syndrome characterized by aortic and
cerebrovascular disease, fixed dilated pupils, hypotonic blad-
der, intestinal hypoperistalsis, and pulmonary hypertension
[79]. This particular mutation causes severe and early-onset
vascular disease, including TAA, and has so far only been
identified as a de novo mutation in affected individuals. In
addition, preliminary studies have shown correlations
between specific ACTA2 mutations and increased risk for
early-onset stroke or coronary artery disease [80].

Non-syndromic Familial Thoracic Aortic
Aneurysms and Dissections
(Non-syndromic FTAADs)

In contrast to syndromic FTAADs, non-syndromic FTAADs
lack additional unrelated symptoms, especially in children
and young adults [6, 8, 81] but may acquire later in life some
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weak symptoms. When such weak, often nonspecific, symp-
toms do occur, potentially life-threatening aneurysms have
often already developed. Therefore any person with a blood
relative that has experienced non-syndromic FTAAD should
be genetically tested. Often this is the only way to predict
and prevent potentially dangerous aneurysms. The inherited
mutations that cause non-syndromic FTAAD are strikingly
different from those that cause syndromic FTAAD and have
been discovered more recently with the advent of modern
genetic screening tools. According to the Online Mendelian
Inheritance in Man (OMIM) database, there are at least 11
non-syndromic FTAAD subtypes caused by inherited muta-
tions in at least 11 different genes. Each mutated gene by
itself is sufficient to cause non-syndromic FTAAD, and by
definition genetic analysis is always required to ascertain a
specific genetic subtype because of the lack of an easily dis-
cernible phenotype [6, 8, 81]. Like syndromic FTAADs,
most if not all non-syndromic FTAAD subtypes are inherited
in an autosomal dominant manner with high penetrance.

Non-syndromic FTAAD Caused by Mutations

in Genes Coding for Proteins That Are Part

of the Elastin Microfibril Units in the Extracellular
Matrix

FBNI (fibrillin 1) (OMIM#134797)

As mentioned above, in rare cases, mutations in the FBN1
gene do not cause MFS-like symptoms and instead only
cause isolated FTAAD.

ELN (Elastin) (OMIM #130160)

Specific types of mutations in the ELN gene cause
FTAAD. For example, individuals with triplicate copies of
the ELN gene have been found to have FTAAD [82]. This
is one of the most rare forms of FTAAD but with highly
penetrant and autosomal dominant inheritance. Patients
have also often cutis laxa (OMIM#614437). However, the
most frequently observed mutations in the ELN gene do not
cause FTAAD but instead cause supravalvular aortic steno-
sis (OMIM #185500), which is often present at birth. In
some cases aortic stenosis can cause aneurysms at high age
of the patient. Some types of mutations in the ELN gene
cause inherited intracranial aneurysm in the absence of
FTAAD [83].

FBLN4 (fibulin4) (OMIM #604633)

Patients with recessive FBLN4 mutations are predominantly
characterized by aortic aneurysms, arterial tortuosity, and
stenosis [84, 85]. Certain mutations in FBLLN4 cause autoso-
mal recessive cutis laxa, often in the absence of aneurysms

(OMIM #614437). Mouse models with VSMC-specific KO
of FBLN4 reproduce human FTAAD very well [86, 87]. The
exact relationship between cutis laxa and FTAAD is subject
of ongoing research.

MFAPS (Myofibrillar-Associated Protein 5), FTAAD Type
9 (OMIM #616166)

Very recently discovered mutations in the MFAPS gene, cod-
ing for an extracellular matrix protein, cause FTAAD and at
times mild skeletal features similar to MFS. The aneurysms
and aortic dissections are caused by alterations to the struc-
ture or function of the VSMC elastin-contractile unit, of
which MFAPS is an integral part of, together with other struc-
tural components such as FBN1, ELN, and FBLN4 [90].

Non-syndromic FTAAD Caused by Mutations
in Genes Coding for Proteins That Are Part
of the Actin-Myosin Contractile Units

in the VSMC

MYHI11 (Myosin Heavy Chain 11, VSMC-Specific),
FTAAD Type 4 (OMIM #132900)

MYHI11 functions as key cytoskeletal protein in VSMC as do
ACTA2, MYLK, and PRKGI. Heterozygous mutations in
MYHI11 cause severe FTAAD causing life-threatening aortic
dissections [90]. These rare MYHI11 mutations are often
associated with ductus arteriosus [88]. Force generation by
VSMC requires interactions between filaments composed of
VSMC-specific isoforms of myosin heavy chain (encoded
by MYHI11) and of a-actin (encoded by ACTA2). MYHI1 1
and ACTA2 mutations that disrupt this cyclic interaction
cause FTAAD (see also below).

ACTA2 (Alpha 2 Actin, VSMC-Specific), FTAAD Type 6
(OMIM#611788)

ACTA2 can cause both syndromic (see above) and non-
syndromic FTAAD, depending on the exact nature of the
mutation in the gene. ACTA2 is the most frequently mutated
gene causing non-syndromic FTAAD and is responsible for
about 12-21% of such cases [89, 90]. Unlike many other
genes associated with TAA, Acta2 mutations tend to cause
thoracic dissections, rather than true aneurysms. The lifetime
risk for an aortic event (dissection or repair) is about 76%,
suggesting that additional environmental or genetic factors
play a role in expression of aortic disease in individuals with
ACTA2 mutations. Mutations within the ACTA2 gene at
amino acid position R179 or R258 were associated with sig-
nificantly increased risk for such aortic events, whereas
R185Q and p.R118Q mutations showed significantly lower
risk of aortic events compared with other mutations [90].
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VSMC from the aorta of ACTA2 —/— mice present with a
reduced number of elastic lamellae and progressive aortic
root dilatation, confirming the causative role of ACTA2 in
TAA [91].

MYLK (Myosin Light Chain Kinase), FTAAD Type 7,
2010 (OMIM#613780)

Mutations of the MYLK gene cause non-syndromic FTAAD
[92, 93]. Individuals carrying a mutation in the MYLK gene
that inactivates its function have a high risk of acute aortic
dissection or rupture at an early age. Importantly, aortic
events are often not preceded by obvious aortic dilatation.
This means that elective surgery should be done at a lower
aortic diameter than for other inherited forms of
TAA. Surprisingly, in mice, the same MYLK mutations
found in humans (R247C/R247C) do not present a severe
phenotype; however they do cause TAA if challenged with
hypertensive drugs such as angiotensin — a note of caution
when trying to compare the same mutations in humans and
mice [94].

PRKG1 (¢cGMP-Activated Protein Kinase), FTAAD Type
8 (OMIM#615436)

PRKGI is a protein kinase, and a constitutively hyperactive
mutant form of this kinase indirectly leads to dysregulation
of the regulatory light chain of MYHI1, thus leading to
inability of the contractile cytoskeletal apparatus to gener-
ate force. Heterozygous mutations in PRKG1 genes cause
severe FTAAD causing life-threatening aortic dissections
[87, 93].

Non-syndromic FTAAD Caused by Mutations
in Genes Coding for Proteins That Are Part
of the TGF-Beta Signaling Pathway Active

in VSMC and Immune Cells

TGFBR1 (Transforming Growth Factor Beta
Receptor 1: Also Presents as LDS) FTAAD Type 5
(OMIM#609192)

Mutations in the TGFBR1 gene can cause LDS type 1 but
can also present without the related non-aortic syndrome,
thus causing isolated TAAD. It is possible that the exact
nature of the mutation within the TGFBR1 gene determines
whether it presents as syndromic or non-syndromic
FTAAD. TGFBRI1 is a complex molecule with multiple
functional domains that could, if mutated separately, cause
different downstream metabolic effects. No doubt the
future will tell if that is the case. It is also possible that
lifestyle choices and/or additional genetic factors play a
role.

TGFBR2 (Transforming Growth Factor Receptor 2: Also
Presents as LDS) FTAAD Type 3 (OMIM#610168)

Mutations in the TGFBR2 gene can cause LDS but, as for
TGFBR1 mutations, can also cause aneurysms and dissec-
tions without the related non-aortic syndrome. The same
considerations as for TGFBR1 above apply.

SMAD2 (SMAD Family Member 2) Isolated FTAAD

Recently discovered mutations in the SMAD2 gene cause
early-onset thoracic aortic aneurysms [95, 96], a gene struc-
turally and functionally similar to SMAD3 which, when
mutated, can cause LDS (see above).

TGFB2 (Transforming Growth Factor Beta 2) Isolated
FTAAD

Some mutations in the TGFB2 gene cause non-syndromic
FTAAD rather than syndromic FTAAD (LDS; see above).

TGFB3 (Transforming Growth Factor Beta 3) Isolated
FTAAD

Some mutations in the TGFB3 gene cause non-syndromic
FTAAD rather than syndromic FTAAD (LDS, see above).

FTAAD Caused by Mutations in Genes Coding
for Proteins That Are Part of Other Signaling
Pathways

LOX (Lysyl Oxidase) (OMIM#617168), FTAAD Type 10

Mutations in LOX cause autosomal-dominant FTAAD in
humans [97, 98]. LOX belongs to a group of copper-
dependent oxidodeaminases that cross-link lysyl residues on
the ECM proteins elastin and collagen, the structural pro-
teins necessary for formation of elastic lamellae and collagen
fibers in the media of the aorta [99]. Mice homozygous for a
missense mutation in the LOX gene that causes FTAAD in
humans die shortly after birth because of ruptured aortic
aneurysms [98].

FOXE3 (Forkhead Transcription Factor 3) (OMIM#617349),
FTAAD Type 11

Mutations in the FOXE3 gene cause autosomal dominant
FTAAD [100]. In mice, FOXE3 deficiency reduced smooth
muscle cell (SMC) density and impaired SMC differentia-
tion in the ascending aorta. FOXE3 expression was induced
in aortic SMCs after transverse aortic constriction, and
FOXES3 deficiency increased SMC apoptosis and ascending
aortic rupture with increased aortic pressure [100].
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FTAAD type 1, Genetic Locus 1123 (OMIM #607086):
Mutated Gene(s) Unknown

The locus q on chromosome 11q23.3—-11q24 has been shown
already in 2001 to cause FTAAD at young age with extensive
medial necrosis, VSMC loss, loss of elastic fibers, fibrotic
remodeling, and accumulation of polysaccharides [101, 102].
However, a causative gene within this chromosomal location
has yet to be identified. The difficulty may be due to incomplete
penetrance of the mutation, or perhaps the mutation is not
located in a gene but in a regulatory region outside of genes that
regulate gene expression at a long distance. Indeed recent whole
genome sequencing studies have revealed that at least eight
times more DNA is reserved for active regulatory regions, such
as promoters, enhancers, and non-coding RNAs, than for the
protein-coding genes itself. Modern RNAseq analysis com-
bined with whole genome sequencing and whole genome epi-
genetics will no doubt eventually reveal the exact mutation
in locus 11q that causes non-syndromic FTAAD.

FTAAD Type 2, Genetic Locus 5q13-14, (OMIM#607087):
Affected Gene(s) Unknown

Like FTAADI1, FTAAD?2 presents at young age with exten-
sive medial necrosis and is caused by a mutation whose gen-
eral location, 5q13-14, is known since 2001. The exact
location and nature of the causal mutation(s) have not yet
been identified [103]. The same considerations as described
above for locus 11923 apply.

Cellular Pathology of the Thoracic Aorta

As detailed in Table 5.1, the cellular pathology of the dilated
thoracic aortic wall is clearly distinct from the pathology of
the abdominal aortic wall and is characterized by a paucity
of atherosclerotic plaques and calcification, absence of intra-
luminal thrombus, and presence of Th1 immune cells. On the
other hand, thoracic and abdominal aortic pathologies of
both the non-inherited and inherited forms have important
similarities: for both thoracic and abdominal aortic aneu-
rysms, the aortic media is the predominant location of the
causative injury which consists of infiltration of multiple
types of inflammatory cells mostly through the adventitia;
abnormal activation of metalloproteinases, such as MMP9;
destruction of the elastic fibers; and loss of VSMC which
together lead to structural weakness.

FTAAD, but not AAA, is caused by dominant mutations
in specific genes, including those coding for proteins of the
cytoskeleton as described above. Strikingly, mutations that
directly affect the VSMC cytoskeleton have mostly been
found in non-syndromic FTAAD, pointing toward a highly
specific pathogenic mechanism. Some of these mutations
seem to cause a unique pathological appearance of the aortic

wall [23], and this is subject to current research. For a more
detailed description of the cellular pathology of aneurysmal
thoracic aortic walls including images of stained diseased
aortic wall sections, visualizing the intima, media, and
adventitia, the reader may be referred to several specialized
reviews [23, 81, 104].

Note that the sections below on animal models for FTAAD
and AAA, respectively, frequently refer to specific pathologi-
cal features of the aortic media caused by either mutations in
genes that affect ECM remodeling, VSMC proliferation/
metabolism and/or inflammatory cells of the media, or by
drugs that act on these cells via specific genetic pathways.

How Comparison of Animal Models of FTAAD
with Those of Sporadic TAAD Helps Elucidate
the Molecular Pathology of Sporadic TAAD

Animal models have been instrumental in the study of syn-
dromic and non-syndromic FTAAD ever since genetically
engineered mutations in the FBN1 gene were found to cause
Marfan syndrome in mice (see above). Since then, almost
everyone of the more than 20 genes subsequently shown to be
mutated in FTAAD patients was also shown to cause TAAD in
animal models, almost always mice, because of the relative
ease of genetic engineering of these animals, the lower cost of
animal handling, and the speed of breeding. The information
from these genetic models has been useful for establishment of
candidate drug targets that repress progression of TAA. Both
beta-blockers and angiotensin receptor blockers (losartan) have
first been proven to prevent establishment and/or progression
of TAA in mice with FTAAD, and this has directly led to the —
albeit modest — success of these drugs in clinical trials and in
clinical practice. Several of the relevant animal models for
MES, LDS, vEDS, and ATS have already been discussed in the
sections for these conditions above and will not be discussed
here further, except if there are potential functional overlaps.

However two new animal models of sporadic TAAD,
caused by non-genetic factors such as age, diet, smoking and
others, are described below. These models would not have
been possible without prior knowledge obtained from animal
models of FTAAD as they recapitulate some of the molecu-
lar pathology found in FTAAD. These animal models of spo-
radic FTAAD are of potentially high significance as they
connect findings from the study of FTAAD with the much
more prevalent sporadic TAAD.

High-Fat Diet-Induced Sporadic TAAD Animal
Model Involving Inflammation and the VSMC
Contractile Apparatus

Interestingly, aortas from patients with sporadic TAAD (not
caused by the above familial mutations but either by envi-
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ronmental factors or by other yet uncharacterized muta-
tions) show significant degeneration of contractile proteins,
including MYHI11, in the ascending aorta and to lesser
degree also in the descending aorta [105].This suggests that
degeneration of contractile proteins such as MYHII in
VSMC of the aorta of sporadic TAA patients may be an
important disease causing characteristic even in the absence
of a clear-cut genetic cause. Importantly, this observation
links FTAAD caused by mutations in MYHI11 (see above)
with non-genetic TAA.

The authors further show that palmitic acid, used to simu-
late high-fat diet, induces caspase 1- and NLRP3-mediated
inflammatory action in VSMC from TAA patient aorta
removed for prophylactic surgery [105]. This was confirmed
in mice with inactivating mutations in either caspase 1 or
NLRP3, which resulted in reduced MYH11 degradation and
attenuation of TAA generation after angiotensin challenge
[105]. Finally, this study shows that TAA generation is
reduced in Angll challenged in mice if anti-inflammatory
glyburide is administered.

This study connects high-fat diet that causes a specific
form of inflammation in the aortic media with degradation of
the cytoskeleton in VSMC of the media and, thus, with the
occurrence of sporadic TAA. Since VSMCs cannot generate
force without connections to the extracellular matrix through
focal adhesions [87], and mutations in the extracellular
matrix component fibrillin 1, which links VSMC to the elas-
tin/collagen fibrils in the matrix, also cause thoracic aortic
disease (MFS) as discussed above, it is possible that disrup-
tion of the ability of the aortic VSMC to generate force
through the elastin-contractile units in response to pulsatile
blood flow may be a primary cause for both inherited and
non-inherited thoracic aortic aneurysms and dissections.

In summary, this work is a prime example of how the
study of genetic disease (FTAAD) can help elucidate the
molecular mechanism of its non-genetic counterpart (spo-
radic TAAD) and how it can potentially assist in the develop-
ment of drugs for the treatment of the non-genetic disease,
by far the most frequent form of TAA.

Sporadic TAA Animal Model of NAD+ Signaling

A recent animal model of spontaneous TAA suggests that
the healthy aortic media depends on an intrinsic NAMPT-
NAD* fueling system which is necessary for ATP produc-
tion, to protect against DNA damage and premature SMC
senescence. In mice with NAMPT-deficient VSMC, NAD+
levels are reduced, and aortas dilate and become prone to
aneurysm and rupture when challenged with angiotensin II
[106]. This corresponds with the reduced levels of NAMPT
found in dilated, aneurysmal aortic tissue of sporadic TAA
patients [106]. VSMC in diseased aortas were not apoptotic
but showed signs of senescence, including DNA double
strand breaks.

The Present Pharmacological and Surgical
Management of Syndromic and Non-
syndromic FTAAD

While it is tempting to draw from gene defects conclusions
on pathogenic pathways that are amenable to pharmacologi-
cal therapy, more preclinical studies and clinical trials that
test novel drug candidates will be necessary before true
progress is made on drug-mediated prevention of aneurysm
progression and rupture. Beta-blocker therapy is at this time
still the initial medication for management of aortic aneurysm
in all syndromic and non-syndromic FTAADs. Losartan may
be added if beta-blocker monotherapy is not effective.
Losartan may also be administered on its own if patients do
not tolerate beta-blockers [107].

In contrast to prophylactic medication, the precise timing
of prophylactic aortic surgery strongly depends on the diag-
nosis of a specific aortic disease and the availability of
patient-specific genetic information, because specific
FTAADs influence the choice of the surgical procedure.
Major recommendations based on the genetic subtype of
FTAADs are that elective surgery and invasive angiography
should be avoided in VEDS and that stent graft prostheses
should not be placed in native aortic tissue in MFS or LDS
[107]. Further, the recommendations for the extent, type, and
timing of diagnostic imaging reflect the different patterns of
aortic, vascular, and systemic manifestations related to the
different syndromic and non-syndromic FTAADs [107].
Additionally, there are different recommendations on the
timing of elective surgery at smaller or larger aortic diame-
ters based on the knowledge that different FTAADs, based
on different genetic defects, vary in their risk for dissection
or rupture [107].

The Increasing Role of Medical Genetics
in the Clinical Practice of FTAADs

The explosion of knowledge regarding the genetic basis of
FTAADs starting in the 1990s — and especially in the past
~5 years — has profoundly changed diagnosis and clinical
treatment of these conditions, and the rapid current progress
will continuously lead to further refinement of diagnosis and
treatment.

Initially genetic associations with FTAADs were discov-
ered exclusively by painstaking traditional genetic linkage
analysis consisting of slowly narrowing down the approxi-
mate chromosomal location of the inherited mutation confer-
ring a specific FTAAD in more and more affected families,
requiring long-term approach and refined cytogenetic capa-
bilities. This was followed by DNA sequencing of all the
genes located in the identified broad chromosomal location
that usually resulted in the discovery of a single gene whose
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mutations follow Mendelian inheritance in a given affected
FTAAD family, as expected from single gene disorders.

Whole exome sequencing (WES) has recently replaced
much of traditional genetic linkage analysis, and a dramatic
example of its success is the multiple recently identified
genes that cause FTAAD, including ACTA2, MYLK, LOX,
and FOXE3. Indeed, WES is on a path toward implementa-
tion in clinical practice, due to dramatically lower costs of
high throughput sequencing caused by key technological
advances [108—110]. The unique advantages of WES in the
clinical setting are similar compared to the more comprehen-
sive (and much more expensive) GWAS studies used in some
clinical trials (see section below for GWAS studies of AAA).
WES employs high throughput (HTP) DNA sequencing to
simultaneously identify any type of mutation in the DNA of
all ~20,000 known genes (defined as all DNA sequences that
code for all-known proteins) without any preconceived ideas
about which genes would be most important, and currently
costs about $1000-2000 per sample.

While the human DNA coding for all the known proteins,
which are by definition located in the exons, only represents
about 2-3% of total human DNA, mutations in exons are
especially important for FTAADs because, so far at least,
FTAADs have been shown to be caused by mutations located
inside these exons, directly affecting protein expression of
the genes. In contrast, for AAA almost all relevant mutations
are SNPs that are located in intergenic regions (introns) and
not in exons, a common property of mutations that are inher-
ited not in strictly Mendelian fashion but are predisposing
for a disease in concert with non-genetic factors, such as life-
style, age, diet, smoking, and others (see below).

One recent example for routine clinical application of
WES in FTAADs was established by the Elefteriades group
in 2015 at the Yale Aortic Institute who subjected 102 new
and returning TAAD patients to WES [108]. The findings
confirmed the presence of already known FTAAD causing
mutations in many of the more than 20 genes known to be
functionally associated with FTAAD (see also above). Such
mutations were found in more than 20% of the patients — the
rest of the patients did not seem to carry known medically
important genetic alterations based on current knowledge.
Importantly, in addition to known FTAAD mutations, 22 not
previously reported types of mutations, mostly novel types
of amino acid changes, were found in the FTAAD-associated
genes described in the previous paragraphs, although their
potential role in the FTAAD should await further study, espe-
cially in animal models.

The most immediate clinical benefit of WES is that
FTAAD patients can be given personalized treatment
depending on the gene and type of mutation causing
FTAAD. Specifically, for patients with mutations prone to
dissect without prior severe aneurysmal dilatation, which are
mutations in the ACTA2 (FTAAD type 6), MYLK (FTAAD

type 7), TGFBR1 (LDS), TGFBR2 (LDS), SMAD3(LDS),
TGFB2 (LDS), and TGFB3 (LDS) genes, a policy of more
frequent imaging and earlier prophylactic surgery (at lower
aortic diameter) should be applied [108].

Toward Diagnosis of FTAAD via Blood Test

Since more than 90% of TAAs are asymptomatic before dis-
section or rupture occurs, a biomarker that could detect and
monitor the progress of an early, small aneurysm would be
extremely useful, especially for individuals with family
members that were affected by FTAAD and that therefore
are at very high risk of developing TAA.

Many potential biomarkers have been investigated for
their utility in diagnosing and/or monitoring TAAs, and
some are promising. None, however, are ready to be reli-
ably used in the clinical setting [111]. D-dimer has perhaps
been the most studied potential biomarker of TAAs. It is a
by-product of fibrin degradation that has been shown to be
up to 99% sensitive in detecting acute aortic dissections.
However, the specificity of D-dimer as a test for acute aortic
dissection is relatively low, as D-dimer is elevated in a num-
ber of other conditions, including pulmonary embolism and
coronary thrombosis [111]. In addition, the abundance of
ECM proteins such as MMPs or elastin fragments in blood
may prove predictive of dangerous aortic dilatation and
TAA. Immune components such as C-reactive protein and
some interleukins are also being tested as biomarkers for
TAA [112].

In the future, ribonucleic acid signature sequences may be
reliable biomarkers of TAAs. A study looking at 33,000
mRNA expression patterns in the blood of TAA patients and
comparing them with those of control patients without TAAs
showed that measuring the mRNA expression of a panel of
41 genes could distinguish, with about 80% accuracy,
between patients with and without TAAs based on a blood
test alone [51]. In addition, microRNAs (miRNAs), short
RNA molecules that function in the regulation of hundreds
of genes, have recently been shown to be involved in aortic
dissections.

Toward a Pharmacological Cure of FTAAD

Further delineation of the pathological pathways in inher-
ited TAA will be needed to narrow down potential therapeu-
tic targets. This will require more refined preclinical mouse
studies testing promising drug candidates, especially those
types of models that test specifically aneurysm or dissection
progression rather than generation. Interesting data from a
powerful recent meta-analysis of inherited AAA studies [11]
(see section below for details) may also be important for
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FTAAD: MMP9 was very strongly implicated in pathogene-
sis of AAA and appears to be an attractive drug target, and
such drugs (doxycycline) already have been tested in clini-
cal trials. Remarkably, MMP9 has been shown to be overex-
pressed in the media of aortas of FTAAD patients as well,
although MMP9 has not been directly genetically linked to
FTAAD. Further, some authors believe that MMP9 and
other metalloproteinases could be promising drug targets
not only for inherited FTAAD and inherited AAA but also
for the much more prevalent non-inherited forms [113].
Clearly the coming years will be exciting as we may be on
the cusp of defining the best drug targets for both TAA and
AAA, a potentially unprecedented and life-changing
advance.

Gene and Cell Therapy of TAA

Due to recent dramatic advances in gene therapy methods,
direct correction of the inherited genetic defect specifically
in the aortic wall may be possible within the next
10-20 years. Importantly, TAA caused by mutations in cer-
tain affected genes that are not believed to be good drug
targets can possibly best be ameliorated by gene therapy.
These mutations include amino acid changes in transcrip-
tion factors, such as SMADG6 and FOXE3, as well as in the
cytoskeletal proteins ACTA2, MYHI11, and MYLK. Over
the past 15 years, several different approaches of cell ther-
apy have been used in cardiovascular disease, especially to
target ischemia of the heart, but the clinical trials showed
limited success so far. However improved existing and novel
methods are emerging, and these should also be applicable
for aortic diseases. In addition to choosing the correct cell
type to repair a genetic defect, such as autologous geneti-
cally repaired vascular endothelial cells, vascular smooth
muscle cells, mesenchymal stem cells, and/or macrophages,
the delivery method is crucial and is often the most chal-
lenging aspect: a recent review of the use of stem cells in
cardiac regeneration describes several advanced examples
of using magnetic cell targeting, as well as ultrasound-medi-
ated delivery of stem cells [114]. Such procedures could
also be done for the aorta at an early stage of the disease,
and if engraftment is successful and long term, they could
obviate the need of life-long drug treatment or invasive and
risky surgery of the patient.

Given the rapid pace of investigation in the nonsurgical
treatment of TAA, it is probably only a question of time until
gene/cell therapies, perhaps combined with novel drugs, are
discovered that truly prevent progression of existing TAA in
patients in the long term.

Once this happens, the need for surgery to treat TAA,
which is associated with significant perioperative complica-
tions, will be significantly reduced.

Genetics of Abdominal Aortic Aneurysms
(AAAs)

The field of AAA genetics has been rapidly progressing in
the past several years, due to increasing use of modern high
throughput DNA sequencing technology that enabled
genome-wide association studies (GWAS). Indeed in the
past several years, more than 100 independent AAA-centered
genetic studies, including GWAS studies, have revealed
more than 100 specific novel genetic loci that may be
associated with AAA. However, only 5 of these original
>100 AAA-associated genetic loci have been clearly con-
firmed by 2 recent large-scale meta-analyses [11, 115] that
attempted to combine the data from these earlier studies.
Intriguingly, one of these two meta-studies, which is the larg-
est one published so far [11] (4972 AAA cases and 99,858
controls), also discovered four novel AAA-associated loci
with very high certainty, due to its unprecedented statistical
power. Indeed, this study is an impressive testament to suc-
cessful international collaboration in AAA genetics. In the
interest of brevity and focus, only the genetic loci supported
this study [11] will be described in detail below — with the
caveat that some of the previously described loci that were
not confirmed may still have functional significance in
genetic subpopulations.

Since the 1970s, it has been known that an important risk
factor for AAA formation is a positive family history for the
disease with an increased individual risk between two- and
11-fold [116-120]. It is estimated that at least 15% of all
cases of AAA are in part caused by one or more inherited
mutations [117]. Since AAA in general (non-inherited plus
inherited) affects ~8% of males and ~1% of women over the
age of 65 [2, 120, 121], genetically conditioned AAA repre-
sents about 1-2% of all people over the age of 65, a signifi-
cant part of the population.

Currently, the diagnosis and management of AAA is chal-
lenging: aneurysm development and progression are mostly
asymptomatic, and diagnosis is often accidental, during
imaging of other medical indications. Once diagnosed there
are no blood tests for monitoring aneurysm growth. Instead
monitoring is done by repeated imaging until the aortic
diameter approaches about 55 mm, when usually surgical
intervention via open repair or endovascular stenting is per-
formed [122]. Unfortunately open surgery is associated with
significant perioperative mortality, and endovascular stent-
ing fails in up to 20% of patients, thus requiring re-stenting
for this group [122]. One typical complication is bacterial
infection that can lead to septic shock if untreated [123].
Early detection is very important for success exactly as for
stenting in coronary artery bypass surgery [124]. Imaging,
surgical repair, and perioperative care cost at least US$20,000
per patient [122]. If no alternative treatments are found,
requirement for AAA-related surgery will rise in parallel
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with the global ageing population. Given these high costs,
there is an urgent need for improved diagnosis, monitoring,
and treatment of AAA. Optimally AAA expansion should be
stopped at an early stage in order to prevent rupture com-
pletely, thus converting it from a condition treated exclu-
sively by surgery to one mostly managed by drugs and/or
cell/gene therapy.

Indeed, several novel animal models of AAA have begun
validation of new therapeutic targets in vivo, and this has led
to multiple recent clinical trials involving a few novel drugs.
These animal models are based on the novel genetic AAA-
associated loci found through genetic linkage and GWAS
studies.

Most inherited AAAs are of multifactorial origin with
genetic mutations as well as lifestyle choices such as diet and
exercise contributing to the disease, in striking contrast to
familial thoracic abdominal aneurysms (FTAADs) which
show autosomal dominant inheritance with high penetrance
regardless of other factors (see also below). The most impor-
tant non-genetic risk factors for AAA are advanced age, male
gender, cigarette smoking, hypertension, and cardiovascular
risk factors, such as dyslipidemia [1].

Interestingly, some of the known AAA-predisposing
mutations functionally contribute to dyslipidemia and car-
diovascular disease: the best examples may be mutations
affecting the expression of the SORT1 gene and to a lesser
degree, the LDLR gene. However, it should be emphasized
that many other AAA-predisposing mutations are not directly
associated with dyslipidemia or cardiovascular disease.
Indeed, several AAA-associated mutations act via remark-
ably diverse mechanisms that affect the immune system, the
angiotensin system, extracellular matrix remodeling, and
VSMC proliferation. Both the structure and function of the
well-known AAA-predisposing loci have been under intense
investigation. Enough functional data seem now available for
several of these loci to allow the design and testing of novel
drugs that potentially could prevent enlargement and rupture
of existing AAA [1, 2].

Subtypes of Genetically Conditioned and/or
Inherited AAA

Genetic subtypes of AAA are listed in Tables 5.1 and 5.2, as
well as in more detail below, according to their associated
genetic locus and mode of function, as published in [11].
This meta-study includes most previous original studies and
analyzed an unprecedented 4972 AAA cases and 99,858
controls, about twice as many as the previously biggest meta-
analysis [10]. Its only major bias is that many more men than
women were analyzed, for the simple reason that men suffer
from AAA at ~5 times higher rate than women and are thus
much more easily available for screening. Surprisingly, this
study confirmed only 5 of >100 previously published spe-

Table 5.2 The nine loci strongly associated with AAA according to
Jones et al. 2017 [11]

Major/ Proposed primary
minor pathogenic
Gene locus SNP allele mechanism
LDLR 16511720 G*>T Lipid metabolism
PSRCI1- CELSR2- 15602633 G*>T Lipid metabolism
SORT1
IL6R 154129267 C*>T Immune response
CDKN2BAS1/ rs10757274 G* > A VSMC proliferation
ANRIL
DAB2IP 1510985349 C>T* VSMC signaling and
immune response
ERG rs2836411 C>T* Endothelial cell
homeostasis
SMYD2 rs1795061 C>T* Unknown
LINC00540 rs9316871 G*> A Unknown
MMP9-PCIF1- 1s3827066 C>T* Extracellular matrix
ZNF335 remodeling

cific SNPs. These five SNPs have been confirmed with very
high certainty, and they are located in five different genetic
loci: 9p21 (CDKN2BAS/ANRIL), IL6R, SORT1, DAB2IP,
and LDLR. In addition, four previously unknown SNPs in
four new loci were also found by [11] to strongly associate
with AAA, and these are the SMYD2, LINC00540, MMP9,
and ERG loci. As shown in Tables 5.1 and 5.2, all nine
strongly AAA-associated loci fall into two main subtypes,
first those known to contribute to dyslipidemia and cardio-
vascular disease (LDLR, SORT1) and second, those not
associated with dyslipidemia (IL6R, 9p21, SMYD?2,
LINC00540, MMP9, ERG). Confirming absence of genetic
association with dyslipidemia for the second group, neither
the patients nor the corresponding animal models, if avail-
able, exhibit obligate dyslipidemia or cardiovascular disease.
Intense efforts are currently underway to develop novel anti-
AAA drugs based on the suspected molecular mechanisms
of AAA pathology of all of the proven AAA-associated loci.

Of note, the most recent individual AAA GWAS study,
which was conducted in Japan (456 patients with aortic
aneurysm, 8326 control individuals), found that the EGFLAM
and SPATCIL loci are significantly associated with true aor-
tic aneurysm, and RNASEI3 was significantly associated
with dissecting aortic aneurysm [125]. What is unusual about
these loci is that all three are mutated within protein-coding
regions, which will strongly facilitate future functional anal-
ysis [125], in contrast to most other known AAA-associated
loci which are mutated outside of protein-coding regions,
making functional analysis more challenging. However,
since these new protein mutations are not yet confirmed
independently, they will not be further discussed here.

Since the above nine confirmed loci from the largest
meta-analysis to date are contributing factors and usually not
the sole factor causing AAA, it seems prudent to list the
associated-AAA phenotypes not as separate diseases but as
genetic subtypes of AAA. Remarkably, most of these loci
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Table 5.3 The most important mouse models of AAA
Mode of AAA Pathological pathway causing Human-like aspects of
AAA mouse model induction AAA AAA Disadvantages Ref
Hphl —/— mice deficient AnglI infusion by  Perturbation of endothelial Leads to aneurysm Unclear if the eNOS ~ [161]
in the protein GTPCHI ~ pump for nitric oxide synthase (eNOS) formation, progression, pathway acts the same
which produces 4-6 weeks signaling in the aorta as well  and rupture way in humans. No
tetrahydrobiopterin as angiotensin renin system clear genetic
(BH4) a cofactor of association of Hphl or
NADPH oxidase eNOS signaling in
humans
ApoE1—-/— Angll infusion by ~ Perturbation of angiotensin ~ Pathological pathways  Affects suprarenal [162-166]
pump for renin system. Increased blood may be similar to aorta not infrarenal as
4-6 weeks induces pressure. High-fat diet humans. Shows also found in humans. No
supra renal AAA  induces atherosclerosis and ~ male gender bias found  strong genetic
which progresses  increases speed and in humans. Focal association of human
continuously as frequency of AAA formation aneurysm. Features AAA with
long as AnglI is inflammation and Angiotensin/renin
infused extracellular matrix system
remodeling found also
in humans.
LDLR—/— Angll infusion by  Perturbation of angiotensin See ApoE1—/— mice See ApoE—/— mice [134, 164,
pump for renin system. Similar to above above 166]
4-6 weeks ApoE1—/— mice above
Apo E 7~ TIMP-1 /- 30 days of MMP are activated due to Slow induction of AAA, TIMP1 mutations not [167] 2002,
cholesterol-rich absence of TIMP-1 (tissue partly diet mediated known to cause AAA  not
diet inhibitor of in humans repeated
metalloproteinase-1 since
Normal mice (129/sv) Elastase perfusion Degrades aortic media by Elastin treatment in the ~ Procedure requires [165, 168]
of abdominal aorta degradation of elastin, the aortic media induces surgery on the aorta.
over 5 min, major protein component of ~ MMP9 action, whichis Mostly an acute AAA
following surgical the extracellular matrix of the similar in human AAA: model as most AAA
preparation leads ~ media. This induces chronic =~ MMP9 misregulation resolve gradually over
to immediate AAA inflammation and infiltration found in AAA patients. several weeks, while
formation of MMP9 producing MMP9 mutations human AAA is
macrophages over the next strongly associated with chronic
months human AAA
C57BL6 mice BAPN (a lysyl Persistent irreversible AAA  Only model for chronic  BAPN amount needs  [169]

oxidase inhibitor)  formation, thrombus
was provided in
drinking water 2 d
before periaortic

elastase application

elastase induction

have been experimentally confirmed in animal models to
strongly contribute to formation and progression of AAA
(see Table 5.3 and detailed descriptions of individual loci in
the text below). Some, but not all, of these loci are already
assigned in the OMIM (Online Mendelian Inheritance in
Man) database as familial abdominal aortic aneurysms type
1,2, 3, or 4. However at this time, we find it more prudent to
simply list them with their associated gene names according
to their known metabolic function. See also Tables 5.1 and
5.2.

AAA-Associated Loci Affecting Lipid Metabolism

We list here only the lipid metabolism-associated loci clearly
confirmed by [11] although other such loci may still be rele-
vant for certain subpopulations not captured by this large
meta-study.

formation, and spontaneous
rupture more than 100d after

late stage aneurysm
development, which is
the most relevant human
AAA condition. Most
ruptures happen during
late stage as for humans

to be balanced very
carefully to prevent
early AAA dissection

LDLR (LDL Receptor) G* > T (rs6511720)

This single SNP G* > T (rs6511720) is one of many
known mutations in the LDLR locus but was so far the only
one found in GWAS studies to be strongly associated with
AAA. In contrast to most other known LDLR mutations, it is
not located in the protein-coding region but in the first intron
of the LDLR gene and overlaps with a potential enhancer site
that could regulate LDLR gene expression [126]. In contrast
to many other mutations found in the LDLR locus, rs
6511720 may increase expression of the LDLR protein: it
does so at least in human liver-derived cell lines and would
thus potentially lead to lower, potentially cardioprotective
LDL-C levels [126]. However, based on these data, it is also
tempting to speculate that rs6511720 causes higher levels of
the LDLR protein in macrophages that infiltrate aneurysmal
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aortic walls. This would potentially lead to higher fat accu-
mulation in the macrophages (generation of “foam cells”)
which in turn would lead to inflammation in the arterial wall
and ultimately to AAA formation.

Consistent with the above, SNP rs6511720 has not been
clearly associated with coronary artery disease and athero-
sclerotic plaque formation [127, 128] in striking contrast to
many other SNPs in the LDLR locus which cause a reduction
of LDLR activity, especially those causing familial hyper-
cholesterolemia [127-129] (see also below).

The above strongly suggests that rs6511720 acts through
a fundamentally different pathological mechanism than the
many other SNPs found in the LDLR gene and that causes
cardiovascular disease but no increased prevalence of
AAA. The exact pathological mechanism that causes this
SNP to promote AAA formation is not yet fully understood
and requires significant additional research.

To begin to understand the role of rs6511720 in AAA, it is
useful to consider the known LDLR function: LDLR medi-
ates endocytosis of cholesterol-rich LDL particles from
plasma and is necessary for maintenance of the optimal
plasma level of LDL. LDL endocytosis occurs in many cell
types including hepatocytes in the liver and macrophages that
can infiltrate the aortic wall. The hepatocytes of the liver
remove ~70% of LDL from the circulation. Likewise, the
macrophages in the aortic wall which infiltrate during AAA
formation can take up LDL from the blood using the LDLR
and other receptors. LDL particles are internalized via LDLR-
rich clathrin-coated pits. After internalization, the receptors
dissociate from their ligands when they are exposed to lower
pH in endosomes. After dissociation, the receptor recycles to
the cell surface [130]. The rapid recycling of LDL receptors
provides an efficient mechanism for delivery of cholesterol to
cells [131, 132]. The crucial role of LDL and LDLR in main-
tenance of plasma lipid levels was originally discovered by
Goldstein and Brown using cell culture of fibroblasts derived
from patients of familial homozygous hypercholesterolemia
(hoFH, see below) which lack functional LDLR [131]. It was
confirmed in genetically engineered LDLR—/— mouse mod-
els (see below) and therefore immediately suggested a causal
role of high plasma LDL particle levels for development of
atherosclerosis.

Inactivating mutations in the LDLR locus cause familial
hypercholesterolemia (FH), one of the most prevalent
Mendelian disorders [129]. Interestingly, these mutations are
not associated with a higher occurrence of AAA [127, 128].
These mutations usually, but not always, occur in the coding
region of the very large LDLR gene, and more than 1000 dif-
ferent mutations have been found to cause FH. Heterozygotic
FH can usually be managed by lipid lowering drugs, but the
homozygotic form (hoFH) is severe and causes premature
death through cardiovascular disease, and there is no satis-
factory treatment available [129].

FH-like symptoms can be reproduced well in LDLR KO
mice, which is very helpful for development of therapies.
They include severe atherosclerosis, steatohepatitis, and high
frequency of cardiovascular disease. However, in contrast to
human FH patients, LDLR—/— mice also show significantly
increased frequency of AAA. However, this increased AAA
formation in LDLR—/— mice is conditional on angiotensin II
treatment [ 133]. This potential difference of AAA formation
frequency in LDLR—/— mice and FH patients is subject to
research.

The LDLR—/— angiotensin I mouse is one of the most
used and best characterized AAA animal models [134]. This
model also shares many features with human AAA and has
become one of the most commonly used AAA animal mod-
els. However, this mouse model does not fully recapitulate
human AAA pathogenesis, in particular as homocygotic FH
(hoFH) patients, all of whom are LDLLR—/—, do not seem to
show increased AAA occurrence.

LDLR gene therapy for hoFH patients is being performed
currently only in clinical trials and attempts to deliver the
normal LDLR gene to the liver — this is thought to be the only
way towards a true cure of hoFH. However, this approach
likely will not cure rs6511720-induced AAA as this LDLR
mutation may act primarily through the macrophages in the
aortic wall, as discussed above. Therefore, LDLR gene ther-
apy for AAA may have to repair the genetic defect in macro-
phages instead of in the hepatocytes of the liver, an approach
that seems feasible in principle (see also below).

PSRCI- CELSR2 - SORTI G" > T(rs 602633)

The non-coding SNP G* > T (rs 602633) is one of the most
strongly AAA-associated mutations [10, 11, 135] and at the
same time is associated with hyperglyceridemia and coro-
nary artery disease [136—138]. It is located close to the three
genes PSRCI1, CELSR2, and SORTI1. Of these three, the
SORT1 gene is by far the most well understood, and it has
been known since 2010 that its biological expression level
strongly influences risk of cardiovascular disease [139].
Interestingly, another SORT1 genetic variation at SNP
rs12740374 seems to significantly mediate the variation in
SORT1 gene expression and also SORT1-mediated risk of
cardiovascular disease found in humans but so far has not
been associated with risk of AAA [139].

In mice, macrophage SORT1 deficiency protects against
atherosclerosis by reducing macrophage uptake of LDL,
through lowering LDLR expression [140]. Since LDLR in
the outer cell wall of macrophages is necessary for efficient
uptake of LDL into macrophages, it is tempting to speculate
that rs602633-mediated normal or high macrophage LDLR
levels may not only lead to atherosclerosis but also to AAA,
through conversion of macrophages into foam cells in the
aortic wall [140].
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Although much has been learned about the role of
SORT1 in lipid metabolism and atherosclerosis, there is no
associated SORT1 animal model of AAA. Since SNP rs
602633 is very strongly associated with AAA and also with
coronary artery disease [25] and SNP rs 12740374 is strongly
associated with CAD but not at all with AAA, these two
SNPs, which are both located close to the SORT1 PSRCI1
and CELSR2genes, clearly work through distinct
mechanisms.

The clearly different disease associations of the two SNPs
provide strong evidence that AAA and CAD pathologies act
at least in part through separate mechanisms in humans and
strongly caution against simplified assumptions that anti ath-
erosclerotic drugs like statins would automatically be the
best therapeutics for AAA although statins do seem to be
somewhat beneficial. Given the extremely strong correlation
of rs 602633 with human AAA, careful functional studies of
the role of all three genes PSRC-CELSR2-SORT1 in AAA
are well justified and likely to significantly improve our
understanding of human AAA pathology.

AAA-Associated Loci Affecting the Inflammatory
Response

Interleukin 6 Receptor (IL6R) C* > T(rs 4129267)

IL6R is a receptor for the pro-inflammatory cytokine inter-
leukin 6. SNP rs 4129267 is found to be strongly associated
with AAA [11] and is located close to the exon regions of the
IL6R gene — but not within exons — and thus its precise
function cannot be easily studied in animals. Instead current
animal models study IL6R over expression or deficiency, and
especially interleukin 6 (IL6, the ligand of IL6R) over
expression or deficiency (see below). SNP rs 4129267 is not
only strongly associated with AAA but is closely associated
with occurrence of SNP rs 7529229 which causes an
Asp358Ala change in IL6R [141]. In human lymphoblastoid
cell lines, this Asp358Ala mutation in ILO6R caused a reduc-
tion in the expression of downstream targets (STAT3, MYC,
and ICAM1) in response to IL-6 stimulation [141]. Indeed,
two remarkable animal models have already shown that
IL6R signaling strongly influences the risk of rupture of
AAA, but not de novo generation of AAA, and therefore
these models may be highly relevant for risk of rupture of
preexisting human AAA.

The first animal model of the role of IL6 signaling in
AAA [142] is not an IL6R —/— mouse, but it is a mouse with
inactive IL6, the ligand of IL6R, with expected similar phe-
notypes. Importantly, IL6 signaling in this model does not
affect AAA generation per se: AAA generation is triggered
by angiotensin I administration given to lysyl oxidase
inhibitor-preconditioned mice, which stimulates CXCL1/
granulocyte colony-stimulating factor expression and very
rapid abdominal aortic dissection of AAA and AAD genera-

tion within 24 hours, in both IL6+/+ and IL6—/— mice at the
same frequency and intensity: the dissections were initiated
at the proximal site of the descending thoracic aorta and
propagated distally into an abdominal site. Remarkably, only
in IL6+/+ mice dissection of the aorta caused dilatation, and
~T70% of the IL64/+ mice died of aortic rupture. Importantly,
in IL6+/+ mice, the adventitia of the expanded dissected
aorta demonstrated high levels of interleukin-6 (IL-6) expres-
sion. Neutrophils were the major sources of IL-6. Remarkably,
in IL6 —/— mice, dilatation and rupture of the dissected aorta
as well as death was strongly suppressed even though the
presence or absence of IL6 did not influence the timing of
emergence or the initial number of AAAs or neutrophil
mobilization [142].

In summary, adventitial CXCL1/granulocyte colony-
stimulating factor expression in response to AAD triggers
local neutrophil recruitment and activation. This leads to
adventitial inflammation via IL-6 and results in aortic expan-
sion and rupture. This model could be highly relevant for
human AAA, because it is prevention of progression of exist-
ing small AAA that requires treatment in humans and not
prevention of AAA generation, mostly because there is no
efficient method available allowing anticipation of AAA
generation in humans before it occurs [142].

Another recent noteworthy animal model of AAA con-
firms that inflammatory cytokine production plays a major
role in AAA in expansion and progression of existing small
AAA [143]. In this case downregulation of the mTOR path-
way by rapamycin dramatically limits the expansion of the
abdominal aorta following intraluminal elastase perfusion.
Furthermore, actual reduction of aortic diameter is achieved
by inhibition of the mTOR pathway, which preserves and/or
restores the contractile phenotype of VSMCs and downreg-
ulates macrophage infiltration, matrix metalloproteinase
expression, and inflammatory cytokine production [143].
These data highlight the importance of preservation and/or
restoration of the smooth muscle cell contractile phenotype
and reduction of inflammation by mTOR inhibition in AAA.

In summary, the two above mouse models of AAA impli-
cate pro-inflammatory cells as a major driver of rupture of
preexisting AAA, and thus targeted anti-inflammatory drug
treatment may be a promising strategy for clinical trials.

AAA-Associated Loci Possibly Affecting Cell
Proliferation and/or the Inflammatory Response
or of Unknown Function

CDKN2BAS/ANRIL (Part of 9p21 Locus) G > A(s
10757274)

The CDKN2BAS and ANRIL genes are located within the
9p21 locus that has been implicated in cardiovascular dis-
ease by a seminal GWAS study in 2007 [144] whose main
conclusions have indeed been largely confirmed by multiple
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follow-up GWAS studies. This 9p21 region contains multi-
ple SNPs that span an area of about 58kB that are among the
strongest risk factors ever discovered for MI, cardiovascular
disease, and AAA. Homozygotes for the risk allele were esti-
mated to make up 20-25% of Caucasians and have an
approximately 30—40% increased risk of CAD.

Importantly the SNPs in the 9p21 locus are highly disease
specific. For example, according to the most powerful and most
recent meta-analysis of GWAS studies on AAA in 2017 [11],
only the 9p21 SNP rs10757274 but not any of the other several
major 9p21 SNPs is very strongly associated with AAA, while
the other SNPs are only associated with MI and cardiovascular
disease. The underlying pathological molecular mechanism
that is triggered by SNP rs10757274 and contributes to AAA
and cardiovascular disease is under intense investigation and
not yet well understood, in part because it is located in an inter-
genic region characterized only by multiple transcription factor
binding sites as well as a large non-coding RNA called ANRIL
[11]. Interestingly, directly adjacent to the 58kB span, a tumor
suppressor gene named CDKN2B is present.

A seminal mouse study by Leeper et al. in 2013 [145]
showed that absence of CDKN2B in all tissues causes an
increased aortic diameter in the elastase-driven mouse model
of AAA. They also elegantly showed by bone marrow trans-
plantation experiments that absence of CDKN2B directly
caused apoptosis in VSMC of the aorta via the p53 pathway
and not primarily through a defect in infiltrating immune
cells [145].

This study contrasted with a later study showing that in
culture, aortic smooth muscle cells obtained from mice with
a 70 kb deletion encompassing the location of the human
SNP rs10757274 showed excessive proliferation (instead of
apoptosis) and altered regulation of the neighboring
CDKN2B gene [146].

A European case control study involving 4251 patients
with coronary artery disease and 4443 controls [147] repli-
cated association for 7 separate MI-associated SNPs in the
above 58 kB region of chromosome 9p21, including rs
10757274 and 10757278. In addition this study found that
the large non-coding RNA (ANRIL) co-locates with the
high-risk haplotype of 9p21 and is expressed in tissues and
cell types that are affected by atherosclerosis, including
VSMC and HVECs.

Harismendy et al. [148] identified 33 potential enhancers
(short DNA sequences that promote activation of specific
genes from a distance of up to several kB) in the 9p21 locus;
this enhancer-rich region features a six times denser occur-
rence of potential enhancer sequences than the whole genome
(P less than 6.55 x 10(—33)). Using a new, open-ended
approach to detect long-distance interactions, they found that
in human vascular endothelial cells the enhancers located
close to the CAD-associated sequences of the 9p21 locus
physically interact with the neighboring CDKN2B gene,

consistent with the above mouse studies implicating down-
regulation of CDKN2B in AAA [145].

Based on the above, it will be interesting to study if drugs
that upregulate ANRIL and CDKN2B can help restore the
vessel wall in animal models of AAA.

DAB2IP C > T*(rs 10985349)

In humans, DAB2IP (also named AIP1) mRNA is detected in
most tissues and organs but is very low or absent in blood
cells. In the aortic media, it is expressed in the VSMC and is
an important regulator of signal transduction of cancer-
related pathways. DAB2IP acts as an adaptor, or scaffold, in
protein complexes relevant for signal transduction, and it can
function as a competitor, or scavenger, by binding signaling
proteins and preventing their interaction with upstream acti-
vators or downstream effectors. Through these actions,
DAB2IP has the potential to modulate a remarkable array of
cancer-related pathways.

DAB2IP (AIP1)-deficient mice showed no obvious devel-
opmental defects including vascular development. However,
they exhibited dramatically enhanced angiogenesis in two
models of inflammatory angiogenesis. In one of these mod-
els, the enhanced angiogenesis observed in the DABIP-
deficient mice was associated with increased VEGF-VEGFR2
signaling [149]. Consistent with this, VEGF-induced ear, cor-
nea, and retina neovascularization were greatly augmented in
DABIP KO mice, and the enhanced retinal angiogenesis was
markedly diminished by overexpression of DAB2IP [149].

In a syngeneic aortic transplantation mouse model [150]
in which wild-type or DAB2IP-knockout mouse aortas were
transplanted into IFNy receptor-deficient recipients and in
which neointima formation was induced by intravenous
administration of an adenovirus that encoded a mouse IFN-y
transgene, donor grafts from DAB2IP-knockout mice
enhanced IFN-y-induced VSMC proliferation and neointima
formation. Mechanistically, knockout or knockdown of
DAB2IP in VSMCs significantly enhanced IFNy-dependent
VSMC migration and proliferation, a critical step in neo-
intima formation. Thus, DAB2IP functions as a negative
regulator in IFN-y-induced intimal formation, in part by
downregulating IFN-y-JAK2-STAT1/3-dependent migratory
and proliferative signaling in VSMCs.

Taken together, these two animal models suggest that
removing DAB2IP in VSMC may increase VSMC signaling
and inflammation and may induce aneurysm. Drugs that pre-
vent AAA-specific inflammation in the aortic wall should be
considered in additional preclinical studies.

ERG C > T* (rs 2836411)

The recent large AAA meta-studies [4, 11] and also an ear-
lier study [150] strongly implicate mutations in the ERG
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gene: the protein product of the ERG gene physically inter-
acts with the proteins made by the IL6R, LDLR, and MMP9
genes, which are all genes strongly associated with AAA
[11] (see also above). It is particularly intriguing that each of
these genes was discovered by multiple independent GWAS
studies.

ERG is a transcription factor and has emerged as a major
regulator of endothelial function. Multiple studies have
shown that ERG plays a crucial role in promoting angiogen-
esis and vascular stability during development and after birth
[151]. In the mature vasculature, ERG also functions to
maintain endothelial homeostasis, by transactivating genes
involved in key endothelial functions, while repressing
expression of pro-inflammatory genes. Its homeostatic role
is lineage-specific, since ectopic expression of ERG in non-
endothelial tissues such as prostate is detrimental and con-
tributes to oncogenesis.

ERG is highly expressed in differentiated quiescent endo-
thelial cells of the aorta and of all other arteries, as well of as
veins and microvasculature, and has been shown to maintain
the endothelium in an anti-inflammatory state by repressing
expression of pro-inflammatory molecules such as vascular
cell adhesion molecule (VCAM), plasminogen activator
inhibitor (PAI)-1, and interleukin (IL)-8 [152, 153].
Consistent with this, endothelial ERG expression is down-
regulated by inflammatory stimuli, including tumor necrosis
factor (TNF)-a and lipopolysaccharide (LPS) [154, 155]. In
addition, ERG expression was lost from the endothelium
near the shoulder regions of human coronary plaques which
contain inflammatory infiltrate [153].

In summary, ERG is anti-inflammatory and necessary for
normal homeostasis of endothelial cells, and the AAA asso-
ciated ERG mutation rs 2836411 may decrease ERG activity
and increase inflammation of the aortic intima and media
which in turn may contribute to AAA formation. Additional
research, including animal models, is required to confirm
this hypothesis.

SMYD2 C > T*(rs 1795061)

The AAA meta-study by Jones et al. [11] for the first time
provided evidence that SMYD2 may be associated with
AAA pathology. SMYD?2 is a histone methyltransferase and
may be involved in regulation of gene expression of specific
genes. However in the absence of functional data regarding
the role of SMYD2 in AAA, it is also possible that two other
genes located nearby the AAA-associated SNP (rs 1795061)
are involved. However, among the three candidate genes
located near rs 1795061, SMYD?2 is the best characterized
gene and could be connected to AAA via its ability to regu-
late methylation of the heat shock protein HSP90 [156] and
the fact that inhibition of HSP90 reduces AAA formation in
mice [157]. Interestingly, computational network analysis

based on existing database data compiled and analyzed by
the consensus PathDB program revealed that SMYD?2 inter-
acts functionally with LDLR via TNF. Clearly it is premature
to reach conclusions on the functional effect of (rs 1795061)
on AAA and much further research is needed to clarify.

LINC00540 G* > A(rs 9316871)

This non-coding RNA has no known function, but a SNP
located close to it was discovered in the recent meta-study
with very high probability to be associated with AAA in
humans [11]. rs 9316871 is not only close to LINC00540 but
also to the FGF9 gene which shows increased expression in
human AAA tissue. GWAS3D and eQTL analysis indicates
a function of LINC00540 with FGF9 [11]. GWAS3D and
eQTL (expression quantitative trait loci) analysis is similar
to the consensus path DB program (see above) and combines
existing GWAS DNA data with existing gene expression
profile data. They are a powerful unbiased computational
tool allowing determination of probable functional associa-
tions of mutations with phenotype. However, animal models
lacking or overexpressing LINCO00540 are still needed to
study the role of this non-coding RNA in AAA in vivo.

AAA-Associated Loci Affecting ECM Remodeling
MMP9 C > T* (rs 3827066)

In addition to being very strongly implicated in AAA by mul-
tiple GWAS studies [11], computational gene network analy-
sis reveals a central role for MMP9 in AAA [11]. MMP9 is a
matrix metalloproteinase that is highly expressed in VSMC of
the aortic wall. Mechanical insults, inflammatory cytokines,
and other factors that act on VSMC strongly upregulate
MMPY expression and excretion, leading to immediate
remodeling of the media by locally dissolving elastic laminae
and other structural components of the extracellular matrix.
Abnormal MMP9 overexpression can strongly contribute to
eventual rupture of preexisting AAA. Computational network
analysis utilizing large existing databases containing experi-
mental gene expression data of most known genes in most
known tissues has recently been devised and is commercially
available as online services. Two of the most powerful net-
work analysis tools are IPA and Consensus PathDB. IPA net-
work analysis (IPA = Ingenuity Pathway Analysis, Qiagen)
compiles and evaluates data from omics experiments, such as
RNA-seq, small RNA-seq, microarrays including miRNA
and SNP, metabolomics, proteomics, and small-scale experi-
ments. Similarly, Consensus PathDB consists of a compre-
hensive collection of human (as well as mouse and yeast)
molecular interaction data integrated from 32 different public
repositories and applies computational analysis to report
interaction network modules, biochemical pathways, and
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functional information that are significantly enriched by the
user’s input.

Both IPA and Consensus PathDB programs report direct
physical contact between ERG, IL6R, LDLR, and MMP9
proteins, and Consensus PathDB reveals signaling without
contact (e.g., phosphorylation) between SMYD2 and LDLR
as well as SMYD and MMP9 [11]. These computed outputs
which are based on a huge amount of independently col-
lected publicly available experimental data are highly sig-
nificant because they establish a novel gene network that,
based on GWAS studies, is directly involved in AAA forma-
tion and progression with high certainty.

In addition, two powerful animal studies of AAA have
been published, showing strong involvement of MMP9 in the
long-term expansion of experimentally induced AAA. In par-
ticular, these models show that pharmacological inhibition of
MMP?Y in the aortic wall, using imidapril administration, pre-
vents further dilatation of experimentally induced aneurysms
in mice [158]. A second related study suggests that pharma-
cological inhibition of necroptosis, a process intrinsic to the
vasculature, using administration of small molecule drug
Necrostatinl-s, stabilizes preexisting aneurysms by diminish-
ing inflammation and promoting connective tissue repair via
reduction of MMP9 activity in the aorta [159].

MMP9 is multifunctional and plays also a role in brain
inflammation through modulation of the blood-brain barrier.
Its overexpression is also connected to progression of certain
types of cancers. Because of its role in multiple important
disease processes, several small molecule drugs have already
been developed that are currently in ongoing clinical trials,
including AAA trials.

Animal Models of AAA

In humans, true and dissecting aneurysms of the aorta
develop as a result of progressive weakening of the vessel
wall. This weakening of the vessel wall is associated with
and likely caused by medial degeneration, which usually
starts with degeneration and fragmentation of elastic fibers,
infiltration of inflammatory immune cells, as well as weak-
ening and/or loss of smooth muscle cells through apoptosis,
and also increased production of reactive oxygen intermedi-
ates causing high lipid peroxidation and general oxidative
stress. Persistent growth of AAA over the years, combined
with accumulation of intraluminal thrombus and an increas-
ing number of atherosclerotic plaques, frequently occurs in
humans. However AAA progression can occur in the absence
of atherosclerosis in patients and animal models, and most
patients with extensive atherosclerosis in the aorta indeed
never develop AAA. Both the inherited and non-inherited
forms of aneurysm formation are therefore clearly function-
ally distinct from atherosclerosis.

Ideally, a model for AAA would mirror the pathology of
human disease, permitting specific investigation into the
mechanisms underpinning human aneurysms. To date, no
model that features all important human AAA properties
exists; however specific aspects of human AAA can be stud-
ied well in animal models. For example, the arterial mor-
phology of pigs is similar to that of humans, the coagulation
pathway of sheep is analogous to humans, and primate spe-
cies have similar clotting and fibrinolytic systems [122].
However, despite these advantages of large animal species,
the cost of purchasing and maintaining stocks and ethical
considerations have limited their use in vascular research.

In contrast, mouse models are currently by far the most
important models of AAA, primarily because of their ease of
genetic manipulation combined with low cost of animal hus-
bandry and short time span till fertility. In mice AAAs typi-
cally manifest within the suprarenal aorta, while in humans
they primarily affect the infrarenal aorta [160], but this dif-
ference has not been enough to justify use of large animal
models.

Many AAA mouse models have been studied in detail and
have indeed revolutionized our understanding of AAA (see
Table 5.3). No doubt, additional mouse models with refined,
more human-like AAA features will further improve our
understanding of AAA pathogenesis.

Cellular Pathology of the Abdominal Aorta

In surgical pathology studies of aortas resected primarily for
aneurysms, ruptured aneurysms, and dissections, the fre-
quency and severity of atherosclerosis is much greater in
abdominal aortic segments than in thoracic aortic segments
[23, 170]. In adults, prominent atherosclerosis typically
involves less than 10% of resected thoracic aortic segments
but usually more than 80% of resected abdominal aortic seg-
ments [23, 170]. This is consistent with the finding that
mutations in the LDLR and SORT1 genes are strongly asso-
ciated with both atherosclerosis and AAA formation/pro-
gression, but not with TAA formation, as mentioned above.
Complications of abdominal aortic atherosclerosis that may
prompt surgical correction include aneurysm formation,
aneurysm rupture, occlusive aortic thrombosis, fistula for-
mation, infection, penetrating ulcer with dissection, and dis-
tal embolization of thrombus and/or plaque material.

Innate and adaptive immune cells, including neutrophils,
macrophages, mast cells, natural killer cells, dendritic cells,
B cells, and several types of T cells, have been identified in
abdominal aortic aneurysms and have been shown to contrib-
ute to AAA development, as described in detail in [171].
Preceding aortic wall dilatation, these immune cells often
enter the aorta from the microvessels of the adventitia, caus-
ing strong adventitial inflammation, and from there migrate
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into the media and cause inflammation as well as breakdown
of the elastin fibers through MMP9 expression by macro-
phages, which is strongly genetically implicated in AAA, as
described above. Distinct monocyte and macrophage subsets
have critical and differential roles in initiation, progression,
and healing of the abdominal aortic aneurysmal process as
reviewed in detail by Raffort et al. [172].

Monocytes and macrophages can also enter through
lesions in the vascular endothelial cells layer of the intima
and together with the vascular endothelial cells are respon-
sible for uptake of LDL particles from the blood via the LDL
receptor [173], and the gene coding for LDLR is indeed
genetically strongly implicated in AAA (see above). LDL
uptake often leads to foam cell formation, an important first
step toward atherosclerosis that starts in the intima. It has
been hypothesized that intimal plaque formation causes a
compensatory inflammation of the adventitia, thus eventu-
ally causing AAA. The presence of inflammatory cells and
their associated cytokines and proteases in the adventitia and
media may protect from arterial narrowing by promoting
outward remodeling [171, 174].

However, there is strong epidemiologic evidence against
a strict causal relationship between atherosclerosis and AAA
formation: it is firmly established by multiple meta-studies
that diabetic patients have a significantly lower rate of AAA
than the normal population, although diabetic patients show
a tenfold higher propensity to atherosclerosis than the nor-
mal population [66].

Toward a Pharmacological Cure of AAA

Pharmacological treatment for AAA has been standard for
many years although it only has served to slow down
enlargement and rupture, not prevent it. Consistent with the
strong genetic correlation of AAA with mutations affecting
genes that regulate lipid metabolism (LDLR, SORTI),
statins, and other blood lipid-lowering drugs as well as
blood pressure-lowering drugs such as beta-blockers are
often being used on diagnosed AAA patients in the hope to
reduce AAA growth.

Initial clinical trials using statins to reduce dyslipidemia
and atherosclerosis or beta-blockers to reduce mechanical
stress did not find slowing of abdominal aortic diameter
growth below ~1.5 mm per year (assuming a typical growth
rate of 1.5-2.5 mm per year) [175]. More recently several
clinical studies [176—180] show a significant benefit of
statins, but unfortunately others do not, even though the
number of enrolled subjects has been increasing to several
thousand in several of these studies [181]. Of note, statins
and beta-blockers are often used together, even in clinical
trials, and therefore the isolated effect of these drugs is often
difficult to determine.

In many countries beta-blockers and statins have become
a routine treatment for AAA patients awaiting surgery. In
addition, losartan, an angiotensin receptor-blocking drug
that binds the AT receptor and also reduces blood pressure,
is being used, especially when beta-blockers show insuffi-
cient results. Other completed clinical trials used antihyper-
tensive or anti-inflammatory drugs such as perindopril,
pemirolast, propranolol, and amlodipine but showed no
slowing of AAA diameter growth [182].

Fortunately, population-wide AAA frequencies have been
reduced somewhat in several western countries, most likely
due to better diagnosis and monitoring of AAA, due to
improved intraluminal stenting procedures, and perhaps also
due to drug treatment [179, 180].

As mentioned above, extensive meta-analyses of recent
clinical AAA trials reveal mixed results for existing AAA
drugs — some seem to work better for one genetic type of
AAA than for another, or there are other unexplained factors
that cause often contradictory data. Therefore there is an
urgent need for novel types of drugs that prevent AAA
enlargement and rupture reliably and completely. At this
time, the only effective treatment to prevent sudden rupture
of AAA remains open surgery or catheter-based insertion of
stents, as reviewed in Chaps. 19 and 22 of this book.

Fortunately, due to the recent large-scale genome-wide
association studies (GWAS) of AAA that we have discussed
above, many fundamentally novel animal models of AAA
were published in the past ~4 years, and this has led the phar-
maceutical industry to develop several new AAA drug candi-
dates that have either already entered clinical trials or will
shortly do so. These novel drugs target not only AAA-
associated genetic loci involved in dyslipidemia and athero-
sclerosis (LDLR, SORT1) but also AAA loci that are known
or suspected to affect the immune system (IL6R, ERG),
extracellular matrix remodeling (MMP9), and VSMC prolif-
eration or homeostasis (9p21/CDKN2BAS, ERG, DAB2IP).
Indeed, the animal studies described above and in Tables 5.3
and 5.4 in detail show that IL6R, MMP9, and 9p21
(CDKN2BAS) can contribute to AAA generation via a dif-
ferent mechanism than LDLR and SORT1.

Very well-documented clinical data showing that the AAA
expansion rate is significantly lower in patients with diabetes
than in those without diabetes, despite the high susceptibility
to advanced atherosclerosis as well as calcification in diabetic
patients [65, 66], indicate that inflammation-mediated AAA
formation and atherosclerosis-mediated AAA formation may
not act in concert in all patients. In diabetic patients AAA
calcification which is associated with stiffening of the wall
may even be inversely correlated with AAA expansion [65,
183]. In addition, it has been suggested that drugs taken by
almost all diabetic patients may be in part responsible for the
lower AAA incidence, and this is subject to intense research
[65, 66]. Multiple preclinical animal models of AAA, mostly
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Table 5.4 Anti-AAA drugs tested in mouse animal models of AAA

Administered

anti-AAA drug or Prevention
Pre-clinical animal model and  agent or causative of AAA
mechanism of action genetic change generation
Inhibition of matrix Small molecule Yes
metalloproteinases by small batimastat-loaded
drug delivery using elastin nanoparticles
antibody-coated nanoparticles
Overexpression of Sirtuinl Sirtuin] transgene Yes
suppresses AAA formation in
old ApoE—/— mice
Elevation of adiponectin levels ~ AAV adiponectin Yes
prevent Angll-induced AAA
formation
Hypoxia inducible factor 1 Small molecule Yes, acts in
alpha inhibition reduces digoxin the first
Angll-induced AAA formation 10 days
Inhibition of receptor Necrostatin-1s small ?
interacting kinase 1 ameliorates molecule drug
elastase-induced AAA
progression
Factor Xa/Ila inhibitors reduce  Small molecule Yes
size of AAA and atherosclerosis dabigatran
Inhibition of micro RNA-29b Anti mi29b siRNA Yes
reduces AAA development in expression
Angll-induced AAA in mice
and also in Elastin-induced
AAA in mice
SMAD?3 deficiency promotes Mouse Yes
AAA in CaCl2-induced AAA SMAD3—/— model
Long non-coding RNA ANRIL Mouse 9p21 Yes
may be involved in —/— model
development of AAA
Angiotensin receptor type 1 Telmisartan (improved ?
blockade attenuates 10 week over losartan) small
high-fat diet-induced AAA molecule drug
Doxycycline may inhibit MMPs Doxycycline Yes
and reduce Angll-induced AAA
development
Cigarette smoke induces MMP9 N/A N/A
secretion from mouse aortic
VSMC
Elastase-induced AAA in Dietary phytoestrogens Yes
C57B16 male mice
CaCl2-induced AAA in mice Resveratrol Yes
Angll-induced AAA in Systemic TGF beta Yes
non-cholesterolemic mice. Such antibodies cause strong
mice usually show little AAA  AAA induction
Elastase-induced AAA in Deletion of CDKN2B  Yes

CDNK2B—/— mice

causes induction of
VSMC proliferation in
the aorta and AAA

Prevention of Human AAA-
AAA growth Affected metabolic associated genes
and rupture  pathway or loci Ref
Yes MMP remodeling of EM  MMP9 [185]
Yes VSMC proliferation and  9p21, IL6R [186]
immune system
Yes ? [134]
No MMP regulation MMP9 [187]
Yes VSMC necroptosis MMP9? [159]
Yes Intraluminal thrombus ? [188]
formation
? Perivascular fibrosis and MMP9 important [189,
collagen and elastin for extracellular  190]
expression. Collal, matrix protein
Col3al, Col5al, and ElIn  homeostasis
are miRNA29B targets
? MMP expression and ? [191]
infiltration of
macrophages and T cells
? Proliferation of VSMC?  9p21 ANRIL [190]
locus
yes Renin-angiotensin ? [192]
system
Yes MMP expression in MMP9 [163]
aortic media
N/A Inhibition of the JAK/ MMP9 [193]
STAT pathway may
alleviate AAA in
smokers
? Anti-inflammatory action ? [194]
Anti- inflammatory ? [195]
? Protects against AAA ? [44]
through inhibition of
MMP12
? CDKNZ2B protects 9p21 [145]

against aortic
inflammation and AAA

knock-in mice with genetically engineered mutations in these
loci, have shown that AAA expansion can indeed occur in the
complete absence of atherosclerosis and calcification (see
also Tables 5.3 and 5.4).

Perhaps the best known of the currently completed clini-
cal trials targeting one of the new strongly AAA-associated

loci (MMP9) is the long-term administration of doxycycline,
an anti-inflammatory drug that is also an MMP9 inhibitor. As
described above, individuals with mutations in MMP9 are
predisposed to AAA, likely because they cause abnormal
MMP9 expression within the extracellular matrix of the
media of the aortic wall, which in turn leads to structural
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weakness and, thus, aneurysms. A recent animal model has
shown clearly that doxycycline can strongly reduce genera-
tion of AAA in mice and importantly also can help prevent
further expansion and rupture [184]. Doxycycline was tested
in an AAA clinical trial starting in 2013, but this was stopped
after 1 year of administration, as doxycycline turned out to
slightly increase the diameter of the AAA instead of stabilize
or decrease it [182]. It was assumed that this increase was
statistically and biologically insignificant, and an additional
study is currently underway using higher doxycycline con-
centrations [182].

Other current clinical AAA trials test the angiotensin II
blockers telmisartan and valsartan [182] which are improved
versions of losartan, which has been previously used for both
AAA and FTAAD to reduce hypertension and other effects
of angiotensin II but with variable success so far (see above).
Cyclosporine A and ticagrelor are also in clinical trial in
hopes to reduce AAA growth by reducing inflammation and
matrix remodeling [182].

To improve the relevance of animal models for human
disease, new animal studies aim at testing the effect of novel
drugs specifically on existing aneurysms rather than initia-
tion of new aneurysms (see Table 5.4 for details). Indeed, a
novel C57BL6 mouse AAA model was published in 2017
that uses oral BAPN administration combined with periaor-
tic elastase application and that for the first time demon-
strates all major stages of human AAA formation, including
aneurysm formation, slow enlargement over ~ 100 days,
thrombus formation, and spontaneous rupture [169]. No
doubt such models will be invaluable for the development of
drugs that can stop growth and rupture of diagnosed aneu-
rysms in humans.

The most recent mouse models increasingly test drug
effects on AAA progression: Table 5.4 lists more than 15
novel pharmacological approaches toward slowing AAA
development as well as reducing AAA progression (many of
them published within the past 3 years), including long-term
treatment of existing AAA, that makes AAA pharmacology
a very exciting field. Table 5.4 also lists the suspected mode
of action of the treatment and the relevant characteristics of
the models for human drug development.

Gene and Cell Therapy of AAA

As described above in the FTAAD section, direct correction
of the genetic defect, and/or modulation of the lipid metabo-
lism, of the extracellular matrix remodeling, and of the
immune response by gene therapy could be possible within
the next 10 years. Importantly, AAA caused by mutations in
certain affected genes can potentially be cured by a one-
time treatment with gene therapy. These include mutations
in transcription factors, such as CDKN2B, DAB2IP,

SMYD?2, and ERG, which may not directly be targetable by
drugs. One interesting way to perform cell/gene therapy in
the aorta and other blood vessels was recently published for
mice: the use of magnetic field-aided seeding of magnetic
genetically engineered vascular endothelial cells into the
aortic wall [196]. Such a procedure could be done at an
early stage of the disease and could obviate the need of life-
long drug treatment or invasive and risky surgery of the
patient. Such procedures could also be done for the abdomi-
nal aorta at an early stage of the disease, and if engraftment
is successful and long term, they could obviate the need of
life-long drug treatment or invasive and risky surgery of the
patient.

Given the rapid pace of investigation in the nonsurgical
treatment of AAA, it is probably only a question of time until
novel drugs or even gene/cell therapies are discovered that
truly prevent progression of existing AAA in patients in the
long term. Once this happens, the need for surgery to treat
AAA, which is associated with significant perioperative
complications, will be significantly reduced.

Summary and Conclusions on Abdominal
Aortic Aneurysm

Familial/genetically conditioned AAA is a complex disorder
that is associated with both lifestyle-associated risk factors
and predisposing genes, similar to cardiovascular disease.
The most recent and largest meta-analysis [11] finds strong
support for statistically significant association of nine loci
with AAA, four of which have never been recognized before.
The nine loci are named 9p21 (CDKN2BAS/ANRIL),
SORT1, IL6R, DAB2IP, LDLR, SMYD2, LINCO00540,
MMP9, and ERG. Since the original AAA studies that were
subjected to meta-analysis proposed more than 90 candidate
loci, it is clear that majority of these loci could not be con-
firmed after increasing statistical power [10, 11] and may
either not be relevant or will have to await further studies for
independent confirmation in specific patient subpopulations.
This high failure rate among proposed AAA loci is not atypi-
cal of studies in medical genetics in general. Unfortunately,
it is often caused by lack of statistical power, lack of suffi-
cient normal controls, systematic error, or bias [197].
Crucially, several of the above nine genetic loci have also
been clearly confirmed in multiple independent animal mod-
els, usually in the mouse. The presence of mutations in these
nine loci should be determined in all AAA patients as well as
their non-symptomatic blood relatives. This would allow
identification of relatives with high risk of AAA. These indi-
viduals would benefit from frequent monitoring of the
abdominal aorta and would be motivated to initiate preventa-
tive measures such as diet and lifestyle changes — long before
an aneurysm develops. However, further research into the
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function of the nine AAA-associated genes and especially
the establishment and/or refinement of the corresponding
animal models to allow monitoring of the effect of drugs on
long-term AAA growth (and not AAA generation) is neces-
sary to find novel candidate curative AAA drugs. Indeed,
multiple current and planned clinical AAA trials promise
possible future pharmacological treatment of AAA, with the
potential to greatly reduce the need for surgery.
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Imaging of the Aorta

Caroline A. Ball and Mark G. Rabbat

Imaging plays a significant role in diagnosis and manage-
ment of diseases of the aorta. Over the past decade, techno-
logic advances have expanded the ability to diagnose,
monitor, and plan interventions for various disease states. We
present a description of the utility of various modalities for
imaging the aorta, as well as clinical implications.

Chest X-Ray

Chest x-ray was one of the first diagnostic modalities avail-
able for imaging of the aorta. It is a widely available, inex-
pensive modality, which can be obtained quickly at most
centers. Findings on a PA chest x-ray that indicate aortic dis-
ease include a widened mediastinum or abnormal aortic con-
tour. The left para-aortic interface can show increased
convexity due to tortuosity of the thoracic descending aorta,
aneurysm, or dissection [1]. However, the standard chest
x-ray has limited utility for diagnosis, and more importantly
exclusion, of aortic pathologies. Sensitivity of chest x-ray to
identify acute aortic syndrome ranges from 64% to 71% [2].
Specificity of the chest x-ray for diagnosis of aortic dissec-
tion is 67%, 61% for non-dissecting aneurysm, and 63% for
intramural hemorrhage or penetrating ulcer [3]. Sensitivity
of the chest x-ray is lower for disease that is confined to the
proximal aorta, than for disease in the distal aorta, likely due
to obscuring of the image due to the cardiac silhouette [3].
Abnormalities identified on chest x-ray should be followed-
up with additional imaging with higher sensitivity and speci-
ficity for aortic disease.

Imaging of the aortic arch may have other utility beyond
diagnosing aortic disease. Calcification of the aortic arch on
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chest x-ray may play a role in prediction of cardiovascular
events [4] and is related to calcification throughout the aorta
[5], as well as coronary artery calcification [6].

Ultrasound

Ultrasound has many applications in the detection and moni-
toring of aortic disease. It has a variety of benefits, including
its low cost, widespread availability, and the lack of radiation
or IV contrast. Ultrasound is applied using several different
techniques, each of which provides imaging of specific
regions within the aorta.

Transthoracic Echocardiography

Echocardiography is a useful tool for diagnosing and moni-
toring a range of aortic diseases, particularly at the aortic
root. Standard transthoracic echocardiography (TTE) uses
several views, which allows visualization of the aorta in mul-
tiple locations.

Initial survey of the aorta occurs in the parasternal long
axis on echocardiogram. To obtain this image, the transducer
is placed at the third or fourth intercostal space, with the
notch pointed toward the patient’s right shoulder. The trans-
ducer may need to be displaced superiorly, such as to the
second or third intercostal space, in order to obtain aortic
measurements, particularly in patients with a dilated aorta
[7, 8]. Moving the transducer closer to the sternum will bring
a longer segment of the ascending aorta into view [8].
Measurements should be made perpendicular to blood flow.
For the parasternal long axis view in patients with a tricuspid
aortic valve, this can be achieved by aligning the closure line
of the visualized leaflets in the center of the aortic root. This
image allows for measurement of the sinus of Valsalva, the
sinotubular junction, and the ascending aorta.

There is currently debate surrounding the landmarks for
measuring diameter along the aorta in echocardiography.
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Other imaging modalities, described below, have standard-
ized measuring inner edge to inner edge. However, echocar-
diography has conventionally used leading edge to leading
edge measurements. Reference values for aortic root mea-
surements provided by the American Society for
Echocardiography and the European Association of
Cardiovascular Imaging are currently based on leading edge
to leading edge measurements. It should be noted that using
the inner edge to inner edge convention could modify mea-
surements by 2—4 mm. Measurements should be obtained
using 2D echocardiography, not M-Mode (Lange).
Alternatively, the 2014 American College of Cardiology/
American Heart Association (ACC/AHA) guidelines for
diagnosis and management of thoracic aortic disease recom-
mend measuring internal edge to internal edge [2].

The aortic root is measured in multiple locations on TTE,
with reference values listed in Table 6.1 [8]. There are refer-
ence values available for measurement at the annulus,
Sinuses of Valsalva, the sinotubular junction, and the ascend-
ing aorta. The Sinuses of Valsalva, the sinotubular junction,
and the ascending aorta measurements should be obtained
mid-diastole, and the widest diameter of the segment being
measured should be used to evaluate for aortic dilatation.
Aortic diameter should be indexed to a patient’s body sur-
face area [8, 9]. However, by convention, the aortic annulus
is measured in peak systole, using the inner edge to inner
edge [8].

A small cross-section of the descending aorta may be
visualized in the parasternal long axis view, posterior to the
left atrium. While there are no standard measurements avail-
able for this segment of the aorta, it should be visually
inspected for abnormalities as part of a comprehensive TTE
(Fig. 6.1).

In addition to the aortic root, TTE can be used to image
the aortic arch using a view from the suprasternal notch. To
obtain these images, the transducer should be placed above
the patient’s suprasternal notch, with the transducer indicator
pointed to the patient’s head. From this view, the three major
supra-aortic vessels, the brachiocephalic, left common
carotid, and left subclavian arteries, can be seen [7]. Velocities

Table 6.1 Standardized aortic root measurements [8]

Indexed

Absolute values (cm/
Aortic Root values (cm) m?)

Men Women Men Women
Annulus 26+0.3 23+0.2 1.3x0.1 1.3+0.1
Sinus of 34+0.3 30+03 1.7+0.2 1.8+0.2
Valsalva
Sinotubular 29+0.3 2603 1.5+£0.2 1.5+£0.2
junction
Proximal 3.0+04 27+04 1.5+0.2 1.6 0.3

ascending aorta

Sinotubular

Junction

Fig. 6.1 Transthoracic echo, parasternal long axis view, diastole

of blood flow through the aortic arch can be recorded using
both continuous wave and pulse wave Doppler signals.

Finally, portions of the abdominal aorta may be seen from
the subcostal view to the left of the inferior vena cava. There
are no society-recommended guidelines for imaging the
abdominal aorta from this view, but abnormalities identified
on this TTE view can prompt further diagnostic studies for
imaging of the entire aorta.

Dilation of any one segment of the aorta as identified on
TTE should prompt further imaging of the entire aorta.
Measurements should be considered in the context of the
patient’s sex and indexed to the patient’s body surface area.

TTE has additional diagnostic value for identifying and
following disease processes of the aorta. First, echocardiog-
raphy provides significant structural and functional informa-
tion about the patient’s heart, which may contribute to their
aortic pathology. For example, TTE can identify a bicuspid
aortic valve, which may be associated with an aortopathy.

TTE has particular utility for diagnosing and monitoring
dilatation and aneurysm of the aortic root, with the benefit of
being a noninvasive, relatively low-cost test without the need
for radiation or contrast. Sinus of Valsalva aneurysms are a
unique group of aneurysms of the aortic root that can be
identified and followed on TTE. These aneurysms frequently
arise from the right coronary sinus and project into the right
atrium, causing the “windsock deformity.” Alternatively, a
sinus of Valsalva aneurysm that arises from the non-coronary
cusp may be seen projecting into the interventricular septum
(Fig. 6.2).

TTE can identify acute aortic dissection, although this is
limited primarily to dissections of the aortic root. TTE has a
sensitivity of 78-90% for identifying ascending aortic dis-
section, but a 31-55% sensitivity for identifying descending
aortic dissection. TTE has a specificity of 87-96% for Type
A aortic dissections, with a lower specificity for Type B
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Fig. 6.2 Transthoracic echo, suprasternal notch view

aortic dissections, from 60% to 83%. The sensitivity can be
improved by using ultrasound contrast agents [9]. Given its
inability to visualize the entire aorta and its inferior sensitiv-
ity to other modalities listed later, TTE should not be used as
the initial test to rule out aortic dissection.

Diagnosis of dissection requires identifying both a true
and false lumen, including the dissection flap. The dissection
flap should have motion that is independent of its surround-
ing structures. This flap should be contained within the
lumen of the aorta. Differentiating between the true and false
lumens can be challenging on 2D echocardiography, but
there are several features that echocardiographers can use to
identify the true and false lumen. The true lumen should
expand during systole and contract during diastole. In calci-
fied vessels, the true lumen may have surrounding calcifica-
tion and have a more regular shape than the false lumen.
There should be little or no spontaneous echo contrast
through the true lumen, and the systolic jets should direct
away from the transducer when color flow is studied through
the vessel. Often, the false lumen has a wider diameter than
the true lumen and may contain strand-like structures, which
are referred to as “cobwebs.” The false lumen may have
spontaneous echo contrast or thrombus and is often bigger
than the true lumen [7, 10].

After identification of aortic dissection, TTE can be used
to identify complications of the dissection, such as pericar-
dial effusion, aortic regurgitation, and wall motion abnor-
malities caused by dissection through the coronary ostia.

Continuous wave Doppler through the aortic arch on the
suprasternal notch view can be used to identify coarctation
of the aorta. There should be increased velocities across the
area of coarctation, although this requires accurate Doppler

signals [7, 11]. Similarly, a persistent ductus arteriosus can
be identified using color Doppler [9].

Although TTE should not be used for imaging of the
entire aorta, it is useful for follow-up imaging of dilatation of
the aortic root, particularly in patients who will require many
serial measurements [2, 9].

Transesophageal Echocardiography

Transesophageal echocardiography (TEE) was initially devel-
oped to measure flow in the aortic arch and has remained an
important modality for imaging the aorta since its inception.
TEE provides an additional modality for imaging the aorta
without the need for radiation or iodinated contrast exposure.
TEE is a more invasive test than TTE, but has several advan-
tages, including permitting visualization of the majority of the
aorta. Similar to TTE, the aorta can be visualized in multiple
views on TEE. The American Society of Echocardiography
describes 28 specific views for obtaining a TEE [12]. Below,
we will describe those that are relevant to imaging the aorta.

The aortic root is best visualized on TEE using the mid-
esophageal aortic valve long-axis view and the midesopha-
geal ascending aorta long axis view [8, 12]. The midesophageal
aortic valve short axis and transgastric views can be helpful
for imaging the aortic valve. The midesophageal aortic valve
long axis view is obtained by inserting the transducer to the
midesophagus with the transducer angle at 120-140°. From
this view, the midesophageal ascending aorta long axis view
can be obtained by withdrawing the probe to the upper esoph-
agus and adjusting the transducer angle to 90—110°. The mid-
esophageal ascending aortic short and long axis views are
important for excluding aortic dissection [13] (Fig. 6.3).

A significant portion of the descending aorta can be visu-
alized using TEE. To obtain images beginning at the upper
abdominal aorta, the transducer should be inserted to the
transgastric view until the aorta is no longer in view. This is
around the location of the celiac trunk. Subsequently, the
transducer is slowly withdrawn, allowing careful inspection
of the aortic lumen. Using simultaneous multiplane imaging,
the aorta can be seen in both the descending aortic long and
short axis views. The probe is withdrawn to the level of the
left subclavian artery, forming the upper esophageal aortic
arch long and short axis views. By rotating the transducer
angle from 0° (upper esophageal aortic arch long axis view)
to 90—110° (upper esophageal aortic arch short axis view),
the arch and descending aorta can be seen in multiple views.
Additionally, from the upper esophageal aortic arch short
axis view a patent ductus arteriosus or coarctation of the
aorta can be identified. Other views that can be useful for
imaging the aorta include the midesophageal ascending short
axis and the upper esophageal aortic arch long and short
axes.
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Fig. 6.3 Transesophageal echocardiogram, midesophageal aortic
valve long axis view

TEE evaluation of the aorta is limited by a “blind spot” in
the aortic arch, where the trachea is interposed between the
esophagus and the aortic arch, causing air artifact and limit-
ing visualization of the arch. This is of particular importance
in surgery requiring cardiopulmonary bypass, as cannulation
occurs in an area of the ascending aorta that may not be ade-
quately visualized. In some situations, this “blind spot” can
be overcome with the use of a fluid-filled catheter, which is
referred to as an “A-View.” This technique involves placing a
fluid-filled intratracheal balloon down the left main stem
bronchus in intubated patients to create an echo window for
imaging of the aortic arch [14].

The American Society of Echocardiography recommends
measuring the aortic root on TEE at several locations, includ-
ing the aortic valve annulus, designated by the hinge points
of the aortic leaflets, the maximal diameter in the sinus of
Valsalva, and the sinotubular junction. Similar to TTE, there
is no consensus on the ideal technique for measuring the
aorta, but normative standards are provided for adults using
the leading edge to leading edge technique. Measurements
should be made using 2D echocardiography, not M-Mode
[12]. Normal measurements of the aortic root are similar
between TTE and TEE, and the reader is directed to Table 6.1
for standard aortic root measurements on TEE. TEE can also
be used to measure the aortic arch and the descending aorta.

However, TEE measurements of the descending aorta are
prone to error if oblique measurements are made. Therefore,
measurements should only be recorded if the aorta is visual-
ized with circular cross-sections. Standard measurements of
the descending aorta are not indexed to body surface area.
Standard diameter of the aortic arch is measured proximal to
the innominate artery and is 22-36 mm. Standard diameter
of the descending aorta is obtained between the ligamentum
arteriosum and the diaphragm and is 20-30 mm.

The American Society of Echocardiography encourages
documenting any irregularities of the aortic wall, in addition
to the presence and thickness of atheroma and the presence
of mobile atherosclerotic elements. Locations of aortic find-
ings should be documented relative to the left subclavian
artery or relative to the incisors.

Color Doppler can be used to evaluate for abnormal flow
in the thoracic aorta, particularly in the setting of atheroma
or a known dissection flap. Although an emerging technique,
3D TEE has potential to improve measurements obtained by
TEE.

TEE has the ability to identify atherosclerotic plaques in
the aorta, which can be of particular interest in patients
undergoing surgery requiring cardiopulmonary bypass.
Atherosclerotic plaques appear as a thickness within the aor-
tic wall. Whenever they are identified, they should be
described with respect to their thickness and the presence of
any mobile components. Several scoring systems have been
implemented to better describe the stroke risk associated
with each plaque. Perhaps the most widely accepted is the
Katz score, which is described in Table 6.2 [15].

Based on a recent meta-analysis, standard TEE itself has
limited sensitivity for aortic atherosclerosis, as low as 21%,
but high specificity, up to 99% [14]. Thus, it is frequently
used in conjunction with other aortic imaging techniques,
such as epiaortic scanning or the A-view technique described
above to identify aortic atherosclerosis. TEE can be used to
identify aortic aneurysms, as well as to describe the size,
location, and extent of the aneurysm, and the presence of a
hematoma within the aneurysm. Whereas TEE has limited
sensitivity for atherosclerosis, its sensitivity for aortic dissec-
tion is high (86-100%) and its specificity is high (90-100%)
[16]. TEE is limited in its evaluation of aortic dissection by its
difficulty in assessing the distal ascending aorta and the prox-
imal aortic arch [13]. In patients with dissection, similar tech-
niques can be used in TEE as were described for TTE for
distinguishing between the true and false lumens.

Table 6.2 The Katz score for describing aortic atherosclerosis [15]

Grade Description

1 Normal to mild intimal thickening

I Severe intimal thickening without protruding atheroma
III Atheroma protruding 3 to 5 mm into the lumen

v Atheroma protruding >5 mm into the lumen

v Any thickness with mobile component



6 Imaging of the Aorta

89

Abdominal Ultrasound

Abdominal aortic ultrasound is another noninvasive and
inexpensive tool for imaging the aorta. Abdominal aortic
ultrasound allows visualization of the abdominal aorta
from the diaphragm to the bifurcation of the aorta [11].
Images are obtained using a 2.5-5.0 MHz curvilinear
array transducer. The patient is placed either in the supine
or left lateral decubitus position and encouraged to fast
for 8—12 hours prior to the procedure to reduce intestinal
gas. The abdominal aorta should be imaged in both the
longitudinal and transverse planes along the entire dis-
tance from the diaphragm to the bifurcation. Measurements
should be obtained in the most circular cross-sectional
image possible, measured in the anterior-posterior diam-
eter from outer edge to outer edge. Inter-observer repro-
ducibility for measuring the abdominal aorta is = 1.9 mm
to+ 10.5 mm [11].

One of the foremost uses of abdominal ultrasound is for
screening of abdominal aortic aneurysms (AAA). Abdominal
ultrasound has a sensitivity of 94—100% for detecting AAA
and a specificity of 98—100% [17]. Between 1988 and 1999,
four major randomized controlled trials (RCT) examined
screening programs for AAA. Meta-analysis of these four tri-
als found that screening programs reduced AAA mortality by
40% after 3—-5 years and a 2.7% reduction in all-cause mortal-
ity at 11-15 years follow-up [18, 19]. Each of these RCTs
used a 30 mm infrarenal diameter as a cutoff for diagnosis of
AAA, with surgical repair recommended for an infrarenal
abdominal aortic diameter greater than 5.5 cm in men and
5.0 cm in women. However, the protocols within the RCTs
used differing techniques for measurement of the AAA,
including inner edge to inner edge, leading edge to leading
edge, and outer edge to outer edge. The United States
Preventive Services Task Force recommends a one-time ultra-
sonography screening for AAA in men aged 65-75 years who
have ever smoked. This recommendation does not specify
how the abdominal aortic diameter should be measured
(Fig. 6.4).

Contrast agents are now available to enhance ultrasound
images. Ultrasound contrast agents use microbubbles that
reflect non-linear signals, enhancing the definition of tis-
sue lines. Contrast agents have been used in abdominal
ultrasound for enhanced imaging of AAA and for better
visualizing aortic rupture [20]. Following endovascular
aortic aneurysm repair, abdominal ultrasound can be used
to visualize endoleaks, fractures, or progressive enlarge-
ment of an AAA as part of a surveillance program.
Contrast-enhanced ultrasound is the imaging modality of
choice for following these patients, as it does not require
radiation, it is fast and affordable, and it has high sensitiv-
ity and specificity for diagnosing endoleaks, 98—100% and
82-93%, respectively [20].

Fig. 6.4 Ultrasound of the abdominal aorta with an infrarenal
aneurysm

Epiaortic Scanning

Aortic atherosclerosis is a significant risk factor for post-
cardiac surgery stroke, and its identification prior to a surgical
procedure can assist surgeons in forming a surgical plan.
Epiaortic scanning (EAS) uses a high-frequency, linear array
transducer to image the ascending aorta and the aortic arch
prior to surgical manipulation of the aorta. Epiaortic scanning
has the advantages of being able to image the entire aorta
[21], and its use changes surgical plans 4-31% of the time,
potentially reducing the risk of perioperative stroke [22].
However, epiaortic screening cannot be performed until after
the sternotomy has been completed, leaving a surgeon limited
time to adjust surgical planning. Additionally, introducing the
ultrasound transducer to the surgical field increases risk of
infection and complication. Prior to the introduction of
A-view technique for TEE, epiaortic scanning was one of few
methods surgeons had for visualizing aortic plaque without
direct palpation of the aorta. A-view technique now allows
surgeons to visualize the entire aorta prior to sternotomy.

Intravascular Ultrasound

A new area of ultrasound evaluation of the aorta is using
intravascular ultrasound (IVUS). This technique involves
introducing a catheter with an ultrasound probe into the
patient’s arterial system, most commonly through the femoral
artery. The probe is inserted into the left ventricle and then
slowly withdrawn to the desired level, with measurements of
aortic diameter obtained along the way. This invasive
approach may be of interest in the setting of transcatheter aor-
tic valve implantation, as it provides accurate measurements
of the lumen where the valve is to be implanted. Early studies
demonstrate consistent aortic annular measurements obtained
using IVUS and those using computed tomography (CT)
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[23]. However, the correlation may be less robust in the aortic
arch, where IVUS tends to measure a larger diameter com-
pared to CT [24]. IVUS may have additional benefits in mea-
suring variation of aortic diameter over the cardiac cycle [25].
At the time of writing, there are no specific reference
standards for aortic measurements obtained by IVUS, but the
reader may refer to reference standards provided for CT.

Computed Tomography

CT provides a wealth of information about the aorta. It has
many advantages over other modalities, including its ability
to image the entire aorta, visualizing the lumen, wall, and
periaortic regions. CT can rapidly acquire high-quality
images, allowing prompt diagnosis of acute aortic syndromes.
Best practice CT imaging of the aorta uses ECG-gating to
reduce artifact from cardiac motion, by synchronizing image
acquisition to the cardiac cycle. Specifics of ECG gating are
beyond the scope of this discussion [2]. CT angiography
(CTA) uses iodinated contrast agents to permit improved
delineation of the aorta and additional blood vessels.

Individual institutions have specific protocols for obtain-
ing CT images of the aorta. The ACC/AHA recommend
using at least four detector rows to image the thoracic aorta,
with >3 mm thickness and a reconstruction level of 50% or
less than the slice thickness with <50% overlap [2].

In general, imaging protocols should begin with a non-
contrast image to identify the subtle changes associated with
intramural hematoma, which may not be identified on con-
trast enhanced imaging. Next, contrast media can be intro-
duced for improved delineation of the aortic lumen. If given,
it should be injected at 3—5 mL/second via a power injector,
with a total volume delivered <150 mL. Contrast material
should be injected into the right upper extremity, as contrast
delivered through the left brachiocephalic vein can result in
streaking. Contrast administration is particularly important
for identifying dissection flaps [2]. Imaging should extend
from above the aortic arch to at least the aortoiliac bifurca-
tion for a comprehensive aortic examination. In the setting of
dissection, a field from the aortic arch to the aortoiliac bifur-
cation allows inspection of aortic branch vessels for malper-
fusion and involvement in dissection, as well as allows
planning for an endovascular repair. Delayed images should
be used when evaluating patients after stent-graft repair of
aortic aneurysms to detect endoleaks [26]. For patients with
an endoleak identified on CTA, additional imaging should be
obtained with digital subtraction angiography.

Measurements obtained with CT should be performed
relative to the centerline of flow to ensure that measurement
occurs at a true short axis, perpendicular to the line of blood
flow. More recently, the use of 3D reconstructions has
allowed improved interpretation of axial section [2]. The
convention in CT is to measure outer edge to outer edge.

This can result in a significant discrepancy between mea-
sured aortic diameter and actual aortic lumen in the setting of
intraluminal clot, aortic wall inflammation, or aortic dissec-
tion, as well as a discrepancy between measurements
obtained on CT and using echocardiography (Fig. 6.5).

Due to the differences in imaging technique, there are a
unique set of reference aortic diameters for CT than for echo-
cardiography. Measurements are considered relative to the
patient’s age and sex. Each patient’s specific measurements
must be placed in the context of their clinical condition, as
criteria for intervention of aortic aneurysm may be specific to
disease process, such as in genetic aortopathies. Measurements
should be normalized to body surface area. Reference values
for aortic area as measured by CT are listed in Table 6.3 [27].

Inter-observer variability for CT evaluation of AAA is
approximately 5 mm, and intra-observer variability is
approximately 3 mm [11].

Imaging reports, regardless of modality used, should
include several important elements, as recommended by the
ACC and the AHA [2]. These elements include:

Fig. 6.5 CT image, lateral projection of the thoracic aorta. Legend:
A = ascending aorta. B = aortic arch. C = thoracic descending aorta.
D = abdominal descending aorta. RPA = right pulmonary artery

Table 6.3 Reference values for aortic diameter on CT [27]

Ascending aorta Descending aorta

Age (years) Male Female Male Female

<45 39+0.8 3.8+0.7 20+03 21+03
45-54 44+0.8 43+0.8 22+03 24+04
55-64 4.7+0.9 4.7+0.9 24+04 26+04
>65 52+09 5.1+£0.9 2.7+04 27+04

Units are cm?*/m?
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1. The location at which the aorta is abnormal.

2. The maximum diameter of any dilatation, measured from
the external wall of the aorta, perpendicular to the axis of
flow, and the length of the aorta that is abnormal.

3. For patients with presumed or documented genetic syn-
dromes at risk for aortic root disease measurements of the
aortic valve, sinuses of Valsalva, sinotubular junction, and
ascending aorta.

4. The presence of internal filling defects consistent with
thrombus or atheroma.

5. The presence of intramural hematoma, penetrating aortic
ulcer, and calcification.

6. Extension of aortic abnormality into branch vessels,
including dissection and aneurysm, and secondary evi-
dence of end-organ injury.

7. Evidence of aortic rupture, including periaortic and medi-
astinal hematoma, pericardial and pleural fluid, and con-
trast extravasation from the aortic lumen.

8. When a prior examination is available, direct image to
image comparison to determine if there has been any
increase in diameter.

One of the significant advantages of CT over previously
described imaging modalities for the aorta is its high sensi-
tivity and specificity. CT has a sensitivity as high as 100%
and a specificity as high as 100% for diagnosis of aortic dis-
section [16] and a sensitivity of 90% and a specificity of 91%
for AAA [17].

Fig. 6.6 (a) CT image,
lateral projection of the
thoracic and abdominal aorta
with a large aortic dissection.
(b) 3D reconstruction images
from CT of the thoracic and
abdominal aorta, with a large
aortic dissection

Due to the rapid acquisition of CT images, this modality
is particularly beneficial in the trauma setting. For trauma
patients, the sensitivity, specificity, and accuracy of contrast-
enhanced multidetector CT for traumatic injuries are 96%,
99%, and 99%, and the negative predictive value of a non-
contrast CT of the aorta approaches 100% [2]. Additionally,
CT is favored over MRI for imaging of the aorta after an
intervention or open surgery due to the presence of metallic
closure devices and clips.

CT plays an important role in the diagnosis and manage-
ment of aortic dissection, particularly with identification of
the true and false lumens and the site of intimal tear.
According to the International Registry of Acute Aortic
Dissection, CT is the initial modality for diagnosis of aortic
dissection in 61% of cases [2]. Similar to echocardiography,
there are several techniques that can be used to differentiate
the true from the false lumen. In highly calcified aortas, the
true lumen may retain an intraluminal ring of calcification.
The true lumen is generally smaller than the false lumen and
will be continuous with the remainder of the aorta.
“Cobwebs,” linear low attenuation areas within the false
lumen, are highly specific for identifying the false lumen.
Thrombi may be seen in the false lumen, as well as the “beak
sign,” which indicates the area of intimal tear [28] (Fig. 6.6).

CT can be used to identify several specific disease condi-
tions. Aortic rupture can be identified on CT, although the
clinical situation rarely allows time for thorough examination.
Aortic rupture often appears as a periaortic hematoma on a
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Fig. 6.7 Sinus of Valsalva diameter on CT

non-contrast image or is demonstrated by contrast extravasa-
tion into the pleura, mediastinum, or retroperitoneum. Prior to
rupture, CT can identify areas of vascular instability. The
“hyperattenuating crescent sign” is a high density within an
aneurysm and is best seen on non-contrast studies. This repre-
sents fresh hemorrhage mixed with established mural clot.
Additionally, diminishing internal thrombus may suggest
dynamic vessel walls. Mycotic aneurysms can be seen on
CT. Mycotic aneurysms appear saccular, with a wide neck,
eccentric or multilobulated periaortic inflammation, and/or
with air. Inflammatory aneurysms, more frequently seen in the
abdominal aorta, present as a soft tissue ring around the aorta
on cross-sectional imaging. They may be accompanied by soft
tissue thickening that adhered to adjacent retroperitoneal
structures, leading to loss of periaortic fat planes or medial
deviation of the ureters. Penetrating aortic ulcer usually pres-
ents as an irregular, “crater-like” contrast-filled outpouching
extending beyond the aortic lumen. Aortitis may present as
increased wall thickening, and individual disease processes
can be difficult to differentiate on CT. Giant cell arteritis tends
to involve the thoracic aorta and may present with “skip
lesions,” whereas Takaysu’s arteritis more commonly affects
the left subclavian artery or the abdominal aorta [28] (Fig. 6.7).

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) provides a complete
image of the aorta with excellent anatomical detail. With the
proper sequences, MRI has the additional benefit of provid-

ing functional imaging, including aortic valve and left ven-
tricular function analysis. However, MRI is not readily
available at all centers, and imaging techniques can take 2—4
times longer compared to a CT acquisition. Additionally,
MRI requires patients to remain still in a confined space for
a prolonged period, which limits its utility for patients with
claustrophobia. Due to the use of magnets in image acquisi-
tion, MRI cannot be used on patients with certain metal
implants [2].

While specifics of MRI are beyond the scope of this text,
the reader should be aware that there are several different
types of pulse sequences, combinations of radiofrequency
pulses, and magnetic gradients that are used to acquire an
image. Specific pulse sequences provide optimal imaging for
different components of the aorta and various disease pro-
cesses [29].

Protocols for obtaining MR images are specific to insti-
tutions. In general, imaging should begin with spin-echo
black blood sequences to outline the shape and diameter of
the aorta. Spin-echo black blood sequences also permit
detection of an intimal flap in the setting of an aortic dissec-
tion. Next, gradient-echo bright blood sequences can be
used to demonstrate changes in the aortic diameters
throughout the cardiac cycle, as well as to detect any blood
flow turbulence. Gadolinium contrast agents can be used to
better delineate the vessel wall [1]. When contrast agents
cannot be used, ECG-gated non-contrast steady state free
precision images can be used to obtain aortic diameter [11,
30]. Source and maximal intensity projection images can
be evaluated for delineation of the aortic wall and for imag-
ing of the dissecting membrane. Time-resolved 3D flow-
sensitive MRI allows visualization and measurement of
blood flow patterns and shear wall stress [11]. Additionally,
maximum intensity projection imaging allows visualization
of collateral circulation [28]. Aortic wall inflammation can
be identified using T2-weighted images by evaluating for
wall edema, or by post-contrast wall enhancement [30]
(Fig. 6.8).

MRI can be used to measure vessel diameter throughout
the aorta. Measurements should be obtained at similar loca-
tions along the aorta as described above for CT and should
be obtained perpendicular to the axis of blood flow, at the
widest point of the vessel [2]. ECG gating should be used to
minimize motion artifact [1]. Measurements should use the
outer edge-to-outer edge technique, although this continues
to be a topic for debate [31]. There are fewer published nor-
mal aortic diameter values for MRI than for other modalities.
However, normal values, as obtained by Davis et al., are
listed in Tables 6.4 and 6.5. Measurements should be com-
pared to normal values for age and sex, as the aortic lumen
diameter, total vessel diameter, and wall area normally
increase with age [30, 32].



6 Imaging of the Aorta

93

Fig. 6.8 (a) MR image,
maximum intensity projection
of the thoracic aorta. (b) MRI
3D reconstruction of the
thoracic aorta

Table 6.4 Normal values (in mm) of the thoracic and abdominal aortic
luminal diameters for men and women of different BMI categories
measured on MRI at diastole [31]

Men Women
25— 25—
BMI (kg/m?) <25 29.9 >30 <25 29.9 >30
Aortic 23.9 24.3 25.6 20.6 21.7 21.5
annulus (18.6— (189- (204- (174- (184- (17.2-
29.2) 29.7) 30.8) 23.8) 25.0) 25.8)
Aortic sinus  31.9 32.8 333 27.5 28.0 27.5
(24.3- (252- (243- (21.9- (21.8- (21.3-
39.5) 404) 42.3) 342) 342) 33.7)
Sinotubular  24.4 25.7 26.2 21.6 22.3 22.1
junction (18.2- (16.7- (18.9- (16.6— (17.0- (15.9-
30.6) 34.7) 33.5) 26.6) 27.6) 28.3)
Ascending  26.0 27.4 28.5 24.7 26.5 26.6
aorta (18.7- (189- (23.1- (17.8- (19.3— (18.8-
333) 359) 339) 31.6) 33.7) 344
Proximal 20.1 20.9 22.2 18.5 19.2 19.6
descending  (14.7- (15.6— (16.3— (14.6— (14.8- (16.5—
aorta 25.5) 26.2) 28.1) 224) 236) 23.2)
Abdominal  17.1 17.9 18.8 16.0 16.3 17.4
aorta (12.0- (12.8- (14.4- (@12.1- (12.3- (13.9-
22.2) 2300 23.2) 19.9) 20.3) 20.9)

Values are given as (Mean [+2 SD])
BMI Body mass index

Table 6.5 Absolute and BSA-indexed normal values of ascending aor-
tic luminal diameter for men and women of different age categories
measured on MRI phase contrast images [31]

Age (years) Men ‘Women

Absolute values (mm)

45-54 31.6 (27.2-37.3) 28.8 (24.6-34.4)
55-64 32.8 (28.1-40.7) 30.1 (25.7-36.4)
65-74 34.2 (28.7-41.0) 30.6 (26.1-36.3)
75-84 34.7 (28.6-40.8) 31.1 (26.8-37.1)
Values indexed to BSA (mm/m?)

45-54 15.9 (13.3-19.5) 16.7 (13.5-20.7)
55-64 16.8 (13.6-21.1) 17.6 (14.4-22.1)
65-74 17.8 (14.2-21.8) 18.1 (14.5-22.1)
75-84 18.6 (15.2-22.6) 19.7 (15.3-28.2)

Values are given as (Median [5th-95th percentile])
BSA Body surface area

Major society guidelines recommend MRI for repeat
imaging of the aorta, particularly for any location distal to
the aortic root to minimize radiation to the patient and opti-
mize reproducibility [2].

MRI has a 95-100% sensitivity and 94-98% specificity
for diagnosing aortic dissection [16]. MRI allows specific
characterization of aortic atheroma with visualization of the
fibrous cap, lipid core, and thrombus [22] (Fig. 6.9).
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Fig. 6.9 Thoracic magnetic resonance angiogram, maximum intensity
projection of the thoracic aorta demonstrating coarctation of the aorta
(white arrow)

Conclusion

Significant advances in imaging techniques over the past
decade have expanded the ability to noninvasively diagnose,
monitor, and plan interventions for a variety of aortic pathol-
ogies. While established imaging techniques such as TTE
and TEE continue to play an important role in imaging of the
aorta, highly sensitive and specific modalities such as CT
and MRI are playing an expanding role and are invaluable
tools for the diagnosis and management of aortic diseases.
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Vascular Rings

Carl L. Backer

Introduction

At Ann & Robert H. Lurie Children’s Hospital of Chicago,
the first successful vascular ring repair was performed by
the late Dr. Willis J. Potts in 1947 [1]. The patient was an
8-year-old boy who had stridor and dysphagia, which had
been present essentially since birth. He had over 30 admis-
sions to the hospital for upper respiratory tract infections
and respiratory distress. Through a left thoracotomy, Potts
identified a double aortic arch. The distal left aortic arch was
clamped, divided, and the stumps oversewn. In addition the
ligamentum arteriosum was ligated and divided. The child
was discharged from the hospital 3 weeks postoperatively
and his symptoms essentially disappeared.

This experience was similar to that of Dr. Robert Gross
who was the first to describe a successful division of a vas-
cular ring at Boston Children’s Hospital [2]. The first patient
that Gross operated on had a double aortic arch. That child
was l-year-old and had persistent wheezing and recurrent
hospital admissions. Gross was also the first surgeon to
describe the other most common vascular ring, right aortic
arch with retroesophageal left subclavian artery and left lig-
amentum arteriosum [2]. Willis Potts was the first surgeon
to diagnose and successfully repair an infant with a pulmo-
nary artery sling [3]. The classification scheme for vascular
rings that we use is that endorsed by the Society of Thoracic
Surgeons Congenital Nomenclature and Database Project
[4]. The information in this chapter is mostly based on our
experience with nearly 400 vascular ring patients shown in
Table 7.1.
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Embryology

The embryologic origin of vascular rings was originally
elucidated by the late Jesse Edwards [5]. Edwards was the
first to report on the embryonic aortic arch system consist-
ing of a ventral and dorsal aorta connected by six primitive
aortic arches (Fig. 7.1). During development different por-
tions of these arches either persist or involute. Depending
on which sequence of events occurs determines the different
types of vascular rings. The accuracy of Edwards’ double
aortic arch system has been recently shown to be correct
based on fetal magnetic resonance imaging (MRI) and fetal
echocardiograms that demonstrate this exact progression of
development.

All patients progress through a phase of having two aortic
arches, left and right (Fig. 7.2). In nearly all patients the first,
second, and fifth arches regress. If the right fourth arch invo-
lutes, the patient has a (“normal’) left aortic arch and no vas-
cular ring (Fig. 7.3). If the right and left fourth arches both
persist, then a double aortic arch is formed (Fig. 7.2). If the
left fourth arch involutes and the right fourth arch remains,
the child will have a right aortic arch (Fig. 7.4). When there
is either a double aortic arch or a persistent right aortic arch,
there may be various patencies or involutions of the remain-
ing aortic arch systems creating different subsets within the
major categories of vascular rings. The most common double
aortic arch is when there is a dominant right aortic arch with
a smaller left aortic arch. The most common right aortic arch
is when there is a retroesophageal (aberrant) origin of the left
subclavian artery and a left ligamentum from the descend-
ing thoracic aorta to the pulmonary artery, completing the
vascular ring. However, there can be many subtle variations.

Table 7.1 Lurie Children’s experience (1947-2015)

Vascular Ring # of Patients
Double aortic arch 155
Right aortic arch/left ligamentum 172
Pulmonary artery sling 46
Total 373
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Ventral aortae

Embryonic aortic arches

Fig. 7.1 Diagram of the embryonic aortic arches. Six pairs of aortic
arches originally develop between the dorsal and ventral aorta. The
first, second, and fifth arches regress. Preservation or deletion of differ-
ent segments of the rudimentary arches results in either a double aortic
arch, a right aortic arch, or the “normal” left aortic arch. (Reproduced
with permission from Backer and Mavroudis [19])

It is the potential for immense variability in the fine detail of
these vascular rings that leads us to our recommendation for
advanced medical imaging, either CT scan or MRI prior to
any type of surgical intervention.

A different embryologic event occurs when pulmonary
artery sling develops. In these patients the left pulmonary
artery vascular bud does not connect directly to the main
pulmonary artery anterior to the trachea. Instead the pul-
monary artery bud courses between the esophagus and tra-
chea to find its vascular origin from the right pulmonary
artery (Fig. 7.5). It is unclear exactly what the embryo-
logic origin of the association with tracheal stenosis is,
but 2/3 of patients with a pulmonary artery sling will also
have tracheal stenosis. The tracheal stenosis is caused by

R ductus

RPA

Double aortic arch

Fig. 7.2 Double aortic arch. (Ao, aorta; L, left; LCCA, left common
carotid artery; LPA, left pulmonary artery; LSA, left subclavian artery;
R, right; RCCA, right common carotid artery; RPA, right pulmonary
artery; RSA, right subclavian artery). (Reproduced with permission
from Backer and Mavroudis [19])

absence of the membranous portion of the trachea resulting
in complete cartilage tracheal rings. This was referred to
as the “ring/sling complex” by the radiologist, Dr. Walter
E. Berdon [6].

Clinical Presentation and Diagnosis

As mentioned above when discussing the two initial patients
operated on by Potts [1] and Gross [2], the most common
symptoms for vascular ring patients are noisy breathing,
barky cough, and dysphagia. The cough is often compared
to the bark of a seal and the phrase, “seal bark cough” is a
distinctive sound that these patients make. Another typical
presentation is the child who has multiple admissions for
upper respiratory distress thought to be secondary to asthma
or some other diagnosis. We are aware of patients who have
had more than 100 hospitalizations for respiratory distress
prior to successful diagnosis of a double aortic arch leading
to operative repair. Because of the relative infrequency of this
diagnosis compared to other common respiratory problems,
one requires a high index of suspicion for the diagnosis of a
vascular ring.
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Fig. 7.3 Left (“normal”) aortic arch. (Ao, aorta; L, left; LCCA, left
common carotid artery; LPA, left pulmonary artery; LSA, left subcla-
vian artery; R, right; RCCA, right common carotid artery; RPA, right
pulmonary artery; RSA, right subclavian artery). (Reproduced with
permission from Backer and Mavroudis [19])

Another symptom is an apparent life-threatening event
(ALTE) or apnea with feeding. Dysphagia does not usually
become a problem until the child begins taking solid foods.
Even children with relatively tight vascular rings do not usu-
ally have dysphagia or trouble with swallowing when they
are taking breast milk or formula. It is when the child begins
to take solid food that they sometimes, as a learned habit,
will cut up their food very carefully and wash it down with
plenty of liquids to alleviate the compression on the vascular
ring on the esophagus.

Most patients with a true vascular ring will develop
symptoms within the first year of life. Most commonly
patients with double aortic arch present earlier than
patients with a right aortic arch because the vascular com-
pression is more intense when all of the structures sur-
rounding the trachea and esophagus are truly vascular in
nature.

Once the diagnosis of vascular ring is suspected the
first imaging study typically obtained is a chest radio-
graph. It is the relationship of the transverse aortic arch
to the trachea that determines whether the patient has a
left or right aortic arch. The radiograph can often be help-
ful in demonstrating the location of the aortic arch and

Right aortic arch

Fig. 7.4 Right aortic arch and retroesophageal (aberrant) left subcla-
vian artery and a left ligamentum. (Ao, aorta; L, left; LCCA, left com-
mon carotid artery; LPA, left pulmonary artery; LSA, left subclavian
artery; RCCA, right common carotid artery; RPA, right pulmonary
artery; RSA, right subclavian artery). (Reproduced with permission
from Backer and Mavroudis [19])

hence the suspicion of a vascular ring. When patients have
a double aortic arch it is often difficult to tell whether the
arch is right-sided or left-sided. In patients with a right
aortic arch, often the trachea will be indented on the right
side by the right aortic arch. What is usually absent in
patients with a vascular ring is the typical knob of the left
aortic arch in the left upper mediastinum. A rare presenta-
tion of patients with a pulmonary artery sling is hyper-
inflation of the right lung from compression of the right
main bronchus.

Historically barium esophagram was the study used to
diagnose vascular rings. The compressions on the column
of barium by the vascular structures could be used to diag-
nose the vascular ring (Fig. 7.6). This however does not
give the type of precise imaging in the current era which
is required for planning an operative intervention. At our
institution we prefer the CT scan as the procedure of choice
(Fig. 7.7). The new-generation dual-source CT scans can
complete an evaluation in less than 1 second without the
need for intubation and with very low radiation dose. Other
centers prefer MRI, but this study takes a longer period of
time to obtain and often requires the child to be sedated
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Fig.7.5 Pulmonary artery sling. The LPA originates from the RPA and
courses between the trachea and esophagus to reach the left lung. (LPA,
left pulmonary artery; MPA, main pulmonary artery; RPA, right pulmo-
nary artery). Inset: left lateral view of anterior compression of the
esophagus and posterior compression of the trachea. (Reproduced with
permission from Backer and Mavroudis [19])

or intubated. In addition, the current MRI does not yield
as clear a picture of the tracheal anatomy as does the CT
scan [7].

The other examination that patients with a vascular ring
should have is bronchoscopy. Some children who present
with noisy breathing or chronic cough will undergo bron-
choscopy as their first examination. Bronchoscopy exami-
nation reveals extrinsic pulsatile compression from the
vascular ring structures. If bronchoscopy is suspicious for a
vascular ring we then recommend proceeding with advanced
medical imaging. Similarly, in the current era, many patients
are diagnosed with a right aortic arch with either a fetal or
postnatal echocardiogram. Echocardiography is helpful to
determine whether the aortic arch is left- or right-sided but
does not give precise anatomy of the ring itself. Again, for
those patients, we would recommend advanced medical
imaging if the diagnosis is suspected by echocardiogram.
Approximately 12% of all patients with a vascular ring will
have some associated cardiac pathology [7]. Hence, we
obtain an echocardiogram in all of our patients with a vas-
cular ring.

In summary, the diagnosis of patients with vascular rings
should be with some form of advanced medical imaging,
either CT scan or MRI. In addition we recommend bron-
choscopy, either as a separate diagnostic study or immedi-
ately prior to operative intervention. Finally, we recommend
an echocardiogram in all of these patients prior to the opera-
tive intervention.

Fig. 7.6 Anteroposterior esophagram of a 4-month-old boy who
presented with stridor and was found to have a double aortic arch.
The arrows point to the indentation in the esophagus caused by the
vascular compression. (Reproduced with permission from Backer
et al. [20])

Indications for Surgery

Patients who have airway or swallowing symptoms and
have a vascular ring should have surgical repair. In particu-
lar patients with double aortic arch tend to have the most
severe symptoms, and early repair should be contemplated.
Very rarely in patients with a right aortic arch and an aberrant
left subclavian with left ligamentum the ring will be loose
enough that they do not have any symptoms. We have a hand-
ful of patients in our series who we are simply observing and
it does not appear that these patients will require an opera-
tive intervention. Nearly all patients with a pulmonary artery
sling develop symptoms and require operative repair. There
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Fig.7.7 (a) Three-dimensional
(3D) rendering of CT scan
(posterior view) of a 3-month-old
infant with a double aortic arch.
This patient has the rare
occurrence of nearly identical right
and left arches. (b) Posterior view
shows the trachea (blue) being
compressed by the vascular ring

Fig. 7.8 (a) Three-dimensional
(3D) rendering of CT scan
(anterior view). Right aortic arch,
retroesophageal left subclavian,
large Kommerell diverticulum,
ligamentum. Trachea ghosted in
blue. (b) Same patient (posterior
view). This view highlights the
size of the Kommerell
diverticulum

are very few case reports of adult patients with either dou-
ble aortic arch or pulmonary artery sling as they nearly all
develop symptoms leading to a diagnosis that will require
operative intervention.

There are other rare reported complications from repaired
vascular rings. We are aware of patients who have had ero-
sion of indwelling nasogastric tubes into the esophagus. We
are also aware of patients who have had catastrophic bleed-
ing from erosion of nasogastric tubes or tracheostomy tubes
into vascular ring structures. Recently there has been evi-
dence that patients with Kommerell diverticulum are at risk
of late aortic aneurysm and aortic dissection [8, 9]. Finally,
patients who have severe compression of their esophagus
for many years may develop dysphagia that does not resolve
after release of the vascular ring. The esophageal motility
appears to decrease over time if the esophagus is forced to
attempt to propel food past an obstruction over a prolonged
number of years.

Surgical Intervention
Right Aortic Arch

In patients with a right aortic arch, retroesophageal left sub-
clavian artery, and a left ligamentum, the primary question
to be addressed prior to surgical intervention is whether the
patient has an associated Kommerell diverticulum. This will
be revealed by the advanced medical imaging (Fig. 7.8). If
the base of the subclavian artery is more than 1.5 times the
size of the subclavian artery, we recommend resection of the
diverticulum and transfer of the left subclavian artery to the
left carotid artery [10, 11]. In borderline cases this can be
evaluated in a stepwise fashion in the operating room.

The operation is performed with the patient in the right
lateral decubitus position through a muscle-sparing left
thoracotomy. We have not used double lumen endotracheal
tubes in our patient population. The chest is entered through
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RSA Esophagus

Fig.7.9 Right aortic arch — division and oversewing of ligamentum
arteriosum. (Ao, aorta; LCCA, left common carotid artery; LSA, left
subclavian artery; MPA, main pulmonary artery; PA, pulmonary

the fourth intercostal space. The lung is retracted anteriorly.
Careful examination of the mediastinal structures is per-
formed. In these patients the esophagus is usually imme-
diately apparent at the typical location where one would
normally see the descending thoracic aorta. Most commonly
the aorta descends on the right side of the chest and is not visi-
ble from a left thoracotomy. What should be visible is the left
subclavian artery and the bulge of the Kommerell diverticu-
lum if present. The dissection begins by opening the pleura
over the left subclavian artery. The left subclavian artery can
be encircled with a vessel loop. Further dissection typically
identifies the supreme intercostal vein and lymphatic struc-
tures crossing the area of the ligamentum and the Kommerell
diverticulum. I often divide the tissues in this area between
4-0 silk ligatures to prevent any lymphatic leaks. Further dis-
section identifies the ligamentum arteriosum. Care must be
taken to identify the recurrent laryngeal nerve and prevent
any cautery injury to this nerve. This nerve originates from
the vagus nerve anteriorly and then turns posteriorly beneath
the ligamentum to “recur” superiorly in the tracheoesopha-
geal groove more posteriorly. The area of the ligamentum
is dissected. The ligamentum can be divided between silk
ligatures or it can be divided between vascular clamps with
oversewing of the stumps (Fig. 7.9). Upon division of the
ligamentum one assesses how far apart the stumps of the
ligamentum separate. In patients with a large Kommerell
diverticulum, often the division of the ligamentum leads to
very little separation of the stumps. In these cases it becomes

LSA

Ligamentum

arteriosum Ligamentum
divided

artery; RCCA, right common carotid artery; RSA, right subclavian
artery). (Reproduced with permission from Backer and Mavroudis

(19D

immediately clear that the Kommerell diverticulum is an
important component of the cause of the patient’s symptoms.
In patients with a “small” Kommerell diverticulum, should
the ligamentum division lead to a separation of the stumps
greater than 1-2 cm in length, it is possible that the diver-
ticulum of Kommerell is not an important component of the
vascular compression.

To proceed with Kommerell diverticulum resection, we
first administer 100 units/kg of heparin intravenously. This
prevents intravascular thrombosis during the procedure.
In order to ensure proper orientation of the left subclavian
artery at the time of reimplantation, a small marking suture
is placed on the most anterior aspect of the artery prior to
placing the vascular clamps. The base of the Kommerell
diverticulum is occluded with a small Castafieda clamp
(Fig. 7.10). This clamp can partially be placed on the
descending thoracic aorta. However, it should not com-
pletely occlude the descending thoracic aorta. We prevent
this from happening by monitoring the lower extremity
arterial pressure with a blood pressure cuff. The left subcla-
vian artery vascular control is obtained with a small plastic
vascular clip. The left subclavian artery is then divided just
distal to its origin from the Kommerell diverticulum. The
Kommerell diverticulum is then resected. The resection of
the diverticulum is done using staged division and oversew-
ing techniques where the sutures for the closure of the aortic
stump are partially placed prior to completely removing the
diverticulum. This prevents the stump of the diverticulum



7 Vascular Rings

103

a b

LCA

RSA
RSA
RCA

RCA
LSA

Kommerell's
diverticulum

Fig.7.10 (a) The typical anatomy of a patient with a right aortic arch,
retroesophageal left subclavian artery, and large Kommerell diverticu-
lum. The Kommerell diverticulum is an embryologic remnant of the left
fourth aortic arch. (b) A schematic illustration of the resection of a
Kommerell diverticulum through a left thoracotomy. There is a vascular
clamp partially occluding the descending thoracic aorta at the origin of
the Kommerell diverticulum. The Kommerell diverticulum has been
completely resected. The clamp on the distal left subclavian artery is

from retracting through the jaws of the clamp while the
stumps are being oversewn. The first suture line here is a
running mattress suture. The second suture line is an over-
and-over baseball type suture. Prior to releasing the clamp, I
place several additional interrupted mattress sutures in addi-
tion to reinforce the suture line. The sutures are not cut until
the clamp has been released and the absence of substantial
bleeding has been demonstrated. Should there be bleeding
requiring additional sutures traction on the prolene mat-
tress sutures can elevate the stump into the field. Careful
attention to this detail is important because the stump of the
Kommerell diverticulum tends to retract back into the pos-
terior mediastinum quite rapidly and bleeding from this area
can be difficult to control without the maneuvers identified
above.

The left carotid artery is identified in the mediastinum by
dissecting it in a plane that is posterior to the vagus nerve
and anterior to the recurrent laryngeal nerve in the tra-
cheoesophageal groove. Carefully staying in the midzone
between these two nerves will allow accurate identification
of the carotid artery. The carotid artery can be encircled with
a right angle clamp and a vessel loop. This can then be ele-
vated into the field. The carotid artery is then controlled with
a small Castafieda clamp. The anesthesiologist should pay
careful attention to the blood pressure during this maneu-
ver. One wishes to maintain the cerebral perfusion pressure
through the other carotid artery at a higher than normal level

not illustrated. (¢) The completed repair. The orifice where the
Kommerell diverticulum was resected is usually closed primarily, or, as
shown in the inset, the orifice can be patched with polytetrafluoroethyl-
ene if necessary. The left subclavian artery has been implanted into the
side of the left common carotid artery with fine running polypropylene
suture. (LCA, left carotid artery; LSA, left subclavian artery; RCA,
right carotid artery; RSA, right subclavian artery). (Reproduced
with permission from Backer et al. [10])

to ensure adequate cerebral blood flow through the Circle of
Willis during this portion of the procedure. An opening is
then made in the left carotid artery with a #15 blade. This is
extended with a Potts scissors to exactly the size of the tran-
sected left subclavian artery. The subclavian artery is oriented
using the previously placed adventitial marking suture. In the
smaller babies (0—1 year of age), I use a 7.0 prolene suture
for this anastomosis. In infants over 1 year of age we use 6.0
prolene suture. The anastomosis is performed with running
suture. The clamps are temporarily released to flush air from
first the subclavian artery and then the carotid artery. The
suture line is then completed and the knot tied. The clamp
and clip are released. Hemostasis is usually not an issue, but
a small amount of Gelfoam-soaked thrombin may be used at
this point. The left subclavian pulse can be monitored with
pulse oximetry to ensure that the anastomosis is patent. In
all patients with vascular rings, the mediastinal pleura is left
open. We use one Blake drain to drain the pleural space and
monitor for postoperative chylothorax and/or postoperative
bleeding. The patients are extubated in the operating room
and then transported to the cardiac care unit for monitoring.
A rectal dose of aspirin (10 mg/kg) is administered and the
patients are maintained on aspirin therapy for 6 months. The
Blake drain is not removed until the patient has eaten food
containing fat to ensure that there is not a chylothorax. The
drain usually comes out on either postoperative day 2 or
postoperative day 3.
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I should mention that occasionally the diverticulum itself
becomes somewhat friable in nature because of its aneurys-
mal dilatation. In some instances the tissue of the aneurysm
does not appear adequate to hold sutures. In this case the
resultant opening left by resecting the diverticulum can be
patched with a small round polytetrafluoroethylene patch as
shown in Fig. 7.10c. We have only had to do this in a very
small number of patients.

Originally in our series, we obtained postoperative
advanced medical imaging to demonstrate the patency of the
anastomosis. However, we have not been performing this on
a routine basis with all of the patients in the early portion of
the series having a widely patent anastomosis without any
aneurysm formation. Thus far in our series we have not had
to reoperate on any of the patients undergoing Kommerell
diverticulum resection and transfer of the left subclavian
artery. To our knowledge all of the anastomoses are patent
based on the pallable left radial pulse.

Double Aortic Arch

The preoperative evaluation is critically dependent on the
advanced medical imaging. In patients with a double aortic
arch, 80% have a right dominant arch. In these cases the sur-
gical approach is through a left thoracotomy. In 10% of the
cases, the left aortic arch is dominant. In these cases the sur-
gical approach is through a right thoracotomy. Finally, there
are a group of patients who have balanced aortic arches where
the right and left arches are very similar in size (Fig. 7.11). In

Fig. 7.11 Computed tomogram (3D reconstruction) of a child with a
double aortic arch with balanced right and left arches. (A, ascending
aorta; D, descending aorta; L/R, left/right arch). (Reproduced with per-
mission from Backer et al. [21])

this case it is important to determine precisely which arch is
larger, and the approach is then through the opposite chest.
When the arches are equal in size, I divide the right arch.
Similar to the operative approach for the right aortic arch
the operation is performed most typically with the patient
in the right lateral decubitus position through a left muscle-
sparing thoracotomy (Fig. 7.12). The chest is entered
through the fourth intercostal space. Again, careful external
evaluation of the mediastinal pleura should be performed. In
most cases the left subclavian artery can be clearly identi-
fied through the mediastinal pleura. The initial opening of
the pleura is often above the left subclavian artery. This is in
a vertical plane parallel to the vagus nerve. The dissection of
the pleura should remain anterior closer to the vagus nerve
rather than deviating posteriorly. A posterior deviation of this
incision can lead to the thoracic duct or its tributaries which
can be potentially injured. This would lead to a chylothorax.
The first structure to be encircled with a vessel loop is usu-
ally again the left subclavian artery. At the base of the left
subclavian artery, the ligamentum arteriosum and also the
left aortic arch are usually found. In patients with a double
aortic arch the left anterior arch serves in most instances as
the blood supply to the left carotid and left subclavian artery.
The area of the left aortic arch just distal to the left subcla-
vian artery is often atretic. This is the most common site for
division of the left aortic arch. The ligamentum arteriosum is
mobilized. The recurrent laryngeal nerve is identified encir-
cling the ligamentum arteriosum. The ligamentum is mobi-
lized, doubly ligated with silk suture, and divided. Attention
is then directed to dividing the left aortic arch. Even when
the arch is atretic we recommend dividing it between vascu-
lar clamps. The vascular clamps should be placed at a site
that preserves the antegrade blood flow to the left carotid
and left subclavian arteries. Although less important now
with advanced medical imaging showing the exact anatomy
of the arch system, a test clamp should be performed prior to
dividing the arch. The site for arch division is selected and
then the clamp is temporarily placed at this site. The anes-
thesiologist can then check for a left radial pulse and a left
carotid pulse. Pulse checking can be facilitated by the use of
pulse oximetry waveforms which should be maintained dur-
ing the placement of the clamps. Sufficient length should be
obtained along the arch itself to place the vascular clamps.
We have used a combination typically of a Castafieda clamp
on the distal arch and a Potts ductus clamp on the proximal
arch. The ductus clamps notably have small teeth within
them that prevent the clamp from slipping. The division of
the arch should be done, again using staged oversewing and
division techniques. An initial incision is made in the arch
after the clamps have been placed. Prolene suture used to
oversew the stump is then placed; one on each side of each
stump. Prior to completely dividing the arch, there should
be a suture line on each stump. Should a clamp slip traction
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Fig.7.12 Double aortic arch division. (a) Double aortic arch, right arch
dominant. The ligamentum arteriosum and recurrent laryngeal nerve are
also shown. (b) Dividing left aortic arch with a Potts ductus clamp on the
anterior stump of the arch and a Castafieda clamp on the posterior stump.

on the suture would allow one to obtain control of the stump
without the stump retracting into the mediastinum. The first
suture line is a mattress suture. The second suture line is
an over and over baseball type suture. Should the arch be
widely patent with a long suture line several interrupted mat-
tress sutures can be placed prior to clamp release. Similar

(¢) Arch and ligamentum divided. (Ao, aorta; L, left; LCCA, left carotid
artery; LSA, left subclavian artery; PA, pulmonary artery; R, right;
RCCA, right carotid artery; RSA, right subclavian artery). (Reproduced
with permission from Backer and Mavroudis [19])

to the resection of a Kommerell diverticulum these sutures
are placed so the stump can be controlled should there be
bleeding when the clamps are released. If there is significant
bleeding the suture can be used to elevate the stump into the
field and guide replacement of a vascular clamp to control
the bleeding site. In most cases however with careful vascu-
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lar technique, there is minimal bleeding which can be easily
controlled with topical Gelfoam-thrombin. Once the clamps
have been released the stumps of the divided arch usually
separate widely. Again, it is also important to divide the
ligamentum because leaving the ligamentum in place would
then convert the double arch to a right aortic arch with a
ligamentum arteriosum. The esophagus should be carefully
evaluated for any adhesive bands. These adhesive bands
should be lysed with electrocautery. One does need to take
care here because the esophagus has no serosa. Inadvertent
entry into the esophagus should be carefully avoided. At the
conclusion of the procedure; again, the mediastinal pleura
is left open. This decreases the chance of scar tissue leading
to residual vascular ring residual compression similar to the
initial vascular ring symptoms. I have had occasional expe-
rience to reoperate on a patient where the pleura was closed
and in some cases this formed relatively intense scar tissue
which can lead to recurrent symptoms.

The chest is then drained with a small Blake drain. This
is left in place again for 2-3 days, monitoring for any bleed-
ing or development of a chylothorax. Should a chylothorax
develop the patient is treated with a low fat diet. If they have
a high volume chylous output we have reoperated relatively
soon. Usually one can identify the source of the chylous
effusion and oversew this with fine prolene suture at the time
of the reoperation. This is probably a better alternative to
prolonged treatment with a fat-free diet and/or ligation of
the thoracic duct through a right thoracotomy. After double
arch repair, the patients are not maintained on aspirin. There
has been no specific follow-up with either bronchoscopy or
advanced medical imaging unless there is some unusual intra-
operative concern or persistence of recurrence of symptoms.

Pulmonary Artery Sling

As mentioned in the Introduction the late Dr. Willis Potts
was the first to diagnose and successfully repair a pulmo-
nary artery sling [3]. Dr. Potts operated on a 5-month-old
infant who had intermittent cyanotic spells and severe
respiratory distress. Potts operated on the patient without a
preoperative diagnosis. He decided to approach the patient
through a right thoracotomy based on the barium esopha-
gram. Interestingly, he was able to make the diagnosis intra-
operatively after dissecting all of the vascular structures.
Potts used Potts ductus clamps to occlude and then divide
the left pulmonary artery. He then moved the left pulmo-
nary artery anterior to the trachea and reimplanted it into the
main pulmonary artery. The child survived the operation but
was found on long-term follow-up to have an occluded left
pulmonary artery [12].

The pathophysiology of pulmonary artery sling results
from the left pulmonary artery originating from the right

pulmonary artery. It then has to course around the distal tra-
chea and right main stem bronchus en route to the left lung
(Fig. 7.5). The resultant sling-like effect particularly on the
right main stem bronchus can cause right bronchial com-
pression leading to bronchial stenosis and bronchomalacia.
In some patients this causes a ball valve effect and leads to
hyperinflation of the right lung. This is the only vascular ring
that causes isolated, anterior compression of the esophagus.
Three-quarters of the patients with pulmonary artery sling
will in addition have tracheal stenosis caused by complete
cartilaginous tracheal rings [6]. The combination of tracheal
stenosis and a pulmonary artery sling can lead to significant
respiratory complications. Some of these patients are admit-
ted with respiratory distress that has required intubation and
ventilation.

For the critically ill infant in the intensive care unit with-
out a diagnosis, echocardiography at the bedside can be
used to initiate the diagnosis of pulmonary artery sling [13].
Some of these patients will have substantial respiratory dis-
tress and undergo bronchoscopy as a first evaluation. This
will demonstrate complete tracheal rings. All children who
are diagnosed with complete tracheal rings should also be
assessed for the possibility of a pulmonary artery sling. Once
the diagnosis is obtained and the patient is stable we have
recommended advanced medical imaging either with CT or
MRI to identify the precise location of the pulmonary artery
sling and the relationship of the pulmonary artery to the sur-
rounding structures [14]. Most infants with pulmonary artery
sling will have symptoms and we recommend operation at
the time of diagnosis. We are aware of patients who have had
ALTEs from apnea secondary to pulmonary artery sling. We
recommend an operative approach through a median ster-
notomy with the use of cardiopulmonary bypass. The initial
series of patients with pulmonary artery sling were repaired
through a left thoracotomy but this resulted in a very high
incidence of left pulmonary artery stenosis. The anastomo-
sis through the left chest is difficult to perform and in par-
ticular, these patients often have respiratory issues during the
operation. This could lead to a hurried anastomosis which
would not necessarily lead to a widely patent anastomosis.
By performing the operation on cardiopulmonary bypass the
anastomosis can be performed in an unhurried fashion on
a decompressed main pulmonary artery. In addition, should
the patient have associated complete tracheal rings the tra-
chea can be repaired at the same time with the use of car-
diopulmonary bypass. It is beyond the scope of this chapter
to discuss the tracheal repair; however, I will mention that
in most instances at the current time we would perform a
slide tracheoplasty [14, 15]. A slide tracheoplasty is typically
performed after the vascular anastomosis of the pulmonary
artery sling is performed.

The operation is performed through a standard median
sternotomy incision. For patients who have tracheal stenosis



7 Vascular Rings

107

that is long distance in nature, we may also perform a low-
collar incision to access the upper trachea. The patient is
placed on cardiopulmonary bypass with an aortic cannula and
a single atrial cannula (Fig. 7.13). Cardiopulmonary bypass is
initiated cooling to 34 °C. The heart is kept beating in normal
sinus rhythm throughout the procedure. Once the patient is
safely on cardiopulmonary bypass the left pulmonary artery is
dissected and encircled with a vessel loop as it originates from
the superior aspect of the right pulmonary artery. Traction on
the left pulmonary artery facilitates its dissection on the right
side away from the posterior aspect of the trachea. The left
pulmonary artery will be coursing anterior to the esophagus
and posterior to the trachea. Care must be taken during this
portion of the dissection to avoid entering either the trachea
or the esophagus. One of the tricky parts of the operation is
to identify the left pulmonary artery on the left side of the
tracheobronchial tree in the posterior mediastinum. This is
facilitated by first ligating and dividing the ligamentum arteri-
osum. This is in the usual location. Of course the sensation is
somewhat odd in that there is no left pulmonary artery adjacent
to the ligamentum. That being said, the left pulmonary artery
will course anteriorly to the descending thoracic aorta, which
is a structure to which the ligamentum is attached. Dissecting
in the area of the ligamentum stump on the descending tho-

Fig. 7.13 A surgeon’s view of the approach to the patient with a pul-
monary artery sling. The patient has been opened with a median ster-
notomy and is on cardiopulmonary bypass with aortic and uniatrial
venous cannulation. The aorta is being retracted to the left with a pled-
get supported suture. The right pulmonary artery is controlled with a
vascular clamp. The left pulmonary artery has been opened at its origin
from the superior aspect of the right pulmonary artery. (Reproduced
with permission from Backer et al. [14])

racic aorta typically will identify the left pulmonary artery.
This can be facilitated by traction placed on the vessel loop
on the left pulmonary artery from the right side. Once the
left pulmonary artery has been identified on the left side of
the mediastinum it can be dissected back toward the trachea.
Once the left pulmonary artery is fully mobilized the origin
of the left pulmonary artery from the right pulmonary artery
can be transected. Bleeding from the stump of the transected
left pulmonary artery can be controlled with a plastic vas-
cular clip. The resultant stump on the superior aspect of the
right pulmonary artery is oversewn with running fine prolene
suture (Fig. 7.14). This stump should be left long enough so
there is no chance for stenosis of the right pulmonary artery
caused by this suture line. In nearly all cases the left pulmo-
nary artery is excessively long so leaving a small stump on the
superior aspect of the right pulmonary artery is not an issue.
The left pulmonary artery is then delivered from underneath
the trachea, up into the anterior mediastinum on the left side.
The ideal site for the reimplantation of the left pulmonary
artery can be obtained by actually slightly filling the heart and
allowing the main pulmonary artery to fill with blood. A site
for the reimplantation is usually just adjacent to the ligated
stump of the ligamentum. Again, a small Castafieda clamp
can be placed in this site or the main pulmonary artery can be
occluded with an angled vascular clamp (Fig. 7.15). I excise
a small round patch of left pulmonary artery in order to pro-
vide a widely patent anastomosis. The left pulmonary artery
should not be twisted. The left pulmonary artery is spatulated

Fig. 7.14 The right pulmonary artery opening has been closed. The
left pulmonary artery is being dissected under the aorta in a plane pos-
terior to the trachea and anterior to the esophagus. (Reproduced with
permission from Backer et al. [14])
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Fig.7.15 The left pulmonary artery has now been brought up into the
mediastinum on the left side of the trachea. A site for the anastomosis is
determined by approximating the best natural “lie” when the main pul-
monary artery was full. The anastomosis is shown in progress.
(Reproduced with permission from Backer et al. [14])

and an anastomosis is then created with running absorbable
PDS suture. Alternatively interrupted suture technique can be
used to prevent stenosis. During this portion of the procedure,
the patient can be warmed and then is ready to be weaned
from cardiopulmonary bypass shortly after the completion of
the anastomosis. The chest is typically closed in the standard
fashion with a single mediastinal Blake drain. Again, if the
patient has associated tracheal stenosis that tracheal repair is
performed after the repair of pulmonary artery sling.

Aberrant Right Subclavian Artery

Aberrant origin of the left subclavian artery from the descend-
ing thoracic aorta in a patient with a left aortic arch is one of
the most common vascular anomalies of the aortic arch sys-
tem. By some accounts it may occur in as many as 0.5% of
all humans [16]. This is not a vascular ring, but can be a vas-
cular compression syndrome. The aberrant right subclavian
artery usually causes no compression whatsoever on the tra-
chea. However, it may cause compression of the esophagus.
In particular, if the origin of the right subclavian artery is a
Kommerell diverticulum, the Kommerell diverticulum com-
bined with the aberrant subclavian artery may compress the
esophagus. In fact, the original description of a Kommerell
diverticulum by the German radiologist was in a patient with
a left aortic arch and an aberrant right subclavian artery [17].

In patients who have dysphagia sometimes this aberrant
subclavian artery may be considered the source of the dys-
phagia. However, this is rarely the case. The phrase, “dys-
phagia lysoria” refers to the fact that although aberrant right
subclavian artery does appear that it could cause esophageal
compression and dysphagia it is usually not the source of the
patient’s dysphagia [18].

In our series of nearly 400 patients with vascular rings,
we have operated on only 2 patients with a left aortic arch
and an aberrant right subclavian artery. In both cases the
patients had severe dysphagia. One was associated with a
large Kommerell diverticulum. In both cases the operation
was performed through a right thoracotomy. The chest was
entered through the 4th intercostal space. The origin of the
subclavian artery from the descending thoracic aorta was
dissected. The child was given 100 units/kg of heparin. The
base of the subclavian artery was occluded with a Castafieda
clamp. The distal subclavian artery was controlled with
a fine vascular clip. The right subclavian artery was then
divided and the stump oversewn using the staged division
of oversewing techniques described above. The artery was
marked and transferred to the right carotid artery in both of
these instances.

This should be a very rare procedure. It is only after
excluding all other cases of dysphagia and in patients with
anatomic features showing severe compression of the esoph-
agus that we would consider surgical repair.

Conclusion

Patients with vascular rings present with symptoms of either
airway or esophageal compression. The most common pre-
senting symptoms are noisy breathing, chronic cough, recur-
rent upper respiratory tract infections, and dysphagia. We
currently recommend advanced medical imaging to precisely
define the anatomy of the vascular ring prior to surgical
intervention. In addition we recommend echocardiography
and bronchoscopy. The bronchoscopy is typically performed
at the time of the anesthetic for the vascular ring repair.

In our series of patients with vascular rings the most com-
mon were double aortic arch and right aortic arch with left
ligamentum. Pulmonary artery sling is relatively rare com-
pared to these other two. The most common double aortic
arch is a right dominant arch. These patients are approached
through a left thoracotomy with division of the smaller left
arch. Patients with a right aortic arch and left ligamentum are
also operated on through a left thoracotomy. These patients
are treated by division of the ligamentum arteriosum. In
patients with a Kommerell diverticulum serving as a source
of blood to the left subclavian artery, the Kommerell diver-
ticulum may require resection and transfer of the subclavian
artery to the left carotid artery. Patients with a pulmonary
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artery sling are repaired through a median sternotomy with
the use of cardiopulmonary bypass. The left pulmonary
artery is reimplanted into the main pulmonary artery anterior
to the trachea. Very rarely patients with a left aortic arch and
aberrant right subclavian have dysphagia and benefit from
transfer of the right subclavian artery to the right carotid
artery.

The care of patients with vascular rings requires coopera-
tion between multiple services. This includes cardiothoracic
surgery, otolaryngology, anesthesia, and critical care. In our
series we have had no operative mortality from an isolated
vascular ring or pulmonary artery sling since the 1950s. It is
gratifying to operate on these patients in that the vast major-
ity of them achieve freedom from their symptoms within
several months of the operation.
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Coarctation of the Aorta

Rachel D. Torok, Michael J. Campbell, Gregory A. Fleming,

and Kevin D. Hill

Introduction

Coarctation of the aorta was first described by Morgagni in
1760, and in its simplest form refers to isolated and discrete
stenosis of the proximal thoracic aorta. However, coarctation
may also be associated with a longer segment of narrowing,
with hypoplasia of the transverse aortic arch, or with stenosis
of the lower thoracic or abdominal aorta [1-3]. While more
severe cases typically present in the neonatal period, aortic
coarctation may be diagnosed at any age, either in isolation
or in association with other cardiac defects. Crafoord was the
first to perform a successful surgical repair of aortic coarcta-
tion in 1944 [4]. Since then, various surgical and transcath-
eter approaches have been developed, which have enabled
significantly improved outcomes. In this chapter, we will
focus our attention on the etiology, evaluation, and manage-
ment of coarctation of the thoracic aorta and then discuss the
less common presentations of abdominal aortic coarctation
and pseudocoarctation.

Prevalence and Etiology

Coarctation of the aorta accounts for 5-7% of all congenital
heart disease [5], with an incidence of approximately 3 cases
per 10,000 births [6]. Males are more commonly affected
than females [5]. Coarctation may be seen in isolation or
with additional cardiac lesions, including left ventricular
outflow tract lesions, such as bicuspid aortic valve, aortic
valve stenosis, and hypoplastic left heart syndrome [7, 8],
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as well as ventricular septal defect, patent ductus arteriosus,
transposition of the great arteries, and atrioventricular canal
defects [9-13]. Genetic syndromes including Turner syn-
drome (45X0), Down syndrome (Trisomy 21), and Jacobsen
syndrome (11q terminal deletion) are associated with coarc-
tation of the aorta [14]. In neonates undergoing coarctation
repair, Turner syndrome is the most common genetic syn-
drome (4%), followed by Down syndrome (2.1%) [15, 16].
The exact embryologic development of coarctation of the
aorta is unclear, but two main hypotheses exist. One theory
is that in utero, ductal tissue abnormally migrates into the
aortic isthmus. With ductal constriction after birth, there is
also abnormal constriction of the aortic isthmus, leading
to coarctation [1]. An alternative hypothesis proposes that
decreased blood flow through the ductus arteriosus leads
to abnormal growth of the aortic isthmus, which acts as a
vulnerable “watershed” region. This abnormal flow could be
caused by proximal obstruction to flow in the left ventricu-
lar outflow tract or an abnormal angle of entry of the ductus
arteriosus at the aortic isthmus [17]. This theory is supported
by fetal echocardiography data, which shows a prevalence of
transverse aortic arch hypoplasia in fetuses who eventually
go on to have coarctation [18, 19].

Diagnosis
Clinical Presentation

Coarctation can present at any age. In the United States
approximately 1 in 4 neonates requiring surgical intervention
for coarctation is diagnosed prenatally [20, 21]. Neonates
with “critical” or ductal dependent aortic coarctation that are
not diagnosed prenatally often present with heart failure, aci-
dosis, and shock following closure of the ductus arteriosus.
Without prompt medical resuscitation and surgical interven-
tion, death occurs rapidly in these patients [22, 23].

Patients with less severe coarctation may not be diag-
nosed until later in life and can present with a murmur or

m
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Fig. 8.1 Echocardiogram of coarctation. (a) Two-dimensional transthoracic echocardiogram in an 11-day-old infant with discrete coarctation
(arrow). (b) Color Doppler of the same image demonstrating aliasing of flow at the coarctation site (arrow)

hypertension. Murmurs can be a manifestation of associated
congenital heart defects (e.g. ventricular septal defects or
aortic stenosis) or may be due to flow through collateral ves-
sels that develop from the internal thoracic and subclavian
arteries, thyrocervical trunks, and vertebral and anterior spi-
nal arteries [24, 25]. In adults with previously undiagnosed
coarctation, hypertension is the most common presenting
symptom [26]. Frequent headaches or symptoms of clau-
dication of the lower extremities with exertion may also be
reported. In these patients, decreased lower extremity pulses
or a significant systolic blood pressure gradient between the
upper and lower extremities is highly suggestive of aortic
coarctation [22, 26]. However, the absence of these physical
exam findings does not exclude a diagnosis of coarctation, as
exam findings may be diminished or even absent in the set-
ting of significant collateral blood flow, which often devel-
ops in patients diagnosed later in life [27].

Imaging Studies

Chest x-ray may be nonspecific, especially in young
patients, but in adult patients, indentation of the aorta at the
site of coarctation creates a classic “3 sign,” and notching
of the posterior fourth to eighth ribs due to dilated intercos-
tal arteries may also be seen [27, 28]. Electrocardiogram
is often normal in infants, but in older children and adults,
ventricular pressure overload typically leads to evidence of
left ventricular hypertrophy [27]. Transthoracic echocar-
diography is the diagnostic test of choice in neonates and
young children with concern for coarctation, and it enables

detection of the presence and severity of aortic coarctation
and any associated cardiac defects (Fig. 8.1). In adult sized
patients, transthoracic echocardiography remains the initial
test of choice for evaluation of coarctation [27], but echocar-
diographic windows may be suboptimal in this population.
Computed tomography (CT) scan or magnetic resonance
imaging (MRI) can provide excellent anatomic detail and
are commonly used to create three-dimensional images for
interventional planning (Fig. 8.2, Video 8.1). MRI has the
additional benefit of defining and quantifying collateral ves-
sel flow. Cardiac catheterization is also a valuable diagnostic
tool for the diagnosis of coarctation. Although cardiac cath-
eterization is now used less frequently as a primary diagnos-
tic modality due to advances in other imaging modalities,
such as echocardiography and MRI, catheterization remains
the gold standard for quantification of pressure gradients
across the region of coarctation. The addition of rotational
angiography to fluoroscopic equipment will allow improved
imaging of coarctation of the aorta in the catheterization lab.
Moreover, transcatheter approaches are increasingly used for
therapeutic intervention, particularly in older children, ado-
lescents, and adults [27, 28].

Treatment

Fortunately, surgical and transcatheter interventions are
now available for coarctation of the aorta, and the outcomes
are very good. Treatment guidelines exist for both children
and adults with coarctation, with intervention warranted in
patients with a peak-to-peak gradient >20 mmHg across
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Fig. 8.2 Magnetic resonance
imaging of coarctation. (a)
Sagittal magnetic resonance
image (steady-state free
precession) in a 12-year-old boy
showing transverse arch
hypoplasia and long segment
coarctation distal to the left
subclavian artery (arrow). (b)
Three-dimensional reconstruction
of a gated contrasted angiogram
of the same patient, again
highlighting hypoplasia of the
transverse arch, coarctation at the
distal transverse aortic arch and
isthmus (arrow), and dilated
intercostal arteries functioning as
collaterals

the site of coarctation. Intervention is also warranted with
lesser gradients in the presence of significant anatomic
evidence of stenosis and extensive collateral flow [27, 29].
Factors such as systemic hypertension, additional cardiac
defects, left ventricular hypertrophy, or elevated left ven-
tricular end diastolic pressure must also be considered
when determining possible intervention [27, 29-31].

Surgical Repair

In 1944, Crafoord described resection with end-to-end
anastomosis as the first surgical repair for coarctation [32]
(Fig. 8.3a). Subsequent studies showed recoarctation in over
half of the patients repaired with this technique, which was
largely attributed to the use of a circumferential suture line
[33, 34]. Gross reported using an interposition graft after
resection of the segment of coarctation in 1951 [35]. While
less appealing in pediatric patients due to somatic growth,
this approach can be appropriate in adult patients with aneu-
rysm, long segment coarctation, or recoarctation after pri-
mary repair [36].

As an alternative approach, Vosschulte described pros-
thetic patch aortoplasty for coarctation repair in 1961. In this

technique, the ductal tissue is excised, a longitudinal inci-
sion across the coarctation is made, and a prosthetic patch
is used to enlarge the area of stenosis (Fig. 8.3b). This tech-
nique avoids a circumferential suture line, can address longer
segments of coarctation, and minimizes mobilization of the
aorta and ligation of intercostal arteries [37]. Recoarctation
rates of 5-12% [38] were lower compared to the resection
and end-to-end anastomosis technique, but aortic aneurysm
was a long-term problem with this technique, occurring in
18-51% of patients [39-42].

Subclavian flap aortoplasty was introduced in 1966 as a
surgical treatment option for coarctation by Waldhausen and
Nahrwold. In this approach, the left subclavian artery is ligated
and divided, and the proximal left subclavian stump is folded
down and used to enlarge the area of coarctation (Fig. 8.3c).
This technique allows for improved growth by avoiding the
use of a circumferential suture line and prosthetic material and
can be used in long segment coarctation [43, 44]. However,
the need to sacrifice the left subclavian artery has been a major
concern with this technique, which has been associated with
decreased length and muscle bulk of the left upper extremity
as well as claudication with exercise [45, 46].

In 1977 Amato described a modification to Crafoord’s
resection and end-to-end anastomosis, called the extended
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Fig. 8.3 Surgical techniques in coarctation repair. (a) Crafoord’s origi-
nal resection with end-to-end anastomosis. The coarctation is resected,
and an end-to-end, circumferential anastomosis is created. (b) Patch
aortoplasty. An incision is extended across the coarctation, followed by
patch augmentation of the stenotic region. (¢) Subclavian flap aorto-
plasty. The left subclavian artery is ligated and divided, and a longitudi-
nal incision is extended from the proximal left subclavian artery beyond

end-to-end technique. In the extended end-to-end approach,
a broader, longitudinal incision and anastomosis across the
proximal aorta is performed (Fig. 8.3d). While still avoiding
prosthetic material and enabling ductal tissue resection, the
wider incision is less prone to restenosis and enables enlarge-
ment of the transverse aorta [47, 48]. Currently, extended
end-to-end anastomosis is one of the preferred techniques
for surgical repair, due to low restenosis rates (4—11%) and
low mortality rates [47, 49-51].

Finally, in neonates considerable debate has revolved
around the merits of performing coarctation repair through
a left thoracotomy versus a median sternotomy. While most
surgeons would advocate for a left thoracotomy approach
in all patients with discrete coarctation, for neonates with

d

the area of coarctation. The proximal left subclavian flap is then folded
down to enlarge the area of coarctation. (d) Resection with extended
end-to-end anastomosis. The coarctation is resected using a broad, lon-
gitudinal incision, and an oblique anastomosis is used to join the under-
surface of the transverse arch and descending thoracic aorta. (Adapted
and reprinted from Dodge Khatami A et al. [32], with permission
from John Wiley and Sons)

a hypoplastic transverse aortic arch, a slight variation of
the extended end-to-end anastomosis has been called aortic
arch advancement (AAA). In this procedure, a median ster-
notomy is performed, the infant is placed on cardiopulmo-
nary bypass, all ductal tissue is removed, and a longitudinal
incision is made on the convex aspect of the distal ascend-
ing aorta/proximal transverse arch. The descending aorta is
mobilized and anastomosed in an end-to-side approach to
the proximal aortic arch [52]. While one must accept the
increased risks associated with cardiopulmonary bypass,
compared to a left thoracotomy, proponents of the AAA
approach cite overall low morbidity and mortality rates,
greater exposure of the aortic arch, and lower reinterven-
tion rates [49, 52, 53].
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Fig. 8.4 Endovascular stent placement for coarctation. (a) Angiogram
(LAO 30°, caudal 30°) in a 45-year-old man with a discrete coarctation
and intercostal aneurysm (arrow). (b) Angiogram in the same projec-

Balloon Angioplasty: Native Coarctation

An alternative to surgical intervention for coarctation of the
aorta emerged in 1982, when the use of balloon angioplasty
was described by Lock [54]. Several studies have shown
balloon angioplasty to be a relatively effective acute inter-
vention for native coarctation, however recoarctation and
aneurysm formation have limited the widespread adoption
of balloon angioplasty in native coarctation [55-57]. In a
prospective, multicenter study performed by the Congenital
Cardiovascular Interventional Study Consortium (CCISC),
the rate of recoarctation, defined as a systolic upper to lower
extremity blood pressure gradient >15 mm Hg at intermediate
term follow-up (1.5-5 years after balloon angioplasty), was
27% for native coarctation in patients greater than or equal to
10 kg. In the same study, aneurysms were observed in 8 of 21
(38%) patients with available imaging data from CT, MRI,
or repeat angiography [58]. This risk of aneurysm formation
was similar to that seen in a small, single-center, randomized
trial comparing balloon angioplasty versus surgical repair of
coarctation in 36 children (20 balloon angioplasty versus 16
surgical) ages 3—10 years of age. In this study 35% of the
balloon angioplasty patients developed aneurysm, compared
to none in the surgical cohort [59]. With balloon angioplasty,
aneurysm formation is thought to be provoked by tearing of
the intima and media during the procedure with subsequent
disruption of vascular integrity [60-63].

tion after endovascular bare metal stent placement with no significant
residual stenosis. An Amplatzer Vascular Plug II was used to success-
fully occlude the intercostal aneurysm (arrow)

Balloon Angioplasty: Recurrent Coarctation

In contrast to native coarctation, balloon angioplasty is typi-
cally the intervention of choice for recoarctation, especially
in patients who are too small for stent placement [29]. Short-
term success rates range from 80% to 93% [64], and the inci-
dence of aortic wall injury is low at 1-2%. Fibrosis at the site
of recoarctation is thought to be protective against aneurysm
formation in these patients. However recoarctation remains
a significant concern, with a broad incidence reported of
6-53% [65, 66].

Bare Metal Endovascular Stent Placement

Endovascular stents were introduced as a treatment option
for coarctation in 1991 [67], which broadened the utility of
transcatheter treatment for coarctation. Stents offer decreased
rates of aortic wall injury compared to balloon angioplasty
alone because stents do not require overdilation of the vessel
and provide structural support to the vessel wall [5] (Fig. 8.4).

The Coarctation of the Aorta Stent Trial (COAST) has
provided definitive prospective data on the safety and effi-
cacy of stent placement for aortic coarctation. COAST began
in 2007 as a multicenter, single-arm clinical trial to evalu-
ate the safety and efficacy of the Cheatham Platinum (CP,
NuMED, Hopkinton, NY) stent in children and adults with
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coarctation. Because of the controversy in using endovascu-
lar stents in small children due to large sheath size and the
need to accommodate for somatic growth [68, 69], patients
less than 8 years of age and under 35 kg were excluded. In
COAST, CP stent implantation was attempted in 105 patients
from 8 to 52 years of age, with no significant acute adverse
events and only one failure of stent implantation. In the cath-
eterization lab, no patient had a significant gradient across
the CP stent, and at 1 month follow-up, 99% of patients had
a gradient <20 mmHg. Two-year follow-up data was avail-
able for 86% of patients, with 90% demonstrating a blood
pressure gradient <20 mmHg between the upper and lower
extremities. Stent fracture was relatively common, reported
in 23 patients, though none of these cases had decreased
stent integrity, stent migration, aortic wall injury, or hemody-
namic obstruction. Aortic aneurysm was found in 6 patients,
one of which spontaneously resolved. To date, there have
been no reported surgical reinterventions for any COAST
trial patient, but the need for stent dilation or development of
aortic wall injury has prompted 19 patients to undergo repeat
transcatheter intervention [70]. The COAST trial is planned
to include 5 years of follow-up from stent placement, which
will enable further understanding regarding the safety and
efficacy of the CP stent for aortic coarctation [6].

Covered Endovascular Stents

The use of covered endovascular stents is one of the most
recent transcatheter innovations for the treatment of patients
with coarctation, first described in 1999. The material within
the stent provides additional structural support and creates a
protective barrier against shear stress and presumably subse-
quent aortic wall injury. When aortic aneurysm or stent frac-
ture occur with bare metal stent placement, covered stents
can serve as a rescue therapy. Covered stents can also be
used as a primary treatment option for coarctation and are
especially helpful in the setting of complex coarctation anat-
omy or when friable and calcified aortic wall tissue exists
in older patients. Some limitations of covered stent place-
ment exist, and due to the need for large sheath sizes and to
accommodate for somatic growth, covered stent placement
is often precluded in small children. Furthermore, caution
must be taken to avoid stent occlusion of significant aortic
branches, including paraspinal branches off of the descend-
ing aorta, which are often challenging to identify [71].

In 2010, the COAST II trial was developed to investigate
the safety and efficacy of the covered CP stent in treating
or preventing aortic wall injury in patients with coarctation.
Short-term outcomes at 1-month follow-up for the COAST
II trial were released in 2016. A total of 158 patients with
either a history of coarctation with aortic wall injury or an
increased risk of aortic wall injury underwent placement of a

covered CP stent. At 1 month of follow-up, the average gradi-
ent across the aortic arch had declined from 27 + 20 mmHg
to 4 + 6 mmHg. Complete coverage of pre-existing areas of
aortic wall injury was achieved in 92% of patients, and there
were no cases of acute aortic wall injury, repeat interven-
tions, or death. This led to FDA pre-market approval of the
covered CP stent in April 2016 for preventing aortic wall
injury in high-risk patients with coarctation and for the treat-
ment of existing aortic wall injury related to complications
from previous interventions for coarctation. Follow-up to
24 months after covered stent placement is planned for the
COAST II trial [72].

A recent randomized clinical trial was performed com-
paring bare CP stent placement to covered CP stent place-
ment in 120 patients. No procedural complications occurred
in either group, and at a mean follow-up of 31.1 months, the
bare CP stent group had an increase in the rate of recoarcta-
tion (6.7% versus 0%) and decrease in the rate of pseudoan-
eurysm (0% versus 3.3%) compared to the covered CP stent
group, though neither comparison reached statistical signifi-
cance. In both cases of pseudoaneurysm in the covered stent
group, the aneurysm developed at the proximal end of the
stent and was able to be treated by placing a second covered
stent. Neither case developed any further complications [73].

Management Algorithm

In the setting of various treatment options, determination of
the optimal treatment strategy for coarctation of the aorta can
be complicated, and there is no comprehensive evidence-
based standard of care or algorithm. Guidelines from the
American College of Cardiology and the American Heart
Association provide some insight, but the level of evidence
supporting these recommendations is suboptimal (Level B
or C for all recommendations) [27, 29]. Treatment deci-
sions must be made after careful consideration of the age
at presentation, complexity of the coarctation, and whether
the coarctation is native or recurrent. In general, surgical
repair is preferred for infants and young children with native
coarctation due to the risk of recurrent coarctation and aortic
wall injury with angioplasty, the need for large sheath sizes,
and challenges in accounting for somatic growth with stent
placement [59]. Surgical repair may also be more appropri-
ate at any age when repair of associated cardiac defects is
indicated or in patients with complex coarctation anatomy,
including those with transverse arch hypoplasia, tortuous
segments of recoarctation, and distorted arterial branch anat-
omy [27]. For uncomplicated native coarctation in the older
child or adult, stent placement with either a bare metal or
covered stent can offer a less invasive approach than surgi-
cal repair with good long-term outcomes [27, 29, 74]. For
recurrent coarctation, balloon angioplasty is typically per-
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formed. If the anatomy is favorable, stent placement should
also be considered when the chosen stent can be dilated to
near adult size [29, 58].

Treatment Approach for Coarctation of the Aorta
in Children and Adults

Indications for Treatment [27, 29]:
Intervention is indicated with a peak-to-peak systolic pressure
gradient >20 mmHg across the site of coarctation upon initial
presentation or in the setting of recurrent coarctation.
Intervention is also warranted with lesser gradients in the presence
of significant anatomic evidence of stenosis and extensive
collateral flow.
Intervention may be considered with a peak-to-peak systolic pressure
gradient <20 mmHg but with systemic hypertension associated with
anatomic narrowing that explains the hypertension.
Intervention may be considered with a peak-to-peak systolic pressure
gradient <20 mmHg but with an elevated left ventricular end-
diastolic pressure and an anatomic narrowing.
Treatment Approach:

Surgical Repair

Surgical repair is typically preferred over transcatheter
approaches in infants and young children with native coarctation,
all patients requiring repair of associated cardiac defects, or in the
setting of complex coarctation anatomy.

Extended end-to-end anastomosis is typically the preferred
surgical technique, which avoids prosthetic material, includes
resection of the coarctation, and involves a wider incision that is
less prone to restenosis.

In neonates with a hypoplastic transverse aortic arch, a variation
of the extended end-to-end anastomosis technique, called aortic
arch advancement, may be preferred.

Balloon Angioplasty

Typically balloon angioplasty is the preferred intervention for
recurrent coarctation in children and adults.

Balloon angioplasty is not often used in native coarctation due
to concern for recoarctation and aneurysm formation.
Endovascular Stent

For uncomplicated coarctation in the older child or adult, either
a bare metal or covered endovascular stent can offer a less invasive
approach than surgical repair with good long-term outcomes. If
the anatomy is favorable, stent placement should be considered
when the chosen stent can be dilated to near adult size.

Endovascular stents provide structural support and decreased
rates of aortic wall injury and aneurysm compared to balloon
angioplasty, but care must be taken to avoid overlying vital branch
vessels.

Covered stents may be considered as an alternative to bare
metal stents, particularly in patients felt to be at increased risk for
aortic wall injury.

The use of stents in small children remains controversial due to
the need for large sheath sizes and limitations in accommodating
for somatic growth.

Patient Follow-Up

Without intervention, the outcome for patients with coarc-
tation of the aorta is overwhelmingly poor. In his classic
1970 natural history study, Campbell examined autopsy and
clinical records of 465 patients with coarctation who sur-

vived beyond 1 year of age, and the mean age of death was
34 years, with 75% mortality by 43 years of age. Causes of
death included congestive heart failure (26%), aortic rupture
(21%), bacterial endocarditis (18%), and intracranial hem-
orrhage (12%) [75]. Fortunately, surgical and transcatheter
techniques have evolved, and outcomes for patients with
repaired coarctation are now overall quite good. After coarc-
tation repair, patients still must be followed at least annu-
ally by a cardiologist to assess for long-term issues, such as
hypertension and associated left ventricular hypertrophy and
dysfunction, exercise intolerance, intracranial aneurysms,
and recoarctation [27].

Hypertension

Hypertensionisendemicin patients with repaired aortic coarc-
tation and represents the most common long-term morbidity
[76, 77]. In a contemporary analysis of the Swedish National
Registry on Congenital Heart Disease (SWEDCON), hyper-
tension was present in 344/653 (52.7%) adults (mean age
36.9 + 14.4 years) with a prior history of coarctation repair
(mean age at repair 9.5 = 11 years) [78]. Risk factors for
hypertension in multivariable analysis included male sex
(OR =3.35[95% CI: 1.98-5.68]), age (OR = 1.07 per year
[95% CI: 1.05-1.10]), increased body mass index (OR = 1.09
per unit increase [95% CI: 1.03—1.06]), and a residual right
upper to lower extremity systolic blood pressure gradient of
10-19 mm Hg (OR =3.58 [95% CI: 1.70-7.55]) or >20 mm
Hg (OR =11.38 [95% CI: 4.03-32.11]) [78]. The etiology of
such high rates of baseline and exercise-induced hyperten-
sion remain unclear but may be due to any combination of
underlying arteriopathy, decreased aortic wall compliance,
abnormal streaming of blood flow, or renal abnormalities
[76]. In addition to traditional hypertension risk factors such
as age and body mass index, the substantially increased risk
of hypertension in patients with a residual blood pressure
gradient serves to highlight the importance of evaluating for
recoarctation as a cause of hypertension.

Intracranial Aneurysm

Adults with a history of coarctation have a five-fold
increased risk of developing an intracranial aneurysm [79].
Recognizing this risk, the current American College of
Cardiology and American Heart Association adult congeni-
tal guidelines recommend screening for intracranial vascu-
lature abnormalities in patients with coarctation by CT or
MRI, but the exact timing and frequency of follow-up imag-
ing is not defined [27]. A prospective trial using CT angiog-
raphy for screening of intracranial aneurysm in patients with
coarctation found increased age to be the sole risk factor for
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the development of intracranial aneurysm in patients with
coarctation, with the fourth and fifth decade of life being the
most common age at presentation [79]. While further stud-
ies are needed, this data suggests screening for intracranial
aneurysm should be performed in patients with coarctation
at least by the fourth decade of life.

Impact of Arch Type

Even when no evidence of recoarctation exists, patients with
a history of coarctation are at risk for hypertension, vas-
cular remodeling, and decreased left ventricular function.
Some evidence suggests that the morphology of the aortic
arch after coarctation repair can impact outcomes in patients
who have undergone coarctation repair. Three types of aor-
tic arch morphology have been described: (1) Romanesque
with a normal, rounded aortic arch, (2) Crenel with a rect-
angular shaped aortic arch and normal horizontal aortic
width, and (3) Gothic with an acutely angled, triangular aor-
tic arch and an exaggerated height-to-width ratio (Fig. 8.5)
[80]. Interestingly, in repaired coarctation patients, Gothic
aortic arch morphology has been associated with increased
prevalence of hypertension both at baseline [80] and with
exercise [81]. Ou et al. demonstrated that the Gothic aortic
arch morphology is also associated with other maladaptive
aortic features including increased carotid artery intima-
media thickness, higher aortic stiffness index, and impaired
vasoreactivity proximal to the site of coarctation repair.
Bruse et al. described an association between Gothic arch

morphology after coarctation repair and impaired ventricular
performance including lower left ventricular ejection frac-
tion, larger indexed left ventricular end-diastolic volume,
and elevated indexed left ventricular mass [82]. However, the
relationship between arch morphology and long-term out-
come has not been completely consistent, and other reports
have shown no association between arch type and exercise
induced hypertension [83, 84]. In fact, one study proposed
that hypoplasia of the transverse arch and isthmus, not arch
curvature, were the major factors associated with exercise
induced hypertension [84]. Indeed, patients with repaired
coarctation with normal or Romanesque aortic arch mor-
phology also have significantly higher carotid artery intima-
media thickness, aortic stiffness, and impaired vasoreactivity
suggesting that arch morphology is not the sole determinant
of abnormal arch physiology [85]. Overall, further study
is needed regarding the utility of assessing arch morphol-
ogy for long-term risk prediction in patients with repaired
coarctation.

Consensus Follow-up Recommendations

According to guidelines from the American Heart
Association and American College of Cardiology for
management of adults with congenital heart disease,
patients with repaired coarctation should be followed at
least annually by a cardiologist, or sooner if concerns
arise. In adults, it is recommended that there be consul-
tation with a specialist in adult congenital heart disease.

Gothic

Fig. 8.5 Three described categories of arch morphology. (a) Gothic
arch with acute angulation of the aortic arch, creating an exaggerated
height-to-width ratio. (b) Crenel arch with rectangular shaped aortic

Crenel

Romanesque

arch and normal width. (¢) Romanesque arch with a normal, rounded
shape. (Adapted and reprinted from Ou P, et al. [85], with permission
from Elsevier)
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Screening for baseline and exercise induced hypertension,
including evaluation for the presence of a right upper to
lower extremity blood pressure gradient is recommended.
Cardiac evaluation in patients with hypertension should
include evaluation for associated left ventricular hypertro-
phy and dysfunction. Re-imaging of the repaired coarc-
tation is recommended at least every 5 years, or sooner
based on the original anatomy and symptoms, to assess for
complications such as aortic aneurysm or recurrent steno-
sis [27]. At least by the fourth decade of life, CT or MRI
angiography of the brain should be performed to assess for
the presence of intracranial aneurysms. Exercise should be
encouraged in patients with no significant upper to lower
extremity blood pressure gradient, no evidence of aneu-
rysm or associated heart defects, and normotension at rest
and with exercise. Patients should only be restricted from
activities with a large static component [86]. Although
not addressed in the American Heart Association and
American College of Cardiology guidelines, the European
Society of Cardiology recommends consideration of rein-
tervention regardless of symptoms for all patients with
repaired coarctation and a noninvasive systolic blood pres-
sure gradient >20 mmHg between upper and lower limbs
with upper limb hypertension (>140/90 mmHg in adults),
pathologic blood pressure response during exercise, or
significant left ventricular hypertrophy [87]. Finally,
according to the most recent American Heart Association
guidelines, endocarditis prophylaxis is not routinely rec-
ommended after the first 6 months following surgical or
transcatheter intervention, unless a previous history of
infectious endocarditis exists [88].

Pseudocoarctation

Pseudocoarctation is a rare anomaly that refers to kinking
or buckling of the aorta at the isthmus without significant
obstruction to flow or development of collateral circula-
tion (Fig. 8.6). This condition is thought to arise embryo-
logically from abnormal compression of the third through
seventh dorsal aortic segments, leading to a superiorly dis-
placed distal aortic arch and redundancy and kinking of the
aorta at the ligamentum arteriosum [89, 90]. Patients with
pseudocoarctation are typically asymptomatic but may pres-
ent with hypertension [91]. On routine chest x-ray pseudo-
coarctation may resemble a mediastinal mass due to the
superior displacement of the distal transverse aortic arch.
Patients with pseudocoarctation may also appear to have
true coarctation on chest x-ray due to an indentation at the
isthmus where the aorta is kinked, giving a classic *“3 sign.”
In these challenging scenarios, a high degree of suspicion
for pseudocoarctation must exist, prompting further evalu-
ation [89, 92].

In isolation, pseudocoarctation is typically felt to be a
benign condition due to the lack of actual obstruction to aor-
tic blood flow. While pseudocoarctation often exists in isola-
tion, it is important to consider the association of additional
congenital heart defects, especially a bicuspid or stenotic
aortic valve, which warrant further evaluation and potential
intervention [93]. Furthermore, patients with pseudocoarcta-
tion are at risk for aortic aneurysm and dissection distal to the
kinked segment, which is thought to be related to abnormal,
turbulent blood flow beyond the area of pseudocoarctation
[94]. Therefore, patients with suspected pseudocoarctation
should first undergo transthoracic echocardiography to rule
out associated congenital heart defects. The area of aortic
kinking may be difficult to visualize by echocardiography,
and CT angiography or MRI should then be performed to
rule out true coarctation as well as the development of aor-
tic aneurysm or dissection distal to the kinked segment [90,
95]. If less invasive imaging techniques remain inconclusive,
cardiac catheterization should be performed, which remains
the gold standard to determine the anatomy and pressure
gradient across the aorta. Surgical intervention for pseudo-
coarctation is typically reserved for patients with significant
symptoms or when concern for aortic aneurysm and/or dis-
section exist [90].

Fig. 8.6 Magnetic resonance image of pseudocoarctation. Sagittal
magnetic resonance image angiogram of the thoracic aorta in a 39-year-
old man with a history of pseudocoarctation demonstrating significant
tortuosity of the proximal descending aorta (arrow)
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Abdominal Coarctation

Abdominal coarctation, also known as Middle aortic syn-
drome (MAS), occurs when there is narrowing of the distal
thoracic and/or the abdominal aorta (Fig. 8.7). It is a rare
disease found in children and young adults, making up only
0.5-2% of all cases of aortic coarctation [96]. While uncom-
mon, this is an important etiology for hypertension in chil-
dren and young adults. A recent systematic review of MAS
showed that most cases are idiopathic (64%), 15% are asso-
ciated with genetic disease such as neurofibromatosis type I,
Alagille syndrome, and William syndrome, and an additional
17% of cases are caused by inflammatory diseases such as
Takayasu arteritis or intrauterine infection [97]. The exact
embryologic development of MAS remains unclear, but
one theory is that it results from abnormal fusion of the two
dorsal aortas in fetal life. An inflammatory response with
resultant fibrosis in the setting of an intrauterine infection
prenatally or postnatal vasculitic diseases may also explain
some cases of MAS [98].

Clinical Presentation

Patients with MAS most commonly present with refractory
hypertension, and the severity depends on the location and
degree of vessel stenosis. An abdominal bruit may be heard,
and patients may have absent femoral pulses and symptoms

of claudication. While stenosis of visceral vessels is quite
common in MAS, reports of intestinal angina and weight
loss occur rarely, though renal dysfunction occurs more
commonly [97, 99].

Evaluation

As with classic coarctation, patients with MAS may dem-
onstrate evidence of left ventricular hypertrophy on an elec-
trocardiogram. A transthoracic echocardiogram should be
obtained to assess the anatomy of the thoracic and abdominal
aorta and to screen for associated intracardiac defects and
end-organ damage from hypertension [98]. If an abdominal
bruit exists on exam, a dedicated abdominal or renal ultra-
sound may also be indicated but can be of limited quality
in adult patients due to technical challenges. Typically CT
angiography or MRI is then utilized to better define the exact
areas of the aorta that are affected, the presence of collater-
als, and to define any extra-aortic vessel involvement [100,
101]. Cerebrovascular disease occurs in as many as 45% of
patients with MAS and should be evaluated on CT angiogra-
phy or MRI of the brain as well [102]. The abdominal aorta
is the site of narrowing in 97% of cases, with only 3% of
MAS affecting the distal thoracic aorta. In a large systematic
review of MAS in adults by Rumman et al., 57% of the 630
reviewed cases defined the site of abdominal coarctation, and
the most common site of coarctation was the suprarenal aorta

Fig. 8.7 Abdominal coarctation. (a) Maximum intensity projection
(MIP) image of an abdominal magnetic resonance contrast angiogram
in a 3-year-old girl with refractory systemic hypertension showing
abdominal coarctation and bilateral renal artery stenosis (arrow). (b)

Anterior—posterior projection of an angiogram of the descending aorta
in a 6-year-old girl showing abdominal coarctation and renal artery ste-
nosis (arrow)
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(29%), followed by stenosis from the suprarenal to infrarenal
aorta (12%), and the infrarenal aorta (8%). Visceral branch
vessels are affected in about 70% of cases of MAS, with
renal artery stenosis being the most common (66%), fol-
lowed by stenosis of the superior mesenteric artery (30%)
and celiac trunk (22%). Interestingly the inferior mesenteric
artery is typically not affected [97].

Management

With severe hypertension being the most common symp-
tom, antihypertensive agents are the first line treatment
option in MAS. Unfortunately, there is a high rate of refrac-
tory hypertension, and in their series of 36 patients with
MAS, Tummolo et al. report only an 8% success rate of
medical management with antihypertensives [102]. Failure
to achieve blood pressure control or evidence of end-organ
damage are often cited as reasons to pursue endovascular
or surgical interventions, but specific guidelines for inter-
vention do not exist. The region and length of stenosis need
to accommodate for somatic growth in young patients,
extra-aortic vessel involvement, and degree of symptoms
must be considered on an individual basis [97]. The use
of a stent in percutaneous transluminal angioplasty (PTA)
can be quite effective in relieving stenosis, but care must
be taken to avoid occlusion of important visceral arter-
ies [103]. In their systematic review of 630 adult cases of
MAS, Rumman et al. reported that 28% of patients under-
went PTA with or without stenting. Complications were
reported in 13% of patients, mortality in 2.3%, and techni-
cal failure or need for reintervention was described in 28%
of cases [97]. In their report of outcomes in 36 patients
with MAS, Tummolo et al. report that 36% of patients
underwent PTA, with 46% requiring repeat PTA. Because
of failure to adequately control blood pressure after PTA,
53% of these patients went on to require surgical interven-
tion [102].

Surgical options for patients with MAS include thora-
coabdominal bypass grafts, patch aortoplasty, interposi-
tion aortoaortic grafts, and renal autotransplantation. In the
systematic review by Rumman et al., 55% of 630 patients
underwent surgical treatment for MAS, with 12% of these
cases following failed endovascular intervention. Of these
surgical cases, 42% were done by aortoaortic bypass, 23%
involved reconstruction patch graft, and renal autotrans-
plantation was performed in 11% of cases. While most
patients tolerated surgery well, a complicated postopera-
tive course was reported in 9% of cases, technical failure
in 8%, and surgical mortality occurred in 2.9% of cases.
Interestingly, cases involving arteritis were the highest
risk [97]. Tummolo et al. reported 47% of their patients
proceeding to surgery, with 41% of these cases following

failed endovascular intervention. At mean follow-up of
5.6-7.2 years (patients who underwent surgery only versus
surgery after failed PTA, respectively), 25% of patients no
longer required antihypertensives, 58 % required antihyper-
tensive therapy with improved BP control, 14% of patients
continued to have refractory hypertension, and 3% were
reported as a technical failure. In their series of 53 patients
who underwent surgical treatment for MAS, Stanley et al.
reported resolved hypertension in 53% and improved
hypertension in 34% of patients. There was no improve-
ment in blood pressure in 7% of patients, who underwent
repeat surgical intervention [99].

Outcome

Left untreated, MAS leads to a shortened life expectancy,
typically in the fourth decade of life [103]. Residual hyper-
tension is the most common long-term problem in MAS,
and, even after endovascular or surgical intervention,
hypertension is reported in over one-third of patients [97].
Restenosis, especially in-stent stenosis, and outgrowth
of a previously placed stent are typical reasons for surgi-
cal reintervention after PTA [103]. In surgical patients,
reintervention due to somatic growth relative to an aortic
bypass graft of patch aortoplasty is not unusual, with one
surgical cohort describing a reintervention rate of 6% for
these reasons [99]. Exact guidelines regarding follow-up
in MAS patients after intervention do not exist. However,
it would seem reasonable to extrapolate recommendations
for typical aortic coarctation by suggesting at least annual
evaluation by a cardiologist with screening for hyperten-
sion, exercise intolerance, left ventricular hypertrophy and
ventricular dysfunction. Regarding follow-up imaging, one
proposed regimen is to perform at least yearly surveillance
with CT angiography or MRI, and once several scans are
documented to be stable, spacing imaging intervals to every
2-3 years [98].

Conclusion

Coarctation of the aorta is a very heterogeneous disease that
can present at any age, sometimes requiring a high index of
suspicion to make the appropriate diagnosis. Fortunately in
the past 70 years, a great deal of progress has been made
in the ability to both diagnose and treat aortic coarcta-
tion. Advances in echocardiography, CT, and MRI have
aided the diagnosis, treatment planning, and follow-up in
these patients. Modifications of various surgical techniques
have led to low mortality and morbidity rates, even in the
smallest patients. Development of transcatheter balloon
angioplasty and subsequently endovascular stent place-
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Table 8.1 Important studies and guideline statements in the treatment and outcome of coarctation in adults and children

Randomized trial comparing BA and surgery for native coarctation in children. Aortic
aneurysm developed in 35% of BA patients and none of the surgical patients
Meta-analysis comparing catheter versus surgical intervention for adults with coarctation.
Higher risk of restenosis and need for reintervention found in catheter-based group

Retrospective multicenter analysis at intermediate follow-up after stent placement for
coarctation. Exceeding a balloon/coarctation ratio of 3.5 and pre-stent BA increased risk of

ACC/AHA guidelines for management of coarctation in adults
ESC guidelines for management of coarctation in adults

Prospective analysis of acute, intermediate, and long-term follow-up after stent placement for
coarctation using CCISC registry. At long-term follow-up, recoarctation in 20% of patients,
4% required unplanned reintervention, and 1% had aortic wall injury

AHA guidelines for transcatheter intervention in children with coarctation.

Multicenter observational study comparing surgery, BA, and stent placement for native
coarctation in children using CCISC registry. Significantly lower acute complication rates in
stent group but higher planned reintervention rates. Hemodynamic and arch imaging outcomes
superior in stent and surgical patients compared to BA group.

Prospective, multicenter analysis of short and intermediate outcomes for BA in native and
recurrent coarctation in children. Trend toward increased acute aortic wall injury and
restenosis in native coarctation patients.

Randomized clinical trial comparing covered and bare CP stents for native coarctation in
adolescents and adults. Trend of increased rates of restenosis and lower rates of

Prospective, multicenter, single-arm study assessing safety and efficacy of CP stent in children
and adults with coarctation. Two-year follow-up of 86% showed 23 fractured stents with no
significant clinical effects, 6 aortic aneurysms, 19 repeat catheter interventions, and no surgical

Systematic review examining the features of MAS in children. There is a high prevalence of
stenosis of the visceral arteries, with renal artery stenosis being most common (70% of cases).
Most cases of MAS are idiopathic, but disease severity is worse in the setting of genetic or

Author N Follow-up Outcome
Cowley et al. 36  Mean 14 years
(2005) [59]
Carr (2006) [104] 846 Mean 36 months
for catheter-based
group
and 7.8 years for
surgical group
Forbes et al. 578  Median 12 months
(2007) [105]
aortic wall injury
Warnes et al. - -
(2008) [27]
Baumgartner et al. — -
(2010) [87]
Holzer et al. 302  3-60 months
(2010) [106]
Feltes et al. - -
(2011) [29]
Forbes et al. 350 Mean 1.7 years
(2011) [107]
Harris et al. 130 3-60 months
(2014) [58]
Sohrabi et al. 120  Mean 31.1 months
(2014) [73]
pseudoaneurysm in bare stent group.
Meadows et al. 105 2 years
(2015) [70]
interventions
Rumman et al. 630 Median 4 years
(2015) [97]
inflammatory etiologies.
Rinnstrom etal. 653  Mean 27.4 years

(2016) [78]

Analysis of the SWEDCON registry demonstrated hypertension in 52.7% of patients with
repaired coarctation. Associated risk factors for hypertension in these patients were increasing
age, male sex, elevated body mass index, and a residual right upper to lower extremity systolic
blood pressure gradient.

BA balloon angioplasty, ACC American College of Cardiology, AHA American Heart Association, ESC European Society of Cardiology, CCISC
Congenital Cardiovascular Interventional Study Consortium, CP Cheatham Platinum, MAS middle aortic syndrome, SWEDCON Swedish National

Registry on Congenital Heart Disease

ment have expanded treatment options and allowed less
invasive approaches for some patients. However, even after
seemingly uncomplicated repairs, patients with coarctation
of the aorta are still at risk for long-term health issues, most
notably hypertension, exercise intolerance, and left ven-
tricular hypertrophy and dysfunction (Table 8.1). Ongoing
efforts to understand and potentially mitigate these long-
term problems are underway.
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Introduction

Acute aortic dissection has been among the most lethal enti-
ties in the medical literature for centuries. In 1760, King
George II died suddenly of an aortic dissection. His autopsy
report published by Dr. Frank Nicholls in Philosophical
Transactions of the Royal Society described injury to the
ascending aorta resulting in tamponade [1, 2]. More than two
hundred years later, Jonathan Larson, creator of the musical
Rent, died of an aortic dissection after misdiagnosis in two
separate emergency departments where he presented with
chest pain [3]. Despite advances in imaging and surgical
technique, acute aortic dissection, especially dissection of
the ascending aorta (type A in the Stanford classification),
remains a challenge to recognize and treat swiftly.

Epidemiology, Pathophysiology, and Risk
Factors

The incidence of acute type A aortic dissection (ATAAD) is
3.5-6 in 100,000 but increases with age [4]. There is a male
predominance and the average age of presentation is 48—67
[4]. Given the rarity of dissection, much of the data and anal-
ysis comes from registries, including the Internal Registry of
Acute Aortic Dissection (IRAD) and German Registry for
Acute Aortic Dissection Type A (GERAADA).

The epidemiology of younger patients with ATAAD dif-
fers from that of older patients, with more individuals having
genetic conditions including Marfan syndrome (FBNI),
Loeys-Dietz syndrome (TGFBRI and TGFBR2), Ehlers-
Danlos (COL3A1I), Turner syndrome (XO karyotype), and
other mutations affecting structural proteins that are not part
of known syndromes [5]. In IRAD data, Marfan patients pre-
senting with dissection had a mean age of 35 compared to
64 in non-Marfan patients and comprised 5% of the total
group [6]. They were also more likely to present with heart
failure, aortic insufficiency, and have a history of aneurysm,
but less likely to have hypertension [6]. Bicuspid aortic
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valves, which are associated with or independent from
genetic syndromes, increase risk for dissection due to an
acquired deficiency of aortic fibrillin, upregulation of matrix
metalloproteinases, and death of smooth muscle [7].

Comorbidities associated with ATAAD include those
common to other cardiovascular diseases, including
hypertension, smoking, chronic kidney disease, chronic
obstructive pulmonary disease, and stroke [4]. Less com-
mon associated factors include inflammatory conditions
such as Takayasu arteritis, giant cell arteritis, Behget dis-
ease, systemic lupus erythematous, and rheumatoid arthri-
tis [8]. There may be an association between
fluoroquinolone antibiotic use and acute aortic dissec-
tions. Calcium channel blockers have demonstrated
increased aneurysm growth and rupture in Marfan mice
and this observation has been observed in Marfan and
other heritable aortic aneurysm diseases in humans.
Furthermore, data supporting the use of angiotensin
receptor blockers (ARBs, such as losartan) in Marfan
patients is inconsistent.

Classification

Aortic dissection begins as a tear in the intima which is
1-5 cm in length and starts within 10 cm of the aortic valve
(Fig. 9.1) [9].

Anatomic classification follows two main schemes,
Stanford and DeBakey. Stanford Type A encompasses any
dissection involving the ascending aorta, while Type B
involves the descending aorta only. DeBakey classifications
include Type I (ascending and descending), Type II (ascend-
ing only), and Type III (descending only) (Table 9.1) [4].

Limited intimal tears of the aorta (class 3 dissection) can
involve either the ascending or the descending aorta. The
clinical course is thought to be similar to that of traditional
aortic dissections but may be more difficult to assess on
imaging.

Prognostication and surgical approach require under-
standing the extent of dissection. The Penn classification
associates mortality with extent of organ system involvement
on presentation (Fig. 9.2) [10]. Dissection without branch
vessel involvement or circulatory collapse has an in-hospital
mortality of 3.1% (class a), branch vessel malperfusion with
ischemia has a mortality of 25.6% (class b), circulatory col-
lapse with or without cardiac involvement has a mortality of
17.6% (class c), and combined b and ¢ has a mortality of
40% (Table 9.2).

Aortic dissection can also be defined temporally, into
hyperacute (0-24 hours), acute (2-7 days), subacute
(8-30 days), and chronic (>30 days) phases which are asso-
ciated with increasing mortality from time of symptom onset
to management [11].

Diagnosis
Clinical Presentation

Chest pain is present in 79-93% of patients presenting with
aortic dissection (Table 9.3) [8, 12]. Hypotension is present
in 46% of patients, and it is associated with adverse events
including malperfusion, death, ST changes, aortic insuffi-
ciency (Al), tamponade, and neurological deficits [13]. Back
pain is seen in 47% and hypertension in 36% [8].

Classical physical exam findings in acute aortic dissection
include pulse deficit and either narrow or wide pulse pres-
sure. In an examination of IRAD patients with pulse pressure
divided into quartiles (narrow, normal, mildly elevated,
markedly elevated), narrow pulse pressure was associated
with greater hypotension, effusion, and mortality, while wid-
ened pressure was associated with a history of hypertension
and mesenteric involvement [14]. Contrary to expected
results, wider pulse pressure was not associated with a
greater degree of Al [14].

Pulse deficit is associated with increased in-hospital mor-
tality neurological deficit, hypotension, shock, and tampon-
ade [15].

Neurological symptoms are seen in up to one third of pre-
senting patients, and can include syncope, seizure, stroke,
spinal cord ischemia, hypoxic encephalopathy, and neuropa-
thy [16].

EKG Findings

EKG findings can be used for both diagnosis and prognostica-
tion in ATAAD. Coronary involvement can be secondary to
actual extension of dissection to the coronaries or can be due to
occlusion of ostia by the intimal flap. Classically, dissection is
considered when a patient presents with STEMI (ST-elevation
myocardial infarction) on EKG, however STE is found in only
4-16% of patients [17, 18]. In a study of 233 patients present-
ing within 6 hours of symptom onset, 51% had ST-T changes
and these patients had a more adverse presentation, including
shock, tamponade, severe hypertension, and AI [17].

ST elevation indicates greater likelihood of coronary
involvement according to most groups [17, 19, 20]; however
one group found no greater coronary involvement when
there were ischemic changes [18]. STE in avR specifically is
a strong predictor of in-hospital death with an odds ratio of
23.4[19].

Biomarkers

Biomarkers can be used to favor or exclude a diagnosis of
dissection. D-dimer is the degradation product of cross-
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Pathogenesis of acute aortic syndromes
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Fig. 9.1 Anatomy of the aorta and pathogenesis of acute aortic syndrome

linked fibrin and is the most widely utilized biomarker in  specificity 60.4% for a value of 500 ng/ml [21]. Short dissec-
dissection. In a meta-analysis looking at 883 AAD patients tion, thrombosed FL, and young age are factors that may
versus 1994 non-AAD patients, sensitivity was 95.2% and cause false negatives [21]. Elevated D-dimer is also an inde-
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pendent risk factor for in-hospital mortality but not long-
term mortality [22, 23]. In the IRAD Biomarkers study,
ATAAD had a higher D-dimer value than other diagnoses
such as myocardial infarction (MI) and pulmonary embolism
(PE) [24]. Similar to PE, a level of 500 ng/mL can be used to
rule out ATAAD with a NLR of 0.07 in the first day [24].

Troponin T may be an independent risk factor for in-
hospital mortality, with a value greater than or equal to
0.042 ng/ml having a sensitivity of 70.8% and specificity of
76.4%. In a study of survivors versus non-survivors of
ATAAD, pro-BNP had a mean value of 328 pg/ml in survi-
vors, versus 2240 in non-survivors [25].

Other potential biomarkers which are not yet used clini-
cally include fibrillin [5], matrix metalloproteinases [5],
smooth muscle proteins [5, 8], and soluble elastin frag-
ment [8].

Imaging

The purpose of imaging in ATAAD is not only to diagnose,
but also to identify features that will be needed in down-
stream management — namely, site of tear, extent of rupture,
and branch involvement [26]. The “classic” finding of wid-
ened mediastinum on chest x-ray was observed in only

Table 9.1 Classification of acute aortic syndromes

Stanford A (ascending +/— Stanford B (descending aorta
descending aorta) only)
DeBakey I (ascending and DeBakey III (descending aorta
descending aorta) only)
DeBakey II (ascending aorta only)
a 100
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*
*
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Penn Ab
20
Penn Ac
Penn Abc
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Years after surgery

Table 9.2 Penn classification of clinical presentation

Clinical

presentation Definition of clinical presentation class

Class a Clinical presentation characterized by Absence of
branch vessel malperfusion of circulatory collapse

Class b Clinical presentation characterized by Branch
vessel malperfusion with ischemia e.g. stroke;
ischemic extremity

Class ¢ Clinical presentation characterized by Circulatory
collapse with or without Cardiac involvement

Classbandc  Clinical presentation characterized by both Branch

vessel malperfusion and Circulatory collapse

Reprinted from Augoustides et al. [10] with permission from Oxford
University Press

Table 9.3 Acute aortic type A dissection presentation

Frequency of

occurrence
Symptoms
Chest pain 79-93.4% (8,
12]
Back pain 47% [8]
Abrupt onset of pain 87% [13]
Neurological (syncope, seizure, stroke, spinal cord 29% [16]

ischemia, hypoxic encephalopathy, neuropathy)

Syncope 16-21.6% [12]

Congestive heart failure 5% [13]

Signs

Hypotension 29-46% (8, 13]

Hypertension 23.5-36% [8,
12]

Pulse deficit 27-32.5% [12,
13]

Al murmur 45% (8]

EKG findings

ST-T changes 51% [18]

ST elevation 4-16% (17, 18]
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Fig. 9.2 Mortality stratified by Penn Classification (a) and freedom from aortic events in patients discharged with acute type A dissection (b).

(From: Kimura [216]. Reprinted with permission from Elsevier)
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37.4% of IRAD patients [27] and does not provide sufficient
information for surgical planning.

CAT scan (CT) and transesophageal echocardiogram
(TEE) are the most commonly used modalities, with CT hav-
ing the advantage of wide availability and operator-
independence [26]. During 17 years of data assessed by IRAD,

Fig. 9.3 Aortic dissection
visualized on CT scan.
(Images courtesy of Dr. TSA
Geertsma, Ziekenhuis
Gelderse Vallei, Ede, The
Netherlands. Source: http://
www.ultrasoundcases.info/)

CT use increased from 46% to 73% [12]. One downside to CT
is that aortic flow may cause imaging artifact and be confused
with a false lumen [26], but this can be minimized by using
ECG-gating [28]. Features to look for include a double barrel
lumen, entry tear, dilated aorta, and displaced aortic calcifica-
tion [28] (Fig. 9.3). In one retrospective study, the presence of
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Fig. 9.4 TTE (level or aortic valve) shows tear in aortic root. (a)
Parasternal long axis view. (b) Apical five-chamber view. (From
Sobczyk and Nycz [217]. Open Access: © Sobczyk and Nycz; licensee
BioMed Central. 2015)

Fig. 9.5 (Row 1) Transesophageal echo long-axis view showing dis-
section flap (arrow) in ascending aorta. Asterisk indicates presence of
hemopericadium. (Row 2) Ascending dissection shown in short-axis

a pericardial effusion and dilated ascending aorta were predic-
tive of tear in the ascending aorta, whereas a non-thrombosed
false lumen in the descending aorta predicted presence of a
tear distal to the arch [29]. CT has a sensitivity and specificity
of nearly 100% [30].

Transthoracic echocardiogram (TTE) (Fig. 9.4), while
useful for assessing aortic insufficiency, dilatation, and
effusion, has a low negative predictive value [31] and a sen-
sitivity and specificity of 87% and 91%, respectively [28].
TEE (Fig. 9.5) is a mobile imaging modality that has
strength in assessing effusion size and coronary involve-
ment, but is less able to identify branch vessel involvement
[26]. The test is operator-dependent, semi-invasive [26],
and susceptible to motion artifact from reverberations off
the anterior wall of the left atrium [31]. The presence of a
patent false lumen on TEE is a poor prognostic factor [32].
Sensitivity for Type A dissection has been calculated at
96.8% and specificity 100% [28].

MR (Fig. 9.6) has a sensitivity of 95-100% [30] but is less
widely available than other modalities, takes longer, and
compromises access to patients with a life-threatening con-
dition [33].

The responsibility of diagnosis in ATAAD typically falls
on the emergency department. In a recent retrospective
review of ATAAD cases, focused point-of-care cardiac ultra-
sound by an emergency department physician had a median
diagnosis of 80 minutes versus 226 minutes in those who did
not received focused ultrasound [34].

view (a), epiaortic view (b), and long-axis view (c). (Images reprinted
from MacKnight et al. [26] with permission from Elsevier)
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Fig. 9.6 MRI views
(longitudinal, left and
transverse, right) of intimal
dissection. (Images courtesy
of Dr. TSA Geertsma,
Ziekenhuis Gelderse Vallei,
Ede, The Netherlands.
Source: http://www.
ultrasoundcases.info/)

Diagnostic Error

Recognition of ATAAD in the face of more common chest
pain syndromes is a priority in reducing mortality.
Incorrect anchoring onto alternate diagnoses such as acute
coronary syndrome may not only delay diagnosis, but
may lead to harmful management such as use of antiplate-
let or antithrombotic agents [35]. In one review of 127
patients with type A dissection, inappropriate initial diag-
nosis was made in 37% of cases and the median time to
final diagnosis was 1.5 hours [36]. Diagnosis was further
delayed in patients who had walked in and had coronary
malperfusion [36].

Others have found much longer median time to diagnosis
of 3—4.3 hours [37, 38]. IRAD data found that risk factors for
delayed recognition include female sex, atypical pain, lack
of hypotension, presentation to a non-tertiary facility, and
presence of fever [37].

Diagnostic pitfalls may also be related to radiology inter-
pretation. Chest x-ray is normal in 20-37.4% of patients [27,
39] and abnormalities on CT may be subtle, including dis-
placement of aortic calcification or increased intimal attenu-
ation due to thrombosis of the false lumen [39].

Management of Acute Type A Aortic
Dissection

Type A aortic dissection is highly lethal, with mortality
reaching 1-2% for every hour without surgical intervention
[40, 41]. The guiding principles of acute type A aortic dissec-
tion management involve prompt recognition, transfer to
intensive care for monitoring, and immediate impulse con-
trol — specifically reduction in heart rate, blood pressure, and
LV ejection force, or dp/dt [40]. While patients are being
evaluated for surgical intervention, or if they are deemed
non-operable candidates, impulse control is achieved through
the use of vasodilators, beta blockers, and calcium channel
blockers. Arterial vasodilators, such as hydralazine, are rela-
tively contraindicated as they may cause reflex tachycardia
[42]. Adequate volume resuscitation and pain control should

also be used to maintain a systolic blood pressure goal of
100-120 mm Hg [40].

Medical-Only Approach

Although type A aortic dissection is typically managed by
immediate surgery, medical management alone is sometimes
indicated. Indications for medical management alone may
include stroke, severe comorbidities, prior aortic valve
replacement (AVR), and late presentation more than
48-72 hours after dissection [40].

Heparinization of patients for bypass and the return of
blood flow to infarcted areas of brain tissue in completed
stroke are risk factors for hemorrhagic conversion [40, 43].
Therefore when stroke has been completed, risks of surgery
may outweigh benefits, though the risk may be acceptable in
evolving stroke [40]. A short series of four patients found
that intentional delay in stroke patients before aortic surgery
had beneficial outcomes [44]. On the other hand, recent data
evaluating a more aggressive approach to patients with
neurological injury did not show any cases of hemorrhagic
conversion after anticoagulation for bypass [45].

Advanced age also increases risk for death, and outcomes
in geriatric patients are described later. Age alone is not an
absolute contraindication to surgery. Late presentation
patients have survived the most dangerous window of dissec-
tion and can more safely undergo scheduled surgery. Previous
AVR also allows delayed time until surgery, given lower
likelihood that the patient will develop severe aortic insuffi-
ciency, protection of the right coronary artery from the prior
graft placement, and lower risk of aortic rupture due to peri-
aortic adhesions [40].

Centofanti et al., in a retrospective review, developed a risk
equation to determine if operative benefit outweighed risk. Risk
factors for mortality included age, coma, renal failure, shock,
and reoperation. They found that in patients with mortality less
than or equal to 58%, surgery was always beneficial [46].

Severe neurological deficit (ND), especially coma, has
historically been a relative contraindication to surgery.
Surgeons have become increasingly liberal when operating
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on patients with neurological deficits and outcomes may be
improving in this group. At one center, 8-year experience
with a range of ND from comatose state to focal deficit
underwent surgery, with over 50% of patients showing com-
plete recovery. An elevated preoperative modified Rankin
scale score was associated with persistent deficits [47], but
even some patients with comatose state showed partial or
full recovery. Notably, few comatose patients underwent
surgery in this group [47]. In another recent single-center
study of 24 comatose patients who underwent surgery, in-
hospital mortality was similar to that of non-comatose
patients, and long-term mortality was 60.3% at 5 years and
48.3% at 10 years [45]. Furthermore, Di Eusanio and col-
leagues published IRAD data showing that medical man-
agement alone was performed in 33.3% of coma and 24.1%
of cerebrovascular accident (CVA) patients, and higher in-
hospital mortality was observed in both groups compared to
patients without ND. However, in those patients with ND
who underwent surgical management, mortality was signifi-
cantly less than in the medical management group. CVA
patients had 76.2% mortality in the medical vs. 27% in the
surgical group, while the coma patients strikingly had 100%
mortality in the medical group vs. 44.4% in the surgical
group [48]. Therefore, recent trends in management of
severe neurological injury patients may begin to favor
aggressive management.

Surgical Approach

Surgical repair is the mainstay of acute type A aortic dissec-
tion treatment, yet the optimal approach to surgery remains
unknown. Diverse options include the extent of repair to be
attempted, use of hybrid endovascular modalities, cannula-
tion site, and cerebral perfusion strategy (Fig. 9.7).

Survival in type A aortic dissection is improved when per-
formed by specialized aortic surgeons, rather than general
cardiac surgeons. In a German study of 162 consecutive
patients who underwent ATAAD surgery with a dedicated
aortic team compared to a general cardiac surgery team, in-
hospital mortality was 4% versus 21.8%, though surgical
techniques were variable among the groups [49]. Other envi-
ronmental factors which may improve outcomes include the
development of an aortic dissection protocol [50] and perfor-
mance of surgery at a teaching hospital [51] or a high volume
center [51].

Extent of Repair and Risk of Reoperation

The over riding goal of aortic repair during type A dissection
is to leave the operating room with a living patient. Repair
typically involves excision of the primary entry tear in order
to avoid extension of the dissection, prevent aortic rupture,
and restore flow to the true lumen while obliterating the false

lumen [41, 52]. As surgical techniques and outcomes have
improved, the extent of repair has become open to debate,
with the hope of not simply stabilizing the patient but also
reducing the need for downstream intervention. Surgery may
involve replacement of ascending aorta with a synthetic vas-
cular graft and proximal arch repair only, versus extensive
repair including the total arch, descending aorta, and/or root.

While proximal reoperations are most related to the
degree of postoperative aortic insufficiency [53], distal
reoperations are most often due to distal aneurysmal dis-
ease. At the Cleveland Clinic, 305 type A patients required
429 distal interventions during 3.8 years follow-up. The
study’s authors argued for more extensive repair in appro-
priate patients at the time of initial intervention [54]. Others
have found that the descending aorta diameter grows at a
rate of 1 mm/year after repair, with a risk of reoperation of
16% at 10 years [55]. In addition to distal aortic diameter,
residual patency of the false lumen is predictive of late out-
comes [55, 56].

Total Arch Replacement

Total arch replacement (TAR), as compared to hemiarch
repair, is indicated in aneurysmal disease greater than 5 cm,
arch rupture, and complex arch tear [57]. In studies compar-
ing TAR outcomes to limited proximal repair, there was
similar earlier mortality [57, 58], stroke [57], and reinterven-
tion rate [59, 60]. In most [61, 62] but not all [60, 63] studies,
TAR led to increased thrombosis of the false lumen com-
pared to hemiarch repair. In GERAADA, immediate
postoperative complications such as bleeding were higher in
TAR, but 30-day outcomes showed no difference compared
to conservative arch repair [64]. However, one group of 188
patients, 44 with TAR, found greater risk of death and per-
manent neurologic injury with TAR [60].

Arch tears are uncommon and have not been extensively
studied. In one center’s study of 106 patients with ATAAD,
16 had arch tears and preoperative tamponade was a predic-
tor of mortality. The rate of stroke was 6.6% and that of tem-
porary neurologic dysfunction was 20% [65]. In another
group of patients with 88 arch tears, in-hospital mortality
was significantly higher for those undergoing TAR, and the
authors recommended performing hemiarch repair only if
the tear was limited to the lesser curvature [66].

Frozen Elephant Trunk Technique

Attempts to treat and prevent future distal aneurysmal dis-
ease at the time of ATAAD surgery has led to the increasing
prevalence of graft placement in the thoracic aorta. The clas-
sic elephant trunk technique was first described by Borst in
1983 in which the arch replacement prosthesis is connected
to an “elephant-trunk” piece which reaches into the distal
aorta and allows a landing site for future repairs [67]. The
frozen elephant trunk technique is a newer method that uses
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Fig. 9.7 Management algorithm for ATAAD. (Data from Dougenis [218])
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- Endovascular stent graft that serves as landing site for distal
aortic repair, may increase risk of spinal cord injury
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If repair to take <30 minutes, deep hypothermic arrest may
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- Lower early mortality and neurological dysfunction
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an endovascular stent-graft connected to the arch graft,
allowing a single-stage distal aortic repair [41, 67].

FET has enjoyed mainly positive findings, leading to a
surge in its popularity. It is often described as the “new stan-
dard” for ATAAD surgery [68]. Numerous centers have
found that FET either decreases or has low rates of reinter-
vention on the distal aorta [62, 69—71]. In one analysis of 197
patients, thrombosis of the false lumen was found in all of
the patients in the TAR + FET group and only 24.6% of the
limited repair group (p < 0.001) [62].

Two meta-analyses have assessed FET outcomes. An
analysis of eleven observational studies including 881
patients found acceptable in-hospital mortality at 8%, neu-
rological outcomes of stroke 4%, and spinal cord injury
(SCI) of 3% [72]. While some centers have found that FET
decreases mortality [73], others have found similar in-
hospital mortality to the classic ET [62, 74]. In another anal-
ysis of nine studies looking at 1872 patients comparing
proximal aortic repair (ascending aorta repair +/— hemi-
arch) and extensive aortic repair (replacement of ascending
aorta and aortic arch + elephant trunk implantation in
descending aorta), hemiarch replacement had a lower early
mortality than TAR. Proximal repair, however, was associ-
ated with a higher incidence of long-term aortic events such
as reoperation. The long-term mortality was similar in both
approaches [75].

Concerns about FET revolve around feared neurological
complications, including SCI. FET requires longer bypass
and surgical times, and the placement of endovascular stents
increases the risk of SCI. While conventional elephant trunk
surgery has a low rate of SCI, FET has ranged from 4% to
22% 1in patients undergoing acute repair [74, 76-78].
Additionally, a comparison of hemiarch + FET compared to
TAR + FET showed similar mortality but fewer transient
neurologic deficits in the hemiarch group [79].

Root

Root repair and valve replacement are another source of
debate in the extent of surgery performed for acute dissec-
tion. Options for repair include a Bentall procedure with bio-
logical or mechanical aortic root replacement (ARR), or
valve-sparing surgery such as the David procedure. In
patients for whom the root is involved, a root-sparing tech-
nique had lower mortality compared to valve replacement
(1.9 vs. 12.5%) in a group of 86 patients [80] but was similar
in numerous other studies [81-87]. The greatest benefit for
ARR is in patients with connective tissue disease [82, 87—
89], aneurysmal disease [88, 90], younger age [89], and inti-
mal tears of the sinus segment [88, 91].

Bicuspid and Marfan Patients
Acute type A aortic dissection occurs approximately 20 years
earlier in patients with Marfan Syndrome than without, and

repair for ATAAD accounts for 16-35% of aortic procedures
performed in this population. Though in-hospital mortality
for these patients was low in a retrospective study of repair
for AATAD in Marfan Syndrome at tertiary care centers in
the United States and Europe, they recommend root replace-
ment in these patients [92].

Bicuspid aortic valve (BAV) patients who present with
type A dissection are younger, have more aortic insuffi-
ciency, and have larger ascending aortic diameters than do
tricuspid valve patients. Root repair is required six times
more often in BAV patients [93].

Temperature and Cerebral Perfusion Technique

The German Registry for Acute Aortic Dissection Type A
found that hypothermic circulatory arrest alone was
appropriate if the repair could take less than 30 minutes,
but once it exceeded this time limit, mortality increased
three-fold. This suggests that a cerebral perfusion strat-
egy should be implemented during more complex proce-
dures [94].

Retrograde cerebral perfusion was one of the first adjunc-
tive techniques introduced [95], which utilized perfusion via
the SVC but could result in cerebral edema [96]. The more
common adjunct now used is selective antegrade cerebral
perfusion (SACP), which can be unilateral or bilateral, and
involves cannulation of the head and neck vessels [94].
Antegrade technique has shown similar [97, 98] or more
favorable [99, 100] outcomes compared to retrograde
perfusion.

Recently, moderate levels of hypothermia >24C have
been used successfully along with antegrade or retrograde
cerebral perfusion methods [101]. One study of patients who
underwent repair at Emory from 2004 to 2014 found similar
outcomes in patients who underwent deep and moderate
hypothermic circulatory arrest, with no significant difference
in stroke or dialysis-dependent renal failure [102]. Moderate
hypothermia may allow for a decrease in bypass time as
compared to that with deep hypothermia protocols [103].
Another recent study of ATAAD repair found that there was
no additional benefit of using deep hypothermic cardiac
arrest (DHCA) compared to moderate hypothermic cardiac
arrest (MHCA) when SACP was used [102].

Cannulation Strategy

Arterial cannulation is necessary for cardiopulmonary
bypass during ATAAD surgery and can be performed in a
retrograde (femoral) or antegrade (axillary, innominate,
transatrial, and transapical direct cannulation of the aorta)
fashion [104]. In two meta-analyses, axillary cannulation
showed lower early mortality and neurological dysfunction
than did femoral cannulation [105, 106]. Similarly, a best
evidence topic found that femoral artery cannulation mortal-
ity and stroke occurred at rates of 6.5-40% and 3—17%, com-
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pared to axillary rates of 3-8.6% and 1.75-4% [107]. The
main downside to femoral access is that retrograde flow is
thought to cause reverse embolization through pressure in an
atheromatous descending aorta [105].

While axillary cannulation takes longer than femoral
access to establish [105], central cannulation can be quickly
achieved in order to establish circulatory arrest [108—110].
Some groups have found that stroke and overall mortality
were lower in transatrial cannulation compared to femoral
[104]. Others found no mortality or stroke reduction when
comparing central cannulation to femoral cannulation [108,
109, 111]. Outcomes such as respiratory failure have mixed
data, with some showing more respiratory failure with cen-
tral cannulation [112], while others show shorter intubation
times [113].

Outcomes
Mortality

In-hospital and long-term mortality for ATAAD remain ele-
vated but have been improving over the last few decades
[114, 115]. In type A patients who underwent surgical repair
in the National Inpatient Sample, mortality decreased from
20.5% in 2003 to 14.8% in 2012 [115]. Others have found
early mortality rates of 16.9-25.7% [116, 117], with predic-
tors of in-hospital mortality including comatose state, num-
ber of malperfused organs, older age, and need for
cardiopulmonary resuscitation [117, 118].

Prior cardiac surgery is also associated with significantly
higher in-hospital mortality compared to patients without
prior cardiac surgery, with rates varying from one third
[119], to double [120], or almost triple [121] those without
prior cardiac surgery.

In a multicenter Italian study spanning 33 years of follow-
up, survival was 95.3% at 5 years, 92.8% at 10 years, and
52.8 at 20 years [116].

Malperfusion: Complicated
and Uncomplicated Dissection

Malperfusion is a dreaded complication that can occur pre-
operatively, intraoperatively, or postoperatively and is asso-
ciated with both perioperative and long-term mortality.
Perfusion defects result when aortic side branches are com-
promised and can be classified as static or dynamic. Dynamic
refers to malperfusion that occurs from the intimal flap
decreasing blood flow to vital organ systems; restoring blood
flow via the true lumen will therefore reinstate perfusion
[122]. Static malperfusion syndromes (MPS) are the result of
stenosis, thrombosis, or dissected artery [52]. Approximately

one third of patients with ATAAD present with a malperfu-
sion syndrome [123-126].

In a study of GERAADA patients (n = 2137), there was a
linear correlation between the number of malperfused organs
and increase of mortality of 10% [127]. Given this dramatic
worsening of outcome with malperfusion, the authors argued
for classifying dissection as either complicated or uncompli-
cated based on the presence of malperfusion. In the postop-
erative period, cerebral malperfusion was seen in 6.8% of
patients, renal 6.8%, visceral 6.8%, peripheral 3.3%, coro-
nary in 1.9%, and spinal 1.1%.

Complicated dissection is associated with worse sur-
vival, with patients at the University of Michigan showing
median survival of 54 months if complicated versus
96 months if uncomplicated [122]. Similarly, Olsson et al.
found that Penn class at presentation corresponds to mor-
tality [128]. Other poor outcomes of complicated dissec-
tion include coma, MI, sepsis, delirium, renal failure [129],
and prolonged ICU stay [124]. One look at quality of life
in patients who presented with MPS found no difference
from non-MPS patients, except in the case of CNS malper-
fusion [130].

Mesenteric ischemia has high morbidity and mortality,
with 3.7% of IRAD patients showing mesenteric malperfu-
sion on presentation. These patients showed significantly
greater mortality than those without mesenteric malperfu-
sion (62.3% vs. 23.8%) and were more likely to show malp-
erfusion in additional organ systems including coma and
renal failure [131]. Others have shown mortality that is as
high as 75% [124]. Some case reports argue for addressing
the mesenteric ischemia first during repair [132, 133].

In 502 patients from the Emilia-Romagna Regional
Registry, 20.5% of patients presented with malperfusion, and
had higher in-hospital mortality than did the non-
malperfusion group (43.7% vs. 15%, p = 0.001). Like in the
GERAADA data, multiple organ systems were associated
with worse survival — single-organ malperfusion had a mor-
tality rate of 34.7%, two systems 61.9%, and more than two
85.7% [123].

Patel et al. looked at delaying aortic repair in patients who
have MPS, given a lower likelihood of surviving aortic
repair. They found that patients who did survive to the aortic
repair had similar mortality to those with uncomplicated dis-
section [125]. In a study that combined both type A and B
dissections, patients with MPS had triple the operative mor-
tality compared to uncomplicated patients [134].

Shiya et al. proposed techniques for addressing compli-
cated dissection by system — CABG for coronary malperfu-
sion, SCP for cerebral malperfusion, CA and SMA bypass in
visceral malperfusion, and fem-fem bypass in unilateral
lower extremity malperfusion [135]. Coronary malperfusion
is found in 6-15% [41, 136, 137] of patients and most often
compromises the right coronary artery [41].
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Independent predictors for both neurologic injury and post-
operative renal failure include age, prolonged cross-clamping
time, and longer cerebral perfusion times. Renal failure is also
predicted by preexisting renal impairment [138].

Age

Whether or not to perform surgery in older patients, who fre-
quently have more comorbidities than younger counterparts,
has been the source of debate. In patients of all ages, hemo-
dynamic instability is predictive of poor outcomes [139].

While greater extent of repair has overall become the
trend in ATAAD surgery, many centers have focused on lim-
ited repair to just the ascending aorta or hemiarch to allow
for shorter surgical times in octogenarians [140-143].
Extension of the dissection into the supraaortic vessels and
down to the abdominal aorta actually decreases with age
[144], however if arch surgery is needed, it may be a predic-
tor of mortality [145]. The elderly may have a non-significant
trend toward more tamponade and intubation at the time of
surgery [146]. A “less invasive quick replacement” tech-
nique involving no cerebral protection strategy and rapid
rewarming shortened surgical times [147] and decreased
mortality [148].

GERAADA found that septuagenarians had an early mor-
tality rate of 15.8%, which was similar to the entire registry’s
30-day mortality of 16.9%. Octogenarians, however, had
more than double the early mortality at 34.9% [149]. Most
others have found similar high perioperative mortality [142,
145, 150-152] though a few reports have found comparable
in-hospital mortality to younger patients [153-155]. In
IRAD, patients from 70 up to 80 had significantly decreased
in-hospital mortality with surgical compared to medical
management, whereas 80-90 year olds had decreased mor-
tality with surgery (37.9% vs. 55.2%), but it failed to reach
significance [156].

Discrepancies in mortality are also seen in longer term
outcomes in the elderly. One year survival is 53.3-82% com-
pared to generally more than 90% in younger patients, and
five-year mortality 42.6-76% [140, 142, 157, 158].
Successful ATAAD surgery has been performed in a nonage-
narian [159].

Generally, surgical treatment in the elderly is recom-
mended given higher but acceptable perioperative mortality
compared to medical management only [160]. One study
found higher rates of neurological complications in the
elderly which trended down with SACP [161] and others
have found no significant difference in temporary neurologic
dysfunction when SACP was used [162]. However, further
study is needed to determine long-term outcomes, with some
centers finding a decreased ability to live independently
[158] while others found higher emotional well-being scores
compared to younger patients [154].

On a study of root replacement in octogenarians, only
some of whom had type A dissection, in-hospital mortality
was similar to that in younger patients but there was greater
postoperative atrial fibrillation [163].

Young patients between ages twenty and forty have lower
mortality, ranging from 11% to 14% at 30 days, with mortal-
ity rising with age [144, 164]. Etiology of dissection in the
young includes bicuspid aortic valve, connective tissue dis-
ease, cocaine use, and severe hypertension [164] and reop-
erations at the root were needed in 40% of patients [164].
These patients typically have larger aortic diameters than
older patients [165]. Neurological outcomes in GERAADA
did not differ among age groups [144].

Race

Little data is available on outcomes by race in acute aortic
dissection. IRAD compared black and white patients, and
found that the black cohort had significantly more HTN,
DM, and cocaine use. They more often presented with
abdominal pain and LVH on echocardiogram. Despite differ-
ences in presentation and risk factors, in-hospital and 3-year
mortality between groups were similar [166].

Sex

Presenting characteristics for men and women differ in
ATAAD, but whether there is a true difference in outcomes is
unknown. Women experience type A dissection less fre-
quently than do men, and therefore, fewer women are repre-
sented in registries and trial data. In 2004, IRAD included
32.1% women and showed that women presented for ATAAD
at an older age than did men [167], with additional studies
showing the age range for men 58-59.7 and women 67-71.5
[168, 169]. Women were more likely to present with coma,
altered mental status, hypotension, and tamponade [167].

Early data showed that women had higher in-hospital mor-
tality even after adjusting for age [167], however more recent
data showed similar early and late mortality between sexes
[168, 169]. One trial showed different findings, with more
neurologic deficits in men and greater mortality in women
[170]. Interestingly, surgeons’ approaches to women may dif-
fer than approaches to men in surgical technique. In an analy-
sis where women were an average age of 71.5 compared to
59.7 in men, women had less extensive surgery (less TAR and
root surgery) and shorter surgical times. The difference in
approach may be attributed to the older age at presentation of
women, a finding that warrants further investigation [171].

Women are also less likely to be discharged on beta block-
ers than men, though not significantly [168].

The pathophysiology that explains sex-based differences
is unclear. A study of aortic geometry throughout life in
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patients without aortic pathology showed that women have
smaller aortic dimensions at younger ages, but their aortic
dimensions increase at a faster rate than men’s rates [172].
When indexed by body-surface area (BSA), women’s
ascending aortic length increased by 2.9% per decade com-
pared to 2.5% in men, and aortic diameter increased 3.4% in
women compared to 2.6% in men. At older ages, women had
higher BSA-adjusted aortic diameters than men [172].

Pregnancy

Type A dissection is rare in pregnancy but accounts for more
than three-quarters of dissections that occurs in pregnant
patients and has a maternal mortality of 21% [173]. The
pathophysiology of pregnancy, including increased estrogen
binding to aortic wall estrogen receptors and increase in car-
diac output, elevates wall stress and can bring about dissec-
tion in those already at risk [173]. The third trimester, when
intravascular volume has increased and hemodynamic effects
of pregnancy are greatest, is when most dissections occur
[174]. Marfan syndrome is associated with more than half
the associated cases in the literature [173]. In a review of 75
cases of dissection in pregnancy, fetal mortality was reduced
if C-section was performed concomitantly with aortic repair
[173]. Current recommendations for dissection follow gen-
eral guidance of cardiac surgery in pregnancy, suggesting
maintaining a MAP > 70 mmHg and avoiding deep hypo-
thermic arrest [174].

LV Function

While mortality is the major outcome of concern after type A
dissection repair, long-term outcomes such as LV function
have been studied. In a study of 97 patients who underwent
valve-sparing aorta replacement (VSAR), supracoronary
ascending aorta replacement (SCAR), and aortic valve and
aorta replacement (AVAR), aortic regurgitation was greater
in those who underwent only partial repairs compared to
AVAR. Although immediate postoperative LV function was
similar among surgical techniques, the SCAR group showed
late adverse LV remodeling [175].

latrogenic Dissection

Tatrogenic aortic dissection is an uncommon but real compli-
cation during coronary procedures and cardiac surgery. It
occurs in <0.1% of patients who undergo coronary angiogra-
phy(176-178), most often when trying to engage a coronary
artery, and generally has favorable outcomes despite the use
of antithrombotics and antiplatelet agents [176]. Retrograde
dissections typically self-sealed, while anterograde with an

entry point at a coronary artery could be sealed with a stent
[176]. The incidence of dissection during cardiac surgery is
more common, ranging from 0.06% to 0.29% of cases [177—
179] with mortality as high as 40% [179]. One group sug-
gested that intraoperative TEE may be responsible for their
observed decrease in iatrogenic dissection over time [179].

Follow-Up

In patients who survive ATAAD, serial imaging is recom-
mended at 1 month, 3 months, 6 months, 12 months, and
annually if no concerning features are found [5].

Hypertension control is the main parameter monitored in
the follow-up period, with lower blood pressure and beta-
blocker use associated with freedom from reoperation [180].
In one analysis of ATAAD patients, freedom from reopera-
tion was 99%, 82%, and 79% at 1, 5, and 10 years respec-
tively [181]. Proximal risk factors for reoperation included
the use of glue and root preservation, while distal reoperation
was more likely with a patent false lumen [181]. Others
found that a patent false lumen was associated with signifi-
cantly greater growth rate of the aorta, but this growth did
not translate into higher distal reoperation rate [182]. Another
group found that late reoperation wad predicted by a non-
resected primary tear, Marfan syndrome, lack of beta-blocker
use, and persistent hypertension [183].

Limited data is available on quality of life and changes in
lifestyle after dissection. One study of survivors, which
acknowledges recall bias, surveyed 82 out of 197 patients,
over half of whom had ATAAD, a median of 7 years after
discharge [184]. More patients said that they exercised than
pre-dissection, which corresponded to lower blood pressures
than those who did not exercise. While before dissection
38% of patients lifted for their occupation, only 3% (one
patient) lifted afterwards [184]. Seventy-six percent of
patients felt that dissection had negatively impacted their
lives, due to burden of doctor visits, number of medications,
activity limitations, fear, and impact on sex life. About one
third self-reported depression and one third anxiety [184].

Intramural Hematoma (IMH)
Epidemiology and Presentation

IMH is an acute aortic syndrome that occurs when blood
from the vasa vasorum infiltrates the medial layer [185], but
there is no intimal tear and the hemorrhage does not com-
municate with the lumen (Fig. 9.8) [5]. Blood pools close to
the adventitial layer [186] which increases the risk of tam-
ponade [187]. IMH is classified into type A and type B like
dissection, with type A having greater mortality [4] but type
B comprising the majority (50-85%) of cases [187, 188].
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Fig.9.8 Comparison of aortic dissection on CT and TEE (a—¢) and intramural hematoma (d—f). (Reprinted from Song et al. [194] with permission
from Springer)

Approximately 16-47% of patients with IMH progress to
full dissection [4]. IMH patients tend to be older [189, 190],
have more hypertension [191, 192], and have more pericar-
dial effusion [190] and tamponade [191] than do classic dis-
section patients but are less likely to present with malperfusion
[191-193], aortic insufficiency [189, 191, 193], or have
Marfan syndrome [194]. Like dissection patients, IMH
patients typically present with chest pain, but they are more
likely to have a normal EKG [189].

Interestingly, IMH is more common in Asia where one
third to one fourth of all type A dissections are the result of
IMH [188].

Diagnosis, Treatment, and Outcomes
CT, MRI, and TEE are all used to diagnose IMH [195]. On

noncontrast CT, IMH appears as an area of high attenuation,
but it can be easily missed on first imaging due to appearing

like a thrombosed false lumen [31]. IMH should result in
wall thickness > 7 mm and appear crescent-shaped [187].
MRI is particularly sensitive in assessing abnormalities of
the vascular wall [187].

Medical versus surgical management is controversial in
type A IMH, with Western countries favoring surgical man-
agement. There are mixed outcomes looking at medical man-
agement in Asia. In a Korean registry of 165 patients, there
was no significant difference in in-hospital or two-year mor-
tality between medically and surgically managed patients
[196]. A review of 328 cases of type A IMH in twelve studies
also concluded that there was no significant difference in
early mortality between medical and surgical approaches,
however up to 40% of patients progressed to dissection or
aneurysm downstream [197]. A best evidence topic, though,
found that there was lower mortality in type A IMH with a
surgical approach [198]. In a group of 179 patients, the medi-
cal management group had higher mortality including more
emergent surgery for pericardial tamponade [199]. Others
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Fig. 9.9 Penetrating
atherosclerotic ulcer (PAU)
with outpouching (white
arrow) visible through
calcification (black arrow).
(Reprinted from Nathan et al.
[205] with permission from
Elsevier)

found that up to 30% of patients progressed to true dissection
when managed medically [200]. When patients are medi-
cally managed, conversion to true dissection is not always
immediate, and may actually be more common after 8 days
[201].

Aortic diameter > 50 mm [200, 202] or 55 mm [203] and
hematoma thickness > 16 mm are predictive of adverse aor-
tic events [203]. In a group of patients with both type A IMH
and dissection, a ratio of false lumen thickness/aortic diam-
eter > 0.98 was predictive of adverse aortic outcomes [204].

Penetrating Atherosclerotic Ulcer (PAU)

PAU is the least common acute aortic syndrome, comprising
less than 10% of cases [26, 205]. PAU occurs when an ath-
erosclerotic plaque erodes through the internal elastic lam-
ina into the media (Fig. 9.9) [8]. It was first described as a
separate entity from dissection by Stanson et al. in 1986
[206]. On pathologic examination, plaque erosion leads to
medial hemorrhage and pseudoaneurysm of the aortic wall,
which is distinct from cystic medial necrosis seen in dissec-
tion [207]. PAU is more likely than type A dissection to rup-
ture the aorta, with 32-42% resulting in rupture [5, 208].
PAU may also progress to dissection [209]. The ulcers vary
in depth from 4 to 30 mm and in diameter from 2 to 25 mm
[209].

PAU is generally a disease of the descending thoracic
aorta, occasionally the arch, and exceedingly rare to find in
the ascending aorta though case reports are available [210—
213]. The entity is described in more detail in the chapter on
descending aortic diseases. In one study of 328 PAU detected
on CTA, 27 occurred in the arch and none in the ascending
aorta [205]. In another series, 2 out of 15 ulcers were in the
ascending aorta [214]. Risk factors for PAU include comor-
bidities that contribute to atherosclerosis, including older age
[214, 215], male sex [202], and hypertension [202].

Type A PAU are generally repaired surgically [215],
though there is debate about how best to manage these ulcers
in the descending aorta when their symptomatology varies
from incidental finding to aortic rupture [202]. Increasingly,
endovascular repair is being used for these lesions in the
descending thoracic aorta [209].
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Including Kommerell’s Diverticulum
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Introduction

The descending aorta may be affected by a spectrum of enti-
ties characterized by the disruption of the aortic integrity
including aortic dissection (AoD), intramural hematoma
(IMH), and penetrating aortic ulcer (PAU). These entities are
often diagnosed in the acute setting where they are associ-
ated with a high risk of complication including organ isch-
emia, rupture, and death. In patients surviving their acute
presentation, they are associated with adverse remodeling
leading to ischemia or aneurysm development. In addition, a
rare but increasingly recognized congenital abnormality
called a Kommerell’s diverticulum is a cause of aneurysm in
the subclavian arteries or arch and presents a management
challenge for clinicians.

Diagnosis and management of these entities remains
challenging due to their rarity relative to other cardiovascular
complications, the non-specific nature of symptoms in the
acute phase, and their lack of associated symptoms in the
chronic phase even when adverse remodeling is occurring. In
the acute phase, rapid diagnosis is essential as the risk of
death or major complication is particularly high early in the
clinical course. Establishing and characterizing the diagnosis
may maximize the opportunity for successful therapeutic
intervention [1, 2]. Typically, acute aortic syndromes that do
not involve the ascending aorta (Type B) have been managed
medically unless complications are present [3]. The role of
endovascular aortic intervention including fenestration and
stent grafting (TEVAR) in the management of patients with
Type B acute aortic syndromes is rapidly evolving. Clinically,
vigilance is necessary as patients may evolve early in their
course and experience complications requiring intervention
after initial triage to medical management. As patients transi-
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tion to the chronic phase, multidisciplinary follow-up and
serial imaging are critical for the early detection and planned
treatment of adverse remodeling.

Definitions

Acute aortic syndromes involving the descending aorta
include AoD, IMH, penetrating aortic ulcer (PAU), acute
aneurysm expansion, and trauma [3, 4]. These entities may
present alone or in combination and represent a spectrum
and evolution of aortic disruption. Aortic dissection typi-
cally results from an intimal tear that allows pressurized
blood into the often weakened medial layer leading to prop-
agation of the plane front either antegrade or retrograde
directions [4]. The resulting flap of tissue divides the aorta
by creating a second or “false” lumen along the native or
true lumen. The intimal flap may lead to complications such
as malperfusion through branch vessel occlusion. The
patency and degree of fenestration of the false lumen may
impact patency and pressurization. The false lumen may
communicate with the true lumen via one or more re-entry
tears distal to the entry site, which may allow for false lumen
decompression. Alternatively, there may be no or limited re-
entry tears, causing the false lumen to functionally act as a
“wind sock” characterized by elevated false lumen pres-
sures. This pressurized space may lead to further propaga-
tion, outward remodeling and aneurysm formation,
compromise of the true lumen, occlusion of branch vessels,
or ultimately progression resulting in rupture. Observational
studies have described this status of flow within the false
lumen as prognostically important in patients with Type B
dissection [5]. Although medial disruption is generally a
unifying feature in dissection, cases of isolated intimal tears
without false lumen formation do occur [6].

Intramural hematoma (IMH) results from either medial
hemorrhage from ruptured vasa vasorum, progression of a
PAU, or in theory a microscopic intimal tear isolated from
the lumen. Isolated IMH comprises approximately 5—15% of
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acute aortic syndromes [7—10]. The natural history of IMH is
variable with approximately one-third resolving spontane-
ously and the remaining two-thirds evolving into classic dis-
section, aneurysm, or pseudoaneurysm formation.

Penetrating aortic ulcers (PAU) tend to occur in the set-
ting of atherosclerosis most commonly in the descending
thoracic aorta of elderly patients. They are believed to form
from inflammatory erosion of the internal elastic membrane.
The natural history is variable with some healing and some
progressing on to greater disruption of aortic integrity includ-
ing IMH or dissection [11].

Dissection, IMH, and PAU are all associated with the dis-
ruption of the aortic integrity and are generally believed to
occur along a spectrum of presentation and evolution. All
can cause similar symptoms; however, by nature of the
related flap and false lumen, dissection most commonly
leads to complications such as malperfusion [7, 10].
Registries describe dissection as the most common followed
by IMH and PAU, respectively [3]. Outcomes are best under-
stood for patients with aortic dissection with the natural of
IMH and PAU less well described by the nature of their
lower frequency. Management strategies are generally simi-
lar across the three entities when involving the descending
aorta [3].

Chronicity

Most often, acute aortic syndromes are identified in the
acute setting. The natural history and associated risks
depend on the chronicity of the disruption. Findings that are
present for 2 weeks or less are defined as acute and those
that are present longer are described as chronic [3]. Others
have further divided the course into hyperacute (<24 hours),
acute (2-7 days), subacute (8-30 days), and chronic
(>30 days). These time categories have been associated with
survival [12]. Mortality is highest early with rates for
untreated ascending dissection described as high as 75% at
2 weeks [13].

Pathogenesis

Medial degeneration often characterized as cystic medial
necrosis is generally invoked as the pathobiology underlying
the development of acute aortic syndromes [3, 4]. This find-
ing is not etiology specific and is associated with typical risk
factors such as age and hypertension as well as several other
disorders. In general, any process that damages the tunica
media leading to degeneration will increase the risk of aneu-
rysm or dissection. Several biological processes have been
discussed as contributing to the etiology including inflam-
mation, oxidative stress, and disrupted P53-MDM2 signal-

ing [14, 15]. There is also an increasing appreciation of the
role of transforming growth factor (TGF) B signaling [16].
A population of younger patients are at heightened risk of
aortic disruption due to an underlying connective tissue dis-
order related to genetic disorders including Marfan Syndrome
resulting from mutations in FBNI and elastin deficiencies,
Loeys-Dietz Syndrome, Type IV Ehlers-Danlos syndrome
characterized by mutations in COL3AI, familial thoracic
aortic aneurysm syndrome (FTAAS), and bicuspid aortic
valve which is often associated with an ascending aortopa-
thy. In those with recurrent aortic dissection, approximately
5% of all dissections, Marfan is more frequently present
[17]. In addition, several other conditions including Noonan’s
syndrome, polycystic kidney disease, and inflammatory aor-
topathies such as Takayasu’s, Behget’s, and idiopathic aorti-
tis are associated with increased risk of aortic syndromes [3,
4]. Pregnancy is also associated with aortic dissection with
the highest incidence in the third trimester and early postpar-
tum period [18]. This risk is greatest in those with a bicuspid
aortic valve, Marfan, Ehlers—Danlos, or Turner syndrome
[18-20]. In pregnant women with Turner syndrome, the risk
of acute aortic syndrome is greater than 2%, and that for
death is increased approximately 100-fold [18, 19].

Epidemiology and Risk Factors

Acute aortic syndromes overall occur at a frequency of
between 3 and 16 cases per 100,000 person-years with those
isolated to the descending aorta comprising slightly less than
half of the cases. Most often, acute aortic syndromes occur in
the elderly (sixth and seventh decade) with a history of
hypertension [1, 2, 21, 22]. While the majority of patients
(~60%) with dissection are male, events in men may occur at
younger ages and community observational studies suggest
that at ages above 75 years the incidence is similar for both
men and women [2]. A history of uncontrolled hypertension
has been described with greater frequency in patients pre-
senting with acute aortic syndromes, suggesting that this
may be a risk factor for aortic disruption [2]. Younger patients
without a history of hypertension may present with acute
aortic syndromes generally in the setting of a family history,
connective tissue disease, vascular inflammatory disease, or
trauma; therefore this diagnosis should not be discounted in
the young [1, 2, 23]. Age may also influence presentation
with complicated Type B dissection [21].

Acute aortic disruption may also occur in the setting of
procedures (iatrogenic) or in the setting of trauma. These
events may be more common in the ascending rather than the
descending aorta as they have been associated with cardiac
procedures [24]. Aortic transection can occur in the setting
of rapid deceleration such as occurs in chest trauma and
motor vehicle accidents. Cocaine ingestion may result in
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abrupt increases in heart rate and/or blood pressure and has
been associated with AAS, particularly among young men
who smoke.

Classification

Two classification systems are used for acute aortic syn-
dromes based on location and extent, the DeBakey classifi-
cation and the Stanford Classification [25, 26]. The
DeBakey system includes three types of dissection and is
based on the site of origin of the dissection, while the
Stanford classification includes two types and is based on
the presence or absence of ascending aortic involvement.
DeBakey Type I involves both the ascending and descend-
ing aorta, and/or the arch. Type II dissection involves only
the ascending aorta, and type III involves only the descend-
ing aorta distal to the left subclavian artery. The Stanford
classification includes Type A (involving the ascending
aorta) and Type B (not involving the ascending aorta) and
more closely aligns with current treatment triage algo-
rithms. The natural history of isolated arch dissection has
been less well characterized [27].

Natural History

Outcomes after acute aortic syndromes vary depending on
the type, location, and the presence of complications [2].
Presentation involving the descending aorta only (Type B) is
described as less common than Type A; however, increasing
use of CT scans in emergency settings is increasingly iden-
tifying disruption in the descending aorta. Type B dissection
overall is associated with a lower early mortality relative to
Type A dissection with 30 day rates of approximately 13%
[22, 28]. Risk in this group, however, is heterogenous and
can be very high particularly in those with complications.
Independent predictors of death included hypotension/
shock at presentation, visceral ischemia, and branch vessel
involvement [22]. The anatomic characteristics of the dis-
section and the presence of associated complications signifi-
cantly impact prognosis. It has been observed that
approximately 1 in 5 patients with Type B dissection develop
malperfusion and require intervention during the index hos-
pitalization [22]. A report from IRAD reported that nearly
half of Type B dissections were associated with complica-
tions including the development of shock, rupture, spinal
cord ischemia, mesenteric or renal ischemia, limb ischemia,
recurrent or refractory pain, or uncontrolled hypertension
[28]. In-hospital mortality for Type B dissection is strongly
associated with the presence of complications (20% for
complicated vs. 6.1% for uncomplicated, p < 0.001) [28].
Other predictors of mortality include age greater than 70

and the need for surgical management, although the latter is
likely a reflection of the presence of complications [28]. It is
important to recognize that complications may develop after
presentation in patients who appear uncomplicated at the
time of diagnosis and that complications may be dynamic.
Identifying early, evolving, and dynamic complications in
patients with Type B dissection is critical for risk stratifica-
tion and timely intervention [3].

Clinical Presentation

There is no single feature in the history or on the physical
exam that reliably allows for identification of dissection with
definitive diagnostic evaluation dependent on imaging.
Therefore, the history and exam along with a high index of
suspicion are critical in appropriately selecting patients for
definitive testing. Presenting symptoms may vary depending
on the location and characteristics of the disruption [3, 4,
29]. The most frequently reported symptom is sudden and
severe chest or back pain that is at its maximal intensity at its
onset. The absence of pain, however, does not exclude the
diagnosis of dissection. Pain may be severe and in some
cases may be described a “tearing” [3, 4, 30]. Syncope or
neurologic symptoms are generally associated with ascend-
ing dissection and are associated with poor outcomes [31].
Interscapular or back pain may also be present in patients
with dissection of the descending aorta [3]. The variability
and resulting lack of specificity in presenting syndrome can
be challenging and can result in delayed diagnosis, particu-
larly among patients with atypical symptoms [3, 4, 30, 32].

Like symptoms, physical findings in patients with acute
aortic syndromes can also be variable and non-specific.
Hypertension is common particularly for Type B dissection
with presence observed in ~70% of patients. A pulse deficit
is described in approximately 30% of patients and is associ-
ated with increased mortality [33]. These obstructive events
are typically the result of the extension of the dissection flap
into the lumen of a branch vessel (static), occlusion of the
ostium of the vessel due to intermittent covering by the inti-
mal flap (dynamic), or impaired flow into the vessel from the
true lumen due to compression by the false lumen. Clinical
findings associated with branch vessel involvement may
range from asymptomatic to overt manifestations, including
severe ischemia of the limbs or viscera [3, 33-35]. Dissections
may also result in renal artery occlusion and acute renal fail-
ure or infarction. In rare cases there may be occlusion of the
spinal arteries leading to paraparesis or paraplegia. Lower
limb ischemia may lead to persistent or intermittent limb
pain in the setting of Type B dissection. In addition, findings
such as pleural effusion (reactive or hemorrhagic) typically
attributed to other diagnoses may occur in as many as
15-20% of patients [1, 3].
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Diagnosis

Guidelines recommend a focused history and physical
exam to determine the pretest probability of aortic dissec-
tion [3]. The history should include specific questions about
genetic, connective tissue, or other familial conditions
associated with aortic disease. Information regarding recent
aortic procedures, typical pain, or high-risk signs such as
pulse deficit or other evidence of malperfusion should be
obtained [3]. Risk scores based on the consensus have been
evaluated and shown to be highly sensitive [36]. One study
looking at time from presentation to diagnosis found a
median delay of ~4 hours (intraquartile range 1.5-24 hours),
suggesting that up to 25% of patients may be diagnosed
more than 24 hours after presentation [30]. A delayed diag-
nosis is most likely in those with atypical symptoms such
as syncope as well as in those with hemodynamic stability,
absence of pulse deficit, and on those presenting to a non-
tertiary care hospital.

The ECG is often (69%) abnormal, but generally findings
are non-specific [1]. Chest X-ray is abnormal in most cases,
but findings may be non-specific [1]. Findings described
include widening of the mediastinum and displacement of
aortic calcium. Due to the lack of sensitivity of ECG and
chest X-ray, normal or non-specific findings should not pre-
clude or delay diagnostic imaging in patients for whom acute
aortic syndrome is suspected clinically [3].

Although there is growing interest in biomarkers as an
adjunctive tool in patients presenting with suspected acute
aortic syndromes, their clinical utility is evolving. Plasma
D-Dimer, a fibrin degradation product that indicates evi-
dence of intravascular coagulation, is routinely used in
assessing the likelihood of acute pulmonary embolism and is
widely available. A D-Dimer >500 ng/mL has been found in
some datasets to be sensitive for acute dissection (sensitivity
~97%, negative predictive value ~96%) but with relatively
poor specificity (specificity 56%, positive predictive value
60%) [37-41]. Because it is highly sensitive, D-dimer may
play a role in the “rule out” acute aortic dissection [37].
Because the kinetics in this setting are not well established
and D-dimer levels likely decline over time, sensitivity in
patients presenting late after symptom onset may be reduced.
In one study, approximately 20% of patients with confirmed
aortic dissection had measured levels <400 ng/mL illustrat-
ing some variability in performance [42, 43]. Smooth muscle
myosin heavy chain protein measured through a rapid assay
in patients presenting early (<3 hours of symptom onset)
with acute type A aortic dissection showed excellent diag-
nostic performance relative to conventional CT scan but did
not perform as well as helical CT or MRI which would be
considered standard in this setting [44, 45]. Soluble elastin
fragment levels have also evaluated but the diagnostic utility
has not been established [46]. Other commonly available

biomarkers such as troponin and natriuretic peptides are non-
specific for aortic disruption.

Rapid ascertainment of diagnostic imaging is critical estab-
lishing the diagnosis in patients with suspected aortic dissec-
tion. Multiple modalities available with preference in the acute
setting for those that are highly sensitive and specific and can
be obtained rapidly. Frequently, multiple imaging modalities
may be required to confirm diagnosis or to characterize find-
ings if potential complications are evolving [3].

Transthoracic echocardiography (TTE) is often readily
available, non-invasive, and portable imaging modality that
may be considered; however, sensitivity for type B acute aor-
tic syndromes is ~40%. Given the low sensitivity, obtaining
a TTE should not delay a diagnostic imaging study [3]. In
terms of diagnostic imaging, computed tomographic angiog-
raphy (CTA), magnetic resonance angiography (MRA), and
trans-esophageal echocardiography (TEE) all have high se